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Two-Phase Lattice Boltzmann Study on Heat Transfer and Flow
Characteristics of Nanofluids in Solar Cell Cooling

Hui Liu , Minle Bao , Luyuan Gong, Shengqiang Shen and Yali Guo *
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* Correspondence: ylguo@dlut.edu.cn

Abstract: During solar cell operation, most light energy converts to heat, raising the battery tempera-
ture and reducing photoelectric conversion efficiency. Thus, lowering the temperature of solar cells
is essential. Nanofluids, with their superior heat transfer capabilities, present a potential solution
to this issue. This study investigates the mechanism of enhanced heat transfer by nanofluids in
two-dimensional rectangular microchannels using the two-phase lattice Boltzmann method. The
results indicate a 3.53% to 22.40% increase in nanofluid heat transfer, with 0.67% to 6.24% attributed
to nanoparticle–fluid interactions. As volume fraction (ϕ) increases and particle radius (R) decreases,
the heat transfer capability of the nanofluid improves, while the frictional resistance is almost unaf-
fected. Therefore, the performance evaluation criterion (PEC) of the nanofluid increases, reaching a
maximum value of 1.225 at ϕ = 3% and R = 10 nm. This paper quantitatively analyzes the interaction
forces and thermal physical parameters of nanofluids, providing insights into their heat transfer
mechanisms. Additionally, the economic feasibility of nanofluids is examined, facilitating their
practical application, particularly in solar cell cooling.

Keywords: nanofluids; heat transfer; friction factor; solar cell cooling; two-phase lattice Boltzmann
method

1. Introduction

Solar cells play a crucial role in the shift toward renewable energy by directly turning
sunlight into electricity. However, a large portion of the absorbed light energy is converted
into heat during operation, resulting in an increase in the temperature of the solar cell. As
the temperature of solar cells increases, the higher intrinsic carrier concentration causes
more electron-hole recombination, reducing the number of charge carriers and decreasing
efficiency. Additionally, prolonged exposure to elevated temperatures can degrade materi-
als like the sealant, anti-reflective coating, and semiconductor, leading to a decline in both
mechanical and electrical properties, further reducing the cell’s efficiency and lifespan [1–3].
Consequently, effective cooling mechanisms are essential to maintain optimal performance
and prolong the operational life of solar cells. Various cooling methods are used to cool
solar cells, such as deploying visibly clear metamaterials to reduce the heat absorbed by the
solar cells [4], employing thermal rectification [5] to direct heat from the sensitive area (the
active layer) of the cell to the radiator, phase change material cooling [6], and traditional
air-cooled or water-cooled radiators.

Improving the cooling effect of traditional radiators has attracted the interest of
researchers. Microchannels, which provide a significant surface-area-to-volume ratio that
enables more efficient transfer of heat from fluids to the surrounding environment, have
been used in cooling solar cells [7–9]. Nanofluids are a type of stable colloid engineered
by dispersing nanometer-sized particles into a base fluid and generally exhibit higher
thermal conductivity than the base fluids [10,11]. Many studies [12–14] have shown
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Energies 2024, 17, 4265

that the use of nanofluids within microchannels can further enhance heat transfer rates.
Wang et al. [15] designed a new microchannel heat sink with V-ribs using a water-based
nanofluid as a coolant for micro solar cells to improve the heat transfer efficiency. Yang
et al. [16] used hybrid nanofluids containing carbon nanotubes and microchannels to cool
batteries connected to solar systems. They were successful in maintaining the batteries’
temperature within the allowed range. Karami and Rahimi [17] experimentally assessed
the cooling performance of water-based Boehmite nanofluid in a hybrid photovoltaic
(PV) cell with microchannels. They found that 0.01 wt.% nanofluid reduced average PV
surface temperature from 62.29 ◦C to 32.5 ◦C and improved electrical efficiency by 27%
compared to water at a 300 mL/min flow rate. Radwan et al. [18] proposed a new cooling
technique for low-concentrated photovoltaic–thermal systems using a microchannel heat
sink with Al2O3–water and SiC–water nanofluids. The study showed significant solar cell
temperature reduction, particularly at high nanoparticle volume fractions.

The research studies mentioned above focused on reducing the temperature of solar
cells. In-depth research into the mechanisms by which nanofluids enhance heat transfer
will help design more efficient cooling schemes. Research studies [19–21] showed that
the interaction forces (such as Brownian force, drag force, buoyancy, gravity forces, etc.)
between nanoparticles and base fluids were important factors in enhancing heat transfer.
Farahani and Nezhad [22] highlighted that continuous-scale computational fluid dynamics
(CFD) methods, such as finite difference (FDM), finite element (FEM), and finite volume
(FVM), were computationally costly and difficult to capture the fluid–solid interactions.
Fortunately, the lattice Boltzmann method (LBM) exhibits exceptional flexibility in deal-
ing with complex force terms [23]. By considering nanofluids as two distinct phases,
Xuan et al. [24] first utilized the two-phase lattice Boltzmann method (TPLBM) coupled
with forces to simulate the complicated fluid dynamics inside nanofluids. Subsequently,
Guo et al. [25], as well as Ahmed and Eslamian [26,27], employed the TPLBM to simulate
the natural convection of nanofluids within cavities. Meanwhile, Zarghami et al. [28],
Saberi and Kalteh [29], and Ahmed and Eslamian [30] utilized TPLBM to investigate the
forced convection of nanofluids in channels. Their studies primarily focused on enhancing
heat transfer rates but ignored the impact of friction factors. However, the friction factor
is crucial for accurately assessing energy consumption in fluid flow processes. Ignoring
this factor leads to an incomplete understanding of the system’s performance, as it directly
influences the pressure drop and overall energy efficiency. Our study advanced the current
research by simultaneously analyzing both fluid friction and heat transfer rates. This
comprehensive approach allowed for a more accurate evaluation of nanofluid performance,
ensuring that both thermal and hydraulic considerations were taken into account.

This study aims to explore the heat transfer and flow characteristics of nanofluids in
cooling microchannels using the TPLBM. In particular, the effect of nanoparticle–base fluid
interactions on enhanced heat transfer is included. The performance evaluation criteria
(PEC) will be calculated to evaluate the overall heat transfer performance and flow resis-
tance under different volume fractions (ϕ = 0~3%) and nanoparticle radii (R = 10~50 nm).
The study is expected to provide valuable insights into the heat transfer and flow character-
istics of nanofluids in solar cell cooling systems. This will contribute to the development
of optimized cooling strategies that maximize the performance and sustainability of solar
cell systems.

2. Materials and Methods

2.1. Problems Statement

The geometry of the microchannel is illustrated in Figure 1. The height of the mi-
crochannel is H = 30 μm, and the length is L = 600 μm. Constant temperature boundary
conditions (θw = 323 K) are imposed on the top and down walls. The nanofluid flows
through the microchannel with a uniform temperature of θin = 283 K and a uniform velocity
of uin. Fully developed conditions for the velocity and extrapolation scheme for tempera-
ture fields are considered at the microchannel outlet. The simulations are conducted at a
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Reynolds number of Re = 50 to ensure relevance to microchannel flows, which typically
exhibit low Re due to small dimensions and low velocities [31,32]. Under these conditions,
the effects of particle volume fraction, particle size, and interaction forces between particles
and base liquid on flow and heat transfer are investigated.

Figure 1. Schematic of the of the microchannel.

2.2. Physical Properties of Nanofluids

Table 1 lists the physical properties of water, the Al2O3 nanoparticle, and nanofluids.
The density (ρ) and specific heat capacity (cp) of the nanofluid can be obtained by the
relationship between the two-phase mixture:

ρn f = (1 − ϕ)ρb f + ϕρnp (1)

cp,n f = (1 − ϕ)cp,b f + ϕcp,np (2)

where ϕ is the volume fraction of nanoparticles. The subscripts bf, np, and nf represent the
base fluid, nanoparticles, and nanofluids, respectively.

Corcione model [33] proposed an empirical formula to predict the viscosity (μ) of
nanofluids based on extensive experimental data encompassing various nanoparticle
volume fractions, ranging from 0.01% to 7.1%:

μn f =
μb f

1 − 34.87
(

dnp/db f

)−0.3
ϕ1.03

(3)

Maxwell [34] proposed an equation of thermal conductivity applicable to particle
suspensions in 1873. It has been widely used to calculate the thermal conductivity (k)
of nanofluid:

kn f = kb f

[
(knp + 2kb f )− 2ϕ(kb f − kpp)

(knp + 2kb f ) + ϕ(kb f − knp)

]
(4)

Using the obtained values for cp, μ, and k, the Prandtl number for the nanofluid is
calculated as:

Pr =
cp,n f ·μn f

kn f
(5)

Table 1. Physical properties of water and Al2O3 nanofluid [35].

k/(W·m−1·K−1) cp/(J·kg−1·K−1) ρ/(kg·m−3) μ/(Pa·s) Pr

water 0.618 4174.0 995.7 0.8015 × 10−3 5.41
Al2O3 46.0 769.0 3970.0 — — — —

nanofluids (ϕ = 1%, R = 10 nm) 0.636 4042.2 1025.4 0.8835 × 10−3 5.62
nanofluids (ϕ = 2%, R = 10 nm) 0.654 3917.8 1055.2 0.9888 × 10−3 5.92
nanofluids (ϕ = 3%, R = 10 nm) 0.673 3800.2 1084.9 1.1252 × 10−3 6.35
nanofluids (ϕ = 3%, R = 30 nm) 0.673 3800.2 1084.9 1.0106 × 10−3 5.71
nanofluids (ϕ = 3%, R = 50 nm) 0.673 3800.2 1084.9 0.9745 × 10−3 5.50

3
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The following non-dimensional parameters X, Y, T, and U are used:

X =
x
H

, Y =
y
H

, T =
θ − θin

θw − θin
, U =

u
uin

(6)

where T and U are dimensionless temperature and velocity, respectively. uin = Re·υlattice/2m,
υlattice is the lattice dimensional kinematic viscosity of nanofluids, and m is the number of
grids divided along channel height.

2.3. Base Fluid–Nanoparticles Interaction Forces

Nanoparticles suspended in base fluid suffer various interactions: Brownian force
FB [36], drag force FD, buoyancy and gravity forces FH, and interaction potential force
FA [37]. The corresponding calculation equations are as follows:

FB
mnp

= Gi

√
πS0

Δt
(7)

FD = −6πμb f R
(

unp − ub f

)
(8)

FH = −4πR3

3
g
(

ρnp − ρb f

)
(9)

FA =
8

∑
i=1

ni
∂VA
∂ri

(10)

where mnp is the mass of the nanoparticle. Gi is a Gaussian random number satisfying
normal distribution. g denotes the gravitational acceleration. ni = ρV/mnp is the number of
particles in an adjacent lattice. V represents the lattice volume. S0 and VA are the spectral
intensity function and the interaction potential, respectively. They can be derived as:

S0 = (216νb f kBT)/[π2ρb f d5
np(ρnp/ρb f )

2CC] (11)

VA = −1
6

A(
2R2

L2
cc − 4R2 +

2R2

L2
cc

+
L2

cc − 4R2

L2
cc

) (12)

where A is the Hamaker constant. R and Lcc denote the radius of nanoparticles and the
average distance between two adjacent nanoparticles, respectively. kB is the Boltzmann
constant (kB = 1.38 × 10−23 J/K). The Cunningham coefficient Cc can be calculated using
the equations:

Cc = 1 +
2λ

dnp

[
1.257 + 0.4e(

−1.1dnp
λ )

]
(13)

Hence, the total force acting on the nanoparticle and base fluid can be written, respec-
tively, as:

Fnp = n(FH + FD + FA + FB)/V (14)

Fb f = −n(FD + FB) (15)

2.4. Governing Equations

Continuous equation:
∇·u = 0 (16)

Momentum equation:

∂u
∂t

+∇·(uu) = −∇p
ρ0

+ ν∇2u + F (17)

4
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where p is the pressure and F represents the forces between the fluid and nanoparticles.
Energy equation:

∂T
∂t

+∇·(uT) = ∇·(χ∇T) (18)

where χ is the thermal diffusion coefficient.

2.5. Lattice Boltzmann Model

The two-phase lattice Boltzmann method (TPLBM) conjugated with interaction forces
proposed by Xuan et al. [24] is used. The lattice Boltzmann equations for nanofluid are
written as follows:

f σ
i (x + eiΔt, t + Δt)− f σ

i (x, t) = − 1
τσ

f

(
f σ
i (x, t)− f σ,eq

i (x, t)
)
+

(
2τσ

f − 1

2τσ
f

)(
Fσ

i ·eiΔt
Bic2

)
(19)

gσ
i (x + eiΔt, t + Δt)− gσ

i (x, t) = − 1
τσ

g

(
gσ

i (x, t)− gσ,eq
i (x, t)

)
(20)

where f and g are density and temperature distribution functions, respectively. The super-
script eq denotes the equilibrium state and σ = bf, np denotes base fluid and nanoparticles.
The subscript i denotes the discrete lattice direction. Δx and Δt represent the lattice length
step and time step, respectively. c = Δx/Δt standing for the lattice speed. τf and τg are
dimensionless collision relaxation times for flow and temperature, respectively. B is the
mass coefficient (B1–4 = 3 and B5–8 = 12) to ensure the mass and momentum conservation
in the calculation. Fσ is the resultant force acting on the σ phase. ei is the discrete lattice
velocity vector. In the D2Q9 model, ei takes the following value:

ei =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
(0, 0) i = 0

c
(

cos (i−1)π
2 , sin (i−1)π

2

)
i = 1, . . . , 4

√
2c
(

cos (2i−9)π
4 , sin (2i−9)π

4

)
i = 5, . . . , 8

(21)

The flow and temperature equilibrium distribution functions are:

f σ,eq
i = ωiρ

σ

[
1 + 3

(ei·uσ,eq)

c2 +
9
2
(ei·uσ,eq)2

c4 − 3
2
(uσ,eq)2

c2

]
(22)

gσ,eq
i = ωiTσ

[
1 + 3

(ei·uσ,eq)

c2 +
9
2
(ei·uσ,eq)2

c4 − 3
2
(uσ,eq)2

c2

]
(23)

where ωi is the weight coefficients (ω0 = 4/9, ω1–4 = 1/9; ω5–8 = 1/36).
The Navier–Stokes equation can be recovered by the multi-scale technique (Chapman–

Enskog expansion) [38], and the kinematic viscosity coefficient and thermal diffusion
coefficient for the σ phase can be determined, respectively:

νσ =
τσ

f − 0.5

3
c2Δt (24)

χσ =
τσ

g − 0.5

3
c2Δt (25)

While the average kinematic viscosity coefficient and thermal diffusion coefficient for
the nanofluid are:

ν =
∑
σ

Cστσ
f − 0.5

3
c2Δt (26)

5
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χ =
∑
σ

Cστσ
g − 0.5

3
c2Δt (27)

where Cσ = ρσ/(∑σ ρ).
The macro density ρ, the velocity u, and the temperature T for the σ phase can be

written, respectively, as:

ρσ =
8

∑
i=0

f σ
i (28)

ρσuσ =
8

∑
i=0

f σ
i eiPo(x) = f (x)·Re (29)

Tσ =
8

∑
i=0

gσ
i (30)

In the absence of force exerted on the σ phase, particles and base liquid move at the
same speed and temperature:

u =
∑
σ

ρσuσ/τσ
f

∑
σ

ρσ/τσ
f

(31)

T =
∑
σ

ρσcσ
pTσ/τσ

g

∑
σ

ρσcσ
p/τσ

g
(32)

In fact, particles and base fluid are subjected to different forces. The action of the
Fσ is considered as the correction of the local equilibrium velocity according to Shan and
Chen [39]:

uσ,eq
new = uσ +

Fστσ
f Δt

ρσ
(33)

Energy between nanoparticles and base fluid is exchanged due to the internal forces,
and the macroscopic temperature for nanoparticles and base fluid is then given as:

Tσ
new = Tσ + Δtτσ

g
dTσ

dt
(34)

The local Nusselt number Nu(x), local fanning friction factor f (x), and the local
Poiseuille Po(x) number along the lower wall are defined as:

Nu(x) =
kn f

kb f

(∂T/∂y)
∣∣y=0

Tw − Tm
(35)

f (x) =
2μn f (∂u/∂y)

∣∣y=0

ρn f u2
m

(36)

Po(x) = f (x)·Re (37)

where Tm =
(∫

A ρcpuTdA
)
/
(∫

A ρcpudA
)

, um =
(∫

A ρudA
)
/
(∫

A ρdA
)

.
The average Nusselt number (Nuavg) and the average fanning friction factor (favg) are:

Nuavg =
1
H

∫ H

0
Nu(x)dx (38)

favg =
1
H

∫ H

0
f (x)dx (39)

6
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To assess the comprehensive performance of nanofluids, the term performance evalua-
tion criterion (PEC) is introduced:

PEC =
Nuavg,n f /Nuavg,water(
favg,n f / favg,water

)1/3 (40)

3. Results

3.1. LBM Code Validation

A series of sized grids, from 80 × 1600 to 120 × 2400, are used with constant Re = 50
and Pr = 5.41 to confirm grid independence firstly. The Nusselt number and the fanning
friction factor at the exit with various grid numbers are compared and summarized in
Table 2. Considering the calculating speed and the numerical accuracy compared, a grid
size of 100 × 2000 is employed for the simulation.

Table 2. Grid independency study for water at Re = 50.

60 × 1400 80 × 1600 100 × 2000 120 × 2400

Nuavg 8.478 8.396 8.345 8.301
favg 0.471 0.474 0.475 0.476

In order to verify the reliability of the TPLBM model, a simulation was conducted
to analyze the heat transfer results of Cu–water nanofluids through two parallel plates,
with one side constant heat flux and the other insulated. The simulation conditions were
consistent with those of Saberi and Kalteh [29], and the comparison of the average Nusselt
number is illustrated in Figure 2. The maximum difference between the present result and
the Saberi and Kalteh [29] date was 3.1%, which indicates that the method of this paper
was credible.

Figure 2. The average Nusselt number (Nuavg) compared with the results of Saberi and Kalteh [29].

3.2. Effects of Interaction Forces

A set of interaction forces, including Brownian force FB, buoyancy and gravity force FH,
drag force FD, and van der Waals force FA for different nanoparticle volume fractions and
radii are calculated, and their importance in the forced convective flow and heat transfer
is evaluated in this study. Figure 3a shows the range of forces acting on nanoparticles at
various volume fractions and particle sizes. According to this figure, the magnitude of
Brownian force is the largest, followed by drag force, while buoyancy and gravity and
van der Waals forces are negligible: FB > FD > FH > FA. Moreover, it is clear that the force
increases with the volume fraction and decreases with the particle size.

7
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(a) (b) 

Figure 3. The range of (a) forces acting on the nanoparticle and (b) the velocity difference and
temperature difference between particle and base solution with different volume fractions and
particle sizes.

Particles are displaced by interaction forces, resulting in a difference in velocity and
temperature between particles and the base fluid. This means that the micro-convection
occurs between particles and base fluid as a result of the interaction force. Figure 3b
illustrates the range of the velocity difference and dimensionless temperature difference
between suspended particles and base fluid under various volume fractions and particle
sizes. For Re = 50, ϕ = 3% and R = 10 nm, the range of velocity difference between
particle and base fluid is Δux = −0.1019~0.1021 m/s and Δuy = −0.1104~0.1053 m/s, the
range of dimensionless temperature difference is ΔT = −0.0148~0.0138. It is important
to note that these differences are non-negligible when compared to inlet velocity and
inlet dimensionless temperature for nanofluids. It is also evident from the figure that the
difference in velocity and dimensionless temperature between particles and the base liquid
is positively correlated with the magnitude of interaction forces, i.e., the micro-convection
between particles and base liquid is more intense at high volume fractions and small
particle sizes.

3.3. Flow Characteristics of Nanofluids

Figure 4 illustrates the velocity (u) of pure water and Al2O3–water nanofluids with
various volume fractions at the center horizontal and vertical lines of the channel. It is
evident that the velocity of nanofluids increases with volume fraction. This is due to the
fact that the increase in particle volume fraction leads to an increase in density and viscosity
at the same time. Based on Table 1, it is apparent that the increment of density is smaller
than that of the viscosity. In accordance with the definition of Re number (Re = uinDh/ν,
where Dh = 2H is the hydraulic diameter of the microchannel), a higher inlet velocity of the
nanofluid is required to maintain a constant Reynolds number.

Figure 5 illustrates the velocity (u) of pure water and Al2O3–water nanofluids with
various particle radii at the center horizontal and vertical lines of the channel. It is obvious
that the velocity of nanofluids slows down with the increase in particle size. This is because
the viscosity of the nanofluid decreases with the particle radius, and the inlet velocity of
the nanofluid should be reduced to keep the Re number constant. Therefore, in the range of
working conditions studied in this paper, the velocity of nanofluid reaches the maximum
when ϕ = 3% and R = 10 nm. In addition, there is a slight fluctuation in the velocity of the
nanofluid with ϕ = 3%, R = 10 nm at Y = 0.5, as shown in Figures 4a and 5a. This is because
the Brownian force leads to the irregular movement of the particles, and the higher the
concentration and the smaller the particle size, the larger the Brownian force. However,
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Figures 4b and 5b indicate that the velocity fluctuation is not obvious at X = 10, which is
owing to the large velocity gradient.

  
(a) (b) 

Figure 4. Velocity profiles for various nanoparticle volume fractions at (a) Y = 0.5 and (b) X = 10.

  
(a) (b) 

Figure 5. Velocity profiles for various nanoparticle radii at (a) Y = 0.5 and (b) X = 10.

An analysis of the dimensionless velocity is necessary since its gradient reflects the
magnitude of flow resistance. Figures 6 and 7 exhibit the dimensionless velocity (U) for var-
ious nanoparticle volume fractions and nanoparticle radii, respectively. Figures 6a and 7a
illustrate that the maximum dimensionless velocity of water along the center horizontal
of the channel Umax,w ≈ 1.5, while that of nanofluids fluctuates around Umax,w. The am-
plitude of fluctuation augments with the increase in volume fraction and reduces with
the increase in particle size. The reason is that the irregular motion of particles caused
by Brown force intensified with the increase in concentration and the decrease in particle
size. Figures 6b and 7b show that in the fully developed region, the dimensionless velocity
distribution of nanofluids with arbitrary volume fraction and particle size along the vertical
line of the channel almost coincides and satisfies the formula U = 1.5(4Y − 4Y2). Further-
more, the dimensionless velocity fluctuations of the nanofluids are invisible at X = 10. This
is due to the fact that the velocity fluctuations caused by the Brownian motion of particles
are too poor compared to the drastic changes in velocity along the longitudinal section of
the channel.

9
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(a) (b) 

Figure 6. Dimensionless velocity profiles for various nanoparticle volume fractions at (a) Y = 0.5 and
(b) X = 10.

  
(a) (b) 

Figure 7. Dimensionless velocity profiles for various nanoparticle radii at (a) Y = 0.5 and (b) X = 10.

The Poiseuille number (Po = fapp·Re) can directly reflect frictional resistance as fluid
flows. In the case of a constant Re number, the higher the Po number, the greater the friction
coefficient. The local Po numbers of nanofluids along the lower wall with different nanopar-
ticle volume fractions and nanoparticle radii are presented in Figure 8a,b, respectively.
It is obvious that in the fully developed region, the Po number of water is Pofull,w ≈ 24.
The Po number of nanofluid fluctuates, and the fluctuation amplitude enhances with the
increase in volume fraction and weakens with the growth in particle size, which is caused
by the change in Brownian force. Moreover, the Po number of nanofluids fluctuates around
Pofull,w, just as the nanofluid velocity fluctuates around Umax,w. In order to explain this, we
derive the relationship between the Po number and the dimensionless velocity U. Combine
Equations (36) and (37):

Po(x) =
4(∂U/∂Y)|Y=0 ·Un f ,in

U2
m

(41)
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(a) (b) 

Figure 8. The local Poiseuille number profiles along the lower wall for different (a) nanoparticle
volume fractions and (b) nanoparticle radii.

Equation (41) shows that the Po number is uniquely related to dimensionless velocity
distributions; therefore, their distributions are similar. According to Figures 6 and 7, the
dimensionless velocity distributions of nanofluids with varying volumes and particle sizes
almost overlap. Consequently, the difference in the average Po number is slight between
them. These also indicate that the particle size and volume fraction have little influence on
the average friction coefficient of nanofluids.

In order to explore the effect of interaction forces on the flow of nanofluids, the
average friction coefficient (favg) with and without interaction forces at different volume
fractions and sizes are compared, as shown in Figure 9. It can be seen that the favg of the
nanofluid ranges from 0.504 to 0.506. In addition, the favg of nanofluids without considering
the interaction force increases slightly with the increasing volume fraction but decreases
slightly with increasing particle size. For nanofluids, considering the interaction force,
favg, decreases slightly with increasing volume fraction and particle size. However, the favg
varies within 0.3% under different parameters. Therefore, the effects of volume fraction,
particle size, and interaction forces on favg can be ignored.

 

Figure 9. The average friction coefficient at the bottom wall for different volume fractions and
nanoparticle radii.

3.4. Heat Transfer Characteristics of Nanofluids

Figure 10 shows the dimensionless temperature distribution of pure water and Al2O3–
water nanofluid with various volume fractions at X = 10 and Y = 0.5. It indicates that the
temperature of nanofluids decreases with the increase in volume fraction. The combined
effect of nanofluid physical properties and interaction forces results in this phenomenon.
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With the increment of the volume fraction, the micro-convection induced by interaction
forces, the thermal conductivity and velocity of nanofluids are improved. The first two
can enhance the heat transfer and increases the temperature of the nanofluid, while the
last reduces the heat transfer time between the fluid and the hot wall and decreases the
temperature of the nanofluid. The flow rate of nanofluid increases sharply with volume
fraction and plays a dominant role in affecting the temperature.

  
(a) (b) 

Figure 10. Non-dimensional temperature profiles for various nanoparticle volume fractions at
(a) Y = 0.5 and (b) X = 10.

Figure 11 shows the dimensionless temperature distribution of pure water and Al2O3–
water nanofluid with various particle radii at X = 10 and Y = 0.5. It demonstrates that the
temperature of nanofluids increases with the increment of particle size. This is due to the
drops in velocity of the nanofluids as the particle size increases, resulting in a longer heat
transfer time between the nanofluid and the wall, which, in turn, raises the nanofluids’
temperature. To sum up, the temperature of nanofluids in the microchannel is lowest
at ϕ = 3% and R = 10 nm. In addition, the temperature field of the nanofluid appears
perturbed, which is more prominent near the outlet, as shown in Figures 10a and 11a. This
can be explained by the fact that the higher nanofluid temperature near the exit leads to
a higher Brownian force, causing the particles to move more irregularly. Furthermore,
the temperature of the nanofluid is disturbed, and the degree of disturbance strengthens
with the increase in volume fraction and the decrease in particle radius. The reason is that
the Brownian force is multiplied by particle number; thereby, the velocity difference and
temperature difference between particles and the base fluid increase, resulting in enhanced
micro-convection. However, a larger particle size causes the Brownian force to weaken,
leading to the opposite outcome.

Figure 12 shows the local Nusselt number along the lower wall for different nanopar-
ticle volume fractions and nanoparticle radii. The local Nusselt number decreases sharply
at the entrance and then trends to flat. The reason is that the velocity changes drastically
at the entrance, and convective heat transfer is extremely efficient. The Nusselt number
of nanofluid increases with the increasing nanoparticle volume fraction, as illustrated in
Figure 12a. This is because the thermal conductivity and flow velocity of nanofluids are en-
hanced as the volume fraction increases, as well as the random motion of the particles. The
improved thermal conductivity allows nanofluids to absorb more heat, and the increased
flow velocity makes nanofluids disperse heat efficiently. Moreover, micro-convection
induced by the irregular motion of particles benefits the heat transfer. In addition, the
Nusselt number perturbances irregularly under the action of the Brownian force. With the
increase in volume fraction, the Brownian force increases, and the perturbation intensifies.
Figure 12b indicates that the increasing particle size leads to the lessening of the Nusselt
number. One of the reasons is that the velocity of nanofluid slows down, and the heat
transfer is weakened at larger particle sizes. The other is that the increasing particle size
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plays a role in attenuating the Brownian motion of particles, which diminishes the micro-
convection between particles and base fluid. Moreover, the particle size also plays a role in
the amplitude of Nusselt number fluctuations. A flat Nusselt number perturbation results
from the weak Brownian motion of large particles.

  
(a) (b) 

Figure 11. Non-dimensional temperature profiles for various nanoparticle radii at (a) Y = 0.5 and
(b) X = 10.

  
(a) (b) 

Figure 12. Local Nusselt number along the lower wall for different (a) nanoparticle volume fractions
and (b) nanoparticle radii.

To visually demonstrate the contribution of thermal physical properties and particle–
base fluid interaction forces on heat transfer, Figure 13 compares the average Nusselt
number (Nuavg) of nanofluid with and without forces under different volume fractions and
particle sizes. This figure suggests that the interaction force and volume fraction improve
the Nuavg, while the particle radius decreases it. The Nuavg of water is 8.348. For R = 10 nm
and ϕ = 3%, the Nuavg of nanofluids considering the interaction forces reaches 10.214, while
the Nuavg is 9.693 if the interaction forces inside the nanofluid are ignored. It indicates
that the micro-convection caused by the interaction forces between particles and base fluid
increases the Nuavg by 6.24%, and the improvement of thermal physical properties increases
Nuavg by 16.16%. For the particle radius R = 10 nm, an increase in the volume fraction of
nanoparticles from 0 to 3% increases the Nuavg by approximately 22.40%. This increase can
be attributed to the increased volume fraction improving the thermal conductivity, velocity,
and micro-convection in a nanofluid. However, the rise in Nuavg drops to 14.15% when the
particle size increases to R = 50 nm. This phenomenon can be explained by the fact that an
increase in particle size results in a low flow rate and weak micro-convection.
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Figure 13. The average Nusselt number along the bottom wall for different volume fractions and
nanoparticle radii.

In order to compare the comprehensive thermodynamic and hydrodynamic properties
of nanofluids with various volume fractions and particle sizes, the performance evaluation
criterion (PEC) is studied, and the result is illustrated in Figure 14. The PEC represents
the combined influence of heat transfer efficiency and flow resistance of nanofluids. Its
variation is almost identical to that in Nuavg since the particle size, volume fraction, and the
interaction force between particles and base fluid have little impact on favg. The nanofluid
has a PEC greater than 1.0, which shows that the heat transfer performance is better under
the same flow resistance. Furthermore, the comprehensive performance of nanofluids
reaches the highest value (PEC = 1.225) when the volume fraction is the largest, and the
particle size is the smallest (ϕ = 3%, R = 10 nm).

 

Figure 14. The PEC of nanofluids for different volume fractions and nanoparticle radii.

4. Conclusions

Al2O3–water nanofluid flow inside a microchannel has been studied with various
nanoparticle volume fractions and radii by the two-phase lattice Boltzmann method. The
physical properties and internal interaction forces of nanofluids are calculated, and their
effects on the velocity, temperature, Nusselt number, Poiseuille number, and performance
evaluation criterion are investigated. The obtained results can be summarized as:

(1) As the volume fraction of nanoparticles increases and the radius decreases, the velocity
of nanofluids increases while the temperature decreases.

(2) It appears that the viscosity plays a greater role in determining temperature than the
thermal conductivity in nanofluids at a Re = 50.

(3) An increase in nanoparticle concentration has a positive effect, and an increase in the
size of nanoparticles has a negative effect on the rate of heat transfer.

14



Energies 2024, 17, 4265

(4) The interaction forces between particles and base liquid increases the Nuavg number
of nanofluids by 0.67~6.95%, and the physical property parameters increase the Nuavg
number by 3.53~14.15%.

(5) The interaction forces, volume fractions, and nanoparticle sizes have little effect on
the favg.

(6) The comprehensive performance of the nanofluid is PEC = 1.0~1.225, which indicates
that it is an excellent heat transfer medium.

This study demonstrates that nanofluids can significantly enhance heat transfer in solar
cell cooling, providing a feasible method for maintaining lower operating temperatures and
preventing efficiency losses in photovoltaic systems. The economic analysis suggests that
this technology could be both cost-effective and efficient, which is crucial for large-scale
adoption in the solar energy industry, where cost considerations are paramount.

Future research should focus on exploring the long-term stability of nanofluids, ad-
dressing potential issues such as particle agglomeration, sedimentation, or degradation over
time. Understanding these factors will be essential for evaluating the practical longevity
and maintenance needs of nanofluid-based cooling systems. Additionally, 3D simulations
may provide a more accurate representation of real physical systems, potentially leading
to more refined results and a better understanding of nanofluid behavior in practical ap-
plications. We expect that future research can improve the design and optimization of
thermal management systems by providing a more comprehensive understanding of the
nanofluids’ performance in practical applications.
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Nomenclature

Abbreviations
BGK Bhatnagar–Gross–Krook
DDF Double distribution functions
PEC Performance evaluation criterion
PV Photovoltaic
TPLBM Two-phase lattice Boltzmann method
English symbols
A Area [m2]
B Mass coefficient
c Lattice velocity
C Mass fraction
cp Specific heat [J kg−1 K−1]
d Diameter [m]
ei Direction of lattice velocity
fi Density distribution function
fapp Fanning friction factor
F Force vector [N]
FA Interaction potential force [N]
FB Brownian force [N]
Fbf The total force acting on the base fluid [N]

15



Energies 2024, 17, 4265

FD Drag force [N]
FB Buoyancy force [N]
Fnp The total force acting on the nanoparticle [N]
gi Temperature distribution function
H Microchannel height [m]
h Heat transfer coefficient [W m−2 K−1]
k Thermal conductivity [W m−1 K−1]
L Microchannel length [m]
mnp Nanoparticle mass [kg]
n The nanoparticle number in a lattice
Nu Nusselt number
PEC Performance evaluation criterion
Po Poiseuille number
Pr Prandtl number
R Nanoparticles radius [m]
Re Reynolds number
t Time [s]
T Dimensionless Temperature
u Velocity [m/s]
U Dimensionless velocity
x, y Axial and vertical Cartesian coordinate
X,Y Dimensionless axial and vertical Cartesian coordinate
Δt Lattice length
Δx Time step
Greek Symbols
γ Surface tension [N]
θ Temperature (K)
μ Dynamics viscosity [kg m−1 s−1]
ν Kinematic viscosity coefficient [m−2 s−1]
ρ Density [kg m−3]
τf Dimensionless collision-relaxation time for flow
τg Dimensionless collision-relaxation time for temperature
ϕ Nanoparticle volume fraction
χ Thermal diffusion coefficient [m−2 s−1]
ω Weight coefficients
Subscripts
avg Average value
bf Base fluid
in Inlet
m Mean value
nf Nanofluids
np Nanoparticle
w Wall
X, Y X and Y directions
Superscripts
eq Equilibrium state
i Discrete lattice directions
σ Base fluid or nanoparticle phase
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Abstract: Radiative natural convection is of vital importance in the process of energy storage, power
generation, and thermal storage technology. As the attenuation coefficients of many heat transfer
media in these fields are high enough to be considered as optically thick media, like nanofluids or
molten salts in concentrated solar power or phase change thermal storage, Rosseland approximation
is commonly used. In this paper, we delve into the impact of thermal radiation on the Rayleigh-Bénard
(RB) convection. Theoretical analysis has been conducted by modifying the Grossmann-Lohse (GL)
model. Based on turbulent dissipation theory, the corresponding scaling laws in four main regimes
are proposed. Direct numerical simulation (DNS) was also performed, revealing that radiation
exerts a notable influence on both flow and heat transfer, particularly on the formation of large-scale
circulation. By comparing with DNS results, it is found that due to the presence of radiation, the
modified Nu scaling law in small Pr range of the GL model is more suitable for predicting the
transport characteristics of optical thick media with large Pr. The maximum deviation between
the results of DNS and prediction model is about 10%, suggesting the summarized scaling law can
effectively predict the Nu of radiative RB convection.

Keywords: solar energy; energy storage power generation; Radiative Rayleigh-Bénard convection;
optically thick media; scaling law

1. Introduction

The increased uptake of the renewable energy has led to an increased need for updating
solar thermal energy utilization and thermal storage technology. For example, by combining
concentrated solar power with photovoltaics, both the heat and electricity can be provided
at the same system, making the energy maximally utilized [1]. What is more, the combined
heat and power system, when paired with a phase change thermal storage system [2,3], can
achieve a continuous supply of energy. Obviously, understanding and optimizing these
fluid transport characteristics is essential for the development and improvement of these
energy conversion and storage systems.

It is worth noting that, in applications of the above fields, the operating temperature is
usually high and the temperature difference in the system may also be considerable. This
makes the effect of thermal radiation non-negligible, which is a typical radiative convection
problem. Different from thermal conduction and convection, the radiative energy can
penetrate into the interior of the fluid, and transfer between all the elements, as it propagates
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as an electromagnetic wave. Besides, the directional and spectral natures of radiation
increase the dimensionality of the problem, making the determination of radiative heat
flux complex. Therefore, many simplified models have been proposed, and the Rosseland
diffusion approximation is the most widely used in the radiative convection of optical thick
media, in which the radiative heat flux is supposed to be a function of temperature gradient,

i.e., qR ∼ − 16σT3
ref

3βr
∂T
∂x (linear approximation) or qR ∼ − 16σT3

3βr
∂T
∂x (nonlinear approximation).

For example, by using linear Rosseland approximation, Sheikholeslami et al. [4] studied
the nanofluid flow and heat transfer under the effect of electric field in a porous lid driven
cavity. They found thermal radiation can enhance the temperature gradient near the
positive electrode, as well as the convective mode. Similar conclusions were obtained by
many other researchers [5–7]. Besides, with the help of nonlinear Rosseland approximation,
Shah et al. [8] proposed an artificial neural network model for heat transfer problem in
carbon nanotubes-based nanofluid, which shows excellent performances by comparing
with numerical simulation. Yousuf Ali et al. [9] investigated the effect of radiation on the
heat transfer of nanofluids flowing through a stretching sheet by using both linear and
nonlinear Rosseland approximations, and found that the thermal performance is enhanced.

Indeed, the influence of radiation on natural convection has been a subject of extensive
research for many years [10–12]. Kolsi et al. [10] studied the radiative natural convection
for Ra = 105 and Pr = 13.6, and proposed that, compared to peripheral spiraling motion,
the principal flow structure is more sensitive to radiation effect. What is more, in absence
of radiation there exists a zone where the flow structure exhibits quasi-2D characteristics,
while the effect of radiation on the 3D behavior of the flow is significant, especially in
the core of cavity. Wang et al. [13] discovered that thermal radiation can reduce the
spatial spreading of the plumes but has little impact on the kinetic field. However, some
other scholars suggested that the thermal radiation shows a stabilizing effect on natural
convection. Both the convection and convective heat transfer are dampened by the surface
radiation [14–17]. In fact, it has been observed that radiation emanating from the medium
exhibits a similar dampening influence on the convective heat transfer [18,19].

The aforementioned studies hold crucial significance, but most of them have de-
rived qualitative conclusions. In order to quantitatively determine the influence of control
parameters on the transport characteristics of natural convection, some prediction mod-
els for radiative natural convection have been developed. Gad et al. [20] proposed the
scaling law of heat transfer in laminar natural convection with radiation for the range
of 5 × 103 ≤ Ra ≤ 105, 1 ≤ Γ ≤ 5, 0.1 ≤ εe ≤ 0.85. By applying k-ε turbulence model,
Miroshnichenko et al. [16] investigated the heat transport characteristics for turbulent
flow in a cavity, which is heated below and cooled by the environment on the other walls.
They also summarized the correlations between Nu and (Ra, εe) for 109 ≤ Ra ≤ 1010 and
0 ≤ εe ≤ 0.6. One of the most prominent works is the POD-based low-order model derived
by Soucasse et al. [21,22] in the range of 106 ≤ Ra ≤ 108, Pr = 0.7. Both the observed and
predicted models they derived can capture the dynamics and energy transport features
of the natural convection coupled with radiation. More relevant researches can be found
in the review provided by Song et al. [23]. Nevertheless, one can easily see that most
of the existing scaling laws are applicable within a narrow range of parameters and are
insufficient to meet the needs of industrial design.

In fact, in the specific case of Rayleigh-Bénard (RB) convection, several scaling laws
have been proposed, including the marginal stability theory [24], Chicago mixing zone
model [25–27], Shraiman-Siggia model (SS model) [28,29], Grossmann-Lohse theory (GL
model) [30–33], and so on. The GL model is widely recognized due to its wide applicability
and high accuracy. Besides, it is used as a basis for many other correction models to describe
the transport characteristics of RB convection under additional effects. Chakraborty [34]
suggested that, by introducing the concept of magnetic energy dissipation, the arguments
and assumptions in GL model can be extended to the case of turbulent magnetohydrody-
namic (MHD) RB convection with a vertical magnetic field. Based on this idea, Zürner
et al. [35,36] have given a set of implicit scaling equations between (Nu, Re) and (Ra, Pr,
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Ha) in a limited parameter range (Pr ≤ 3 × 10−2, Pm = μσbυ ≤ 10−5). Moreover, the
scaling behaviors of heat and momentum transport in MHD-RB convection were analyzed
by Yan et al. [37] on the basis of the ratio of magnetic energy to kinetic energy and the
contribution of viscous and ohmic dissipation. Therefore, analogous methodologies were
adopted in this study for modeling the transport characteristics of radiative RB convection
for the first time.

In this paper, a comprehensive study of the flow and heat transfer characteristics in
radiative Rayleigh-Bénard convection within optically thick media has been conducted
by using both theoretical analysis and direct numerical simulation. Based on the GL
model, the relevant scaling laws have been derived according to the turbulent dissipation
theory and the relative contribution of bulk and boundary layers to dissipation. In order
to verify the prediction models, direct numerical simulation for the flow in the range
of Ra = 1 × 108 ∼ 5 × 108, Pr = 7, 30, R = 1.0 ∼ 6.0 (The definition of dimensionless
parameters is depicted in Equation (6)) has also been conducted. The results show the
proposed scaling law can effectively predict the Nu of radiative Rayleigh-Bénard convection,
especially for situations with large optical thicknesses. The conclusions drawn from this
paper can furnish a theoretical underpinning for industrial design pertaining to the realms
of energy storage, power generation, and thermal storage technology.

Section 2 introduces the model and assumptions used in this theoretical analysis.
Section 3 shows the scaling law in different regimes and the boundaries between them.
Section 4 displays the direct numerical simulation results used to validate theoretical
analysis. Finally, the conclusions of this study are presented in Section 5.

2. The Model

Before the theoretical analysis and numerical simulation, some assumptions need to
be introduced first:

• An incompressible and optically thick fluid is considered;
• The Boussinessq approximation, as well as Rosseland diffusion approximation are

invoked in this work;
• The flow is in a turbulent state and there exists a large-scale circulation (LSC);
• The kinetic BL is assumed to be of Prandtl-Blasius type.

Therefore, considering a fluid layer differentially heated by two rigid plates, the
following governing equations can be obtained, shown as Equations (1)–(3):

∇ · u = 0 (1)

∂τu + (u · ∇)u = −1
ρ
∇p + ν∇2u + gβΔez (2)

∂τT + u · ∇T = κ∇2T − 1
ρcp

∇qR (3)

The radiative heat flux by employing Rosseland approximation is defined as
Equation (4):

qR = −4
3

σ

βr
∇T4 (4)

When neglecting the high-order terms from the Taylor series of T4 about Tref (here the
linear Rosseland approximation is considered), the radiative heat source in Equation (3)
can be obtained as Equation (5):

∇qR = −16
3

σT3
ref

βr
∇2T (5)
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Here three important criterion numbers, say, the Rayleigh number Ra, Prandtl number
Pr and radiation parameter R, as well as two response criterion numbers, Nusselt number
Nu and Reynold number Re, to characterize the RB convection, are defined as Equation (6):

Ra = gβΔh3

νκ , Pr = ν
κ ,R = 1 + 4

3
1

τr Pl

Nu =
〈wT〉A−κ∂z〈T〉A

κΔh−1 , Re = uh
ν

(6)

In above equations, ez, u = {u, v, w}, t, p, h, T, Δ = Th − Tc, g, β, κ, λ, u, βr, and σ are
the unit vector in the z direction, velocity, time, pressure, distance between two differential
heated plates, temperature, temperature difference between the two plates, gravitational
acceleration, thermal expansion coefficient, thermal diffusivity, thermal conductivity, the
mean large-scale velocity, spectral extinction coefficient, and Stefan-Boltzmann constant
(σ = 5.67 × 10−8W · m−2 · K−4), respectively. The determination of characteristic quantities
is illustrated in the Figure 1. Subscript h and c stand for the hot bottom and cold top plates,
individually. τr = βrh is the optical thickness. Pl = λ/h

4σT3
ref

is the Planck number. Tref is the

reference temperature, which will be discussed later. 〈·〉A denotes the average over any
horizonal plane (z-plane).

Figure 1. The dependence of characteristic quantities.

Generally, the mean temperature, Tm−ref = (Th + Tc)/2 is usually considered as the
reference temperature. However, due to the dependence of radiative heat transfer on∣∣T4

h − T4
c
∣∣, another strategy has been proposed [38] as Equation (7):

Trad−ref =

(
T4

h + T4
c

2

) 1
4

(7)

By comparing these two reference temperatures, the relative error between them can
be gained, shown as Equation (8):

O =
Trad−ref − Tm−ref

Tm−ref
=

[
8 · 1 + (Th/Tc)

4

(1 + Th/Tc)
4

] 1
4

− 1 (8)

Figure 2 depicts the dependence of the temperature difference (Δ and Δ/Tc) and O
upon Tc. It can be easily seen that even if the relative temperature difference Δ/Tc reaches
50%, O is only 5.56%. It should be noticed that the basic premise for applying the Boussinesq
approximation is that the physical properties of fluid do not change significantly except for
the density. As shown in Figure 1, Δ has exceeded 100 K for Tc > 200 K and Δ/Tc = 50%.
Indeed, such a large temperature difference usually leads to significant changes in the
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physical properties of fluid. Under such conditions, the Boussinesq approximation is
no longer valid. Therefore, either of these two reference temperatures can usually be
considered for most cases with small temperature differences.

Figure 2. The dependence of the temperature difference (Δ and Δ/Tc) and O upon Tc.

3. Scaling Laws

In correspondence with classical RB convection, one can derive the following rigorous
relations for the global averaged kinetic and thermal dissipation rates, εu and εT, according
to the theory of Shraiman and Siggia [28,29], as shown in Equations (9) and (10):

εu = 〈εu(x, t)〉V =
ν3

h4 (Nu − 1)RaPr−2 (9)

εT = 〈εT(x, t)〉V = κ
Δ2

h2 Nu (10)

where 〈·〉V denotes the volume average. εu(x, t) = ν
[
∂iuj(x, t)

]2 and εT(x, t) = κ
[
∂iTj(x, t)

]2
are the local kinetic and thermal dissipation rates.

The main idea of Grossmann-Lohse theory [30–33] is that the global averaged energy
dissipations can be decomposed into the bulk and boundary layer (BL) contributions, as
shown in Equation (11):

ε = εbulk + εBL (11)

By means of dimensional analysis, the different contributions can be estimated as
Equations (12)–(17):

εu−bulk ∼ u3

h
=

ν3

h4 Re3 (12)

εT−bulk ∼ uΔ2

h
= κ

Δ2

h2 PrRe(for
δu

δT
< 1) (13)

εT−bulk ∼ u
δT
δu

Δ2

h
= κ

Δ2

h2 RPrRe
3
2 Nu−1(for

δu

δT
> 1) (14)

εu−BL ∼ ν
u2

δ2
u

δu

h
∼ ν3

h4 Re
5
2 (15)
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εT−BL ∼ κ
Δ2

δ2
T

δT
h

∼ κ
Δ2

h2 R
1
2 Pr

1
2 Re

1
2 (for

δu

δT
< 1) (16)

εT−BL ∼ κ
Δ2

δ2
T

δT
h

∼ κ
Δ2

h2 R
2
3 Pr

1
3 Re

1
2 (for

δu

δT
> 1) (17)

where δu ∼ hRe− 1
2 and δT ∼ RhNu−1 are the thickness of the kinetic and thermal BL,

respectively. Their ratio is related to Pr, i.e., Pr ∼ δu/δT . It should be emphasized that the
kinetic BL is assumed to be of Prandtl-Blasius type in Grossmann-Lohse theory.

Utilizing the aforementioned relations, four main regimes can be easily identified as
shown in Table 1, contingent upon whether the bulk or BL is the primary contributor to
energy dissipation:

Table 1. The four main regimes and the primary contributors.

εu εT

Regime I εu−BL εT−BL
Regime II εu−bulk εT−BL
Regime III εu−BL εT−bulk
Regime IV εu−bulk εT−bulk

Additionally, based on the relative thickness of the kinetic and thermal BL, each main
regime can be divided into two sub-regions, i.e., δu/δT < 1 or δu/δT > 1. The scaling laws
are given in each sub-region as following:

• Regime I-a:εu ∼ εu−BL, εT ∼ εT−BL, δu/δT < 1

Substituting Equations (8) and (9) into Equations (15) and (16), respectively, one can
get the following equations as shown in Equations (18) and (19):

Re = R
1
4 Ra

1
2 Pr−

3
4 (18)

Nu = R
5
8 Ra

1
4 Pr

1
8 (19)

• Regime I-b:εu ∼ εu−BL, εT ∼ εT−BL, δu/δT > 1

By combining Equations (8) with (15) and (9) with (17), the following relations can be
obtained as shown in Equations (20) and (21):

Re = R
1
3 Ra

1
2 Pr−

5
6 (20)

Nu = R
5
6 Ra

1
4 Pr−

1
12 (21)

• Regime II-a:εu ∼ εu−bulk, εT ∼ εT−BL, δu/δT < 1

Using Equations (8), (9), (12) and (16), one can obtain the following equations as shown
in Equations (22) and (23):

Re = R
1
5 Ra

2
5 Pr−

3
5 (22)

Nu = R
3
5 Ra

1
5 Pr

1
5 (23)

• Regime II-b:εu ∼ εu−bulk, εT ∼ εT−BL, δu/δT > 1

Using Equation (17) instead of (16) for (9), we can get the following equations as
shown in Equations (24) and (25):

Re = R
4
15 Ra

2
5 Pr−

2
3 (24)
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Nu = R
4
5 Ra

1
5 (25)

• Regime III-a:εu ∼ εu−BL, εT ∼ εT−bulk, δu/δT < 1

Combining Equations (8), (9), (15) and (13), one can derive the following relations as
shown in Equations (26) and (27):

Re = Ra
2
3 Pr−

2
3 (26)

Nu = Ra
2
3 Pr

1
3 (27)

• Regime III-b:εu ∼ εu−BL, εT ∼ εT−bulk, δu/δT > 1

Similarly, using Equation (14) instead of (13) for (9), the following relations can be
obtained as shown in Equations (28) and (29):

Re = R
2
7 Ra

4
7 Pr−

6
7 (28)

Nu = R
5
7 Ra

3
7 Pr−

1
7 (29)

• Regime IV-a:εu ∼ εu−bulk, εT ∼ εT−bulk, δu/δT < 1

Substituting Equations (12) and (13) into Equations (8) and (9), respectively, one can
get the following relations as shown in Equations (30) and (31):

Re = Ra
1
2 Pr−

1
2 (30)

Nu = Ra
1
2 Pr

1
2 (31)

• Regime IV-b:εu ∼ εu−bulk, εT ∼ εT−bulk, δu/δT > 1

Combining Equations (8), (9), (12) and (14), the following relations can be determined
as shown in Equations (32) and (33):

Re = R
2
9 Ra

4
9 Pr−

2
3 (32)

Nu = R
2
3 Ra

1
3 (33)

The boundaries between the two different regimes or sub-regions can be derived by
considering εbulk ∼ εBL or δu ∼ δT , respectively. Thereby, the following correlations can
be obtained as shown in Equations (34)–(43):

Ra1a−2a ∼ R
− 1

2 Pr
3
2
1a−2a (34)

Ra1a−3a ∼ R
3
2 Pr−

1
2

1a−3a (35)

Ra3a−4a ∼ R
0Pr1

3a−4a (36)

Ra2a−4a ∼ R
2Pr−1

2a−4a (37)

Ra1b−3b ∼ R
2
3 Pr

1
3
1b−3b (38)
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Ra3b−4b ∼ R
− 1

2 Pr
3
2
3b−4b (39)

Pr1a−b ∼ R
1Ra0 (40)

Pr2a−b ∼ R
1Ra0 (41)

Pr3a−b ∼ R
3
2 Ra−

1
2 (42)

Pr4a−b ∼ R
4
3 Ra−

1
3 (43)

It should be noticed that the specific correlations for the boundaries require a massive
amount of experimental or simulated results, which is currently lacking. As a result, it is
recommended to refer to the original model at present. What is more, one can easily see
that the effect of aspect ratio, Γ, is not shown in the above scaling laws. This is due to the
fact that no significant dependence of the scaling exponent on the aspect ratio is anticipated,
in contrast to the pre-factors [30,39].

4. Direct Numerical Simulations

In order to verify the above scaling laws derived from theorical analysis, direct numer-
ical simulation (DNS) has been conducted at the range of Pr = (7, 30), Ra = (1, 3, 5)× 108,
R = 1.0 ∼ 6.0, which are common ranges of fluid parameters in practical applications [40].
The effect of thermal radiation on flow structure and heat transfer has been analyzed.

It should be noticed that R = 1.0 stands for the case without considering radiation
effects, while R = 6.0 does not represent the limit case. Actually, according to Equation (7)
and the research of Zhang et al. [41,42], the radiation parameter R depends on the reference
temperature, characteristic length of cavity, and attenuation coefficient of salt.

4.1. Numerical Model

The convection cell adopted in this paper is a 2D square cavity with length h and
aspect ratio Γ = 1, as shown in Figure 3. The temperatures of the top and bottom walls
are fixed at Tc and Th. The sidewalls are taken to be perfectly adiabatic. No-slip velocity
boundary conditions are considered for all the walls. By setting the length h, free-fall
velocity u f =

√
gβΔh, and temperature difference Δ to the corresponding reference scales,

the following dimensionless variables can be obtained, shown as Equation (44).

{X, Y, Z} = {x,y,z}
h , U = u

u f
, τ = t

h/u f
, P = p

ρu2
f

θ = T−Tref
Δ , q̃R = − 16

3
σT3

ref
βrλ

√
1

RaPr∇θ
(44)

 

Figure 3. The convection cell and dimensionless boundary conditions.
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Therefore, the dimensionless governing equations can be conventionally obtained as
shown in Equations (45)–(47) (refer to Equations (1)–(3)).

∇ · U = 0 (45)

∂τU + (U · ∇)U = −∇P +

√
Pr
Ra

∇2U + θez (46)

∂τθ + U · ∇θ =

√
1

RaPr
∇2θ −∇q̃R (47)

where U, P, θ and q̃R are the dimensionless velocity, pressure, temperature, and radiative
heat flux, respectively.

The dimensionless boundary conditions are as shown in Equation (48):

X = ±0.5 − ∂θ
∂X = 0

Y = −0.5 θ = 0.5
Y = 0.5 θ = −0.5

(48)

The initial conditions are set to τ = 0, U = 0, θ = 0 (for fluid and sidewall), P = 1. In
order to strike the balance between capturing system dynamics accurately and maintaining
computational efficiency, the size of the time step is set to be adjustable, and the corre-
sponding maximum Courant number is limited to 0.9. The temporal average is performed
over a duration of more than 5000 dimensionless time units after the convective flow has
been fully developed, to allow for the averaging out of transient fluctuations.

4.2. Numerical Method and Validation

The governing equations are discretized by adopting the finite volume method. The
pressure-velocity coupling is handled by the PISO algorithm. The Crank-Nicolson scheme
is used for the transient terms, the second order upwind scheme is applied to treat the
convective terms, and the second order central difference scheme is adopted for diffu-
sion terms.

As shown in Figure 4, non-equidistant meshes are applied and the computational
meshes are refined close to all the four walls so that the transport characteristics in BLs
can be captured. The grid independence test is carried out at Ra = 5 × 108, Pr = 1. The
average Nusselt numbers for different grids have been displayed in Table 2. It turns out
that the solution becomes independent of grid size for 256 × 256, since the deviation is less
than 0.5%.

 
Figure 4. The sketch of grids with refined meshes near walls.
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Table 2. The averaged Nusselt numbers for different grids.

Grid Size Nu Error (%)

128 × 128 39.17710 -
256 × 256 39.84992 1.72%
384 × 384 40.03957 0.48%

In order to validate the present code, the results for Ra = 1.0 × 108, Pr = 4.3 were
compared with those in References [43,44], as shown in Table 3. It can be seen that the
maximum relative error for Nu is less than 3.5%. Therefore, the correctness of present
numerical method code is verified.

Table 3. Comparisons with public results from References.

Nu Error (%)

Present 24.9 -
Huang et al. [43] 25.38 1.89%
Yang et al. [44] 258.0 3.49%

4.3. Effect of Radiation on Flow Structure

Figure 5 shows the time-evolution of isotherm contours (background) and streamlines
(blue lines) at different R when Pr = 7, 30 and Ra = (1, 5)× 108. It can be seen that the
large-scale circulation (LSC) has been formed when the effect of radiation is not taken
into account (R = 1.0) or weak (R = 1.8). The shape of LSC is approximately elliptical,
which follows the diagonal of the cavity as the major axis and is accompanied by two
small vortices in the short axis direction. The two small vortices may expand, causing the
large-scale circulation to gradually collapse and change its tilt direction. Interestingly, with
the increasing R, the collapse and redirection frequencies of LSC decrease. However, for the
case of R = 6.0, there are two small vortices arranged vertically. This makes it difficult for
heat to exchange between the cold fluid at the top and the hot fluid at the bottom. The flow
structure is similar to that of small Ra, indicating that thermal radiation suppresses flow.

τ = τ = τ =

(a) Pr = , Ra = × , =

τ = τ = τ =

(b) Pr = , Ra = × , =

Figure 5. Cont.
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Figure 5. The time-evolution of isotherm contours (background) and streamlines (blue lines) for
Ra = (1, 5)× 108, Pr = 7, 30 at different R. The direction of flow is indicated by the black arrows.

When Pr increases to 30, LSC still exists even at R = 6.0, suggesting that the effect of
thermal radiation weakens for larger Pr. Moreover, as Ra increases, the effect of thermal
radiation is not sufficient to suppress the formation of LSC, but its stabilizing effect will
cause a decrease in the redirection frequency of LSC.

4.4. Comparisons between Scaling Law and DNS Results

In order to quantitatively verify the correctness of Equations (19) and (21) for examples,
the comparison of time average Nu between DNS results and the theoretical analysis has
been performed, as shown in Figure 6. Consistent with the results of many other literatures,
the heat transfer is significantly enhanced with an increase in R.
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Figure 6. The comparison between DNS and prediction model: Nu. (The grey area represents a
relative error of 10%).

According to the boundary division between the various regimes in the GL
model [30–33], the parameter range in this paper is located in Regime I-b, where the
exponent ι of R in the relation Nu ∼ R

ιRaαPrγ is 5/6. However, as shown in Figure 6,
the relative error between simulation results and the predicted results of the relation
Nu ∼ R

5/8 in Regime I-a is relatively small (about 10%). This phenomenon may be at-
tributed to the increase of δT, which arises due to the suppression of convection by thermal
radiation and the increase in fluid temperature uniformity. Actually, the increase in BL
thickness was also observed by Hossain et al. [45].

Figure 7 depicts the exponent ι of R obtained from theoretical analysis and DNS. It
can be seen that the deviation in between is about 10%. Besides, the deviation decreases
with the increase of Pr and Ra. Similar conclusions for the range of Pr = 1 (usually gas)
and Ra = (3 ∼ 4)× 108 can be obtained in our previous work [46]. Both of them indicate
that the derived scaling law can effectively predict the Nu of radiative Rayleigh-Bénard
convection by applying the Rosseland approximation.
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Figure 7. The comparison between DNS and prediction model: the exponent ι of R. (The grey area
represents a relative error of 10%).

5. Conclusions

In summary, the transport characteristics of radiative Rayleigh-Bénard convection in
optically thick media with large Pr have been investigated by both theorical analysis and
DNS. Main conclusions can be summarized as follows:

(1) Based on the turbulent dissipation theory and Rosseland approximation, the scaling
laws in the four main regimes have been summarized within the scope of numer-
ical simulation research presented in this paper (Pr = (7, 30), Ra = (1, 3, 5)× 108,
R = 1.0 ∼ 6.0), Nu = R

5
8 Ra

1
4 Pr

1
8 .

(2) It has been found that due to the presence of thermal radiation, the Nu scaling law
in the small Pr range of the GL model is more suitable for predicting the transport
characteristics of optical thick media with large Pr. The deviation between the results
of DNS and prediction model is approximately 10%.

(3) The determination of reference temperature is discussed, and there is almost no
difference between the arithmetic mean temperature and radiative mean temperature,
especially within the scope of application of Boussinesq approximation.

(4) The influence of thermal radiation results in a significant enhancement of heat transfer.
(5) When Ra > 1 × 108, the LSC can been formed for weak radiation effect. The effect of

radiation can stabilize flow, specifically manifested by a collapse of LSC as R increases.
However, the radiation effect weakens for larger Pr.

These conclusions offer a theoretical underpinning for industrial designs related
to energy storage, power generation, and thermal storage technology. Future research
endeavors can focus on determining the pre-factors of scaling laws to further refine and
enhance our understanding of these processes.
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Nomenclature

g gravitational acceleration m·s−2

h length of the cavity m
Ha Hartmann number -
I, Ib radiation intensity, radiation intensity of black body W·m−2

Nu Nusselt number -
p, P pressure, dimensionless pressure kg·m−1·s−1, -
Pl Planck number -
Pr Prandtl number -
qR radiative heat flux W·m−2

Ra Rayleigh number -
Re Reynold number -
s position vector m
t time s
T temperature K
Tref reference temperature K
u = {u, v, w} velocity m·s−1

u dimensionless velocity vector -
uf free-fall velocity m·s−1

u the mean large-scale velocity m·s−1

x, y, z Cartesian coordinates m
R radiation parameter -
〈·〉A the average over any horizonal plane -
〈·〉V the volume average -
Δ temperature difference K
Greek
sym-
bols
β thermal expansion coefficient K−1

βr spectral extinction or attenuation coefficient m−1

Γ aspect ratio -
δ the thickness of BL m
ε energy dissipation -
εe emissivity -
θ dimensionless temperature -
κ thermal diffusivity m2·s−1

κa,λ scattering coefficient m−1

λ thermal conductivity W·m−1·K−1

σ Stefan-Boltzmann constant σ = 5.67 × 10−8W ·m−2 ·K−4

σs,λ absorption coefficient m−1

τ dimensionless time -
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τr optical thickness -
ν kinematic viscosity m2·s−1

Φ scattering phase function -
Ω, Ω’ solid angle, incident solid angle sr
Subscripts
h hot plate
c cold plate
u kinetic related quantities
T thermal related quantities
BL contribution from BL
bulk contribution from bulk
λ spectrally dependent
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Abstract: Floating photovoltaic systems (FPVSs) are gaining popularity, especially in countries with
high population density and abundant solar energy resources. FPVSs provide a variety of advantages,
particularly in situations where land is limited. Therefore, the main objective of the study is to
evaluate the solar energy potential and investigate the techno-economic perspective of FPVSs at
15 water reservoirs in Northern Cyprus for the first time. Due to the solar radiation variations,
solar power generation is uncertain; therefore, precise characterization is required to manage the
grid effectively. In this paper, four distribution functions (Johnson SB, pert, Phased Bi-Weibull, and
Kumaraswamy) are newly introduced to analyze the characteristics of solar irradiation, expressed by
global horizontal irradiation (GHI), at the selected sites. These distribution functions are compared
with common distribution functions to assess their suitability. The results demonstrated that the
proposed distribution functions, with the exception of Phased Bi-Weibull, outperform the common
distribution regarding fitting GHI distribution. Moreover, this work aims to evaluate the effects of
floating photovoltaic systems on water evaporation rates at 15 reservoirs. To this aim, five methods
were used to estimate the rate of water evaporation based on weather data. Different scenarios of
covering the reservoir’s surface with an FPVS were studied and discussed. The findings showed
that annual savings at 100% coverage can reach 6.21 × 105 m3 compared to 0 m3 without PV panels.
Finally, technical and economic assessment of FPVSs with various scales, floating assemblies, and PV
technologies was conducted to determine the optimal system. The results revealed that a floating
structure (North orientation-tilt 6◦) and bifacial panels produced the maximum performance for the
proposed FPVSs at the selected sites. Consequently, it is observed that the percentage of reduction in
electricity production from fossil fuel can be varied from 10.19% to 47.21% at 75% FPV occupancy.

Keywords: Northern Cyprus; floating PV system; solar radiation distribution; water evaporation
rates; floating structure; PV technologies

1. Introduction

Carbon emissions and the global need for energy are rising, causing environmental
degradation [1]. By 2030, Sustainable Development Goal 7 (SDG 7) seeks to address
ecological deterioration by achieving the goal of supplying “affordable, reliable, sustainable,
and modern energy for all” [2]. Consequently, scientific researchers have been exploring
alternative sources of renewable energy to replace fossil fuel-based generation systems [3].

Solar-powered photovoltaic (PV) systems play a critical role in achieving sustainable
energy solutions for global growth [4]. In general, traditional PV systems are typically
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installed on land or rooftops. To address land scarcity, researchers propose installing
solar-powered plants on artificial water bodies, known as floating photovoltaic (FPV)
systems [5]. FPVSs increase solar panel power production through sunlight reflection
and also conserve water and improve water quality [6,7]. According to Charles Lawrence
Kamuyu [8], solar panels installed on water can produce up to 10% more electricity than
those on land. Also, Choi et al. [9] found that floating solar PV systems have a higher
generation efficiency of over 10% compared to ground-mounted systems. FPV systems
can reduce water evaporation and save water [10]. Moreover, synergies can be developed
by combining pumped-storage power systems with integrated FPV modules, which can
minimize energy imbalance [11]. Additionally, Pringle et al. [12] proposed using water
areas for floating solar energy and aquaculture to efficiently utilize water for food and
energy generation. Furthermore, FPVSs can be combined with solar water heating systems
for mining applications [13]. Also, FPV power plant pontoons can be used for compressed
air energy storage [14]. In addition, combining FPV with wind and wave energy has been
shown to improve power systems by smoothing power output [15]. Furthermore, several
recent studies have examined various aspects of floating solar power systems, including
total costs, environmental impacts, and energy generation efficiency. For instance, Durkovic
and Djurisic [16] studied a large-scale FFV system in Montenegro. They found that there
was a significant reduction in CO2 emissions of about 83.42 ktons/year as well as water
evaporation savings of about 5.41 million m3/year. Sunny et al. [17] explored the potential
installation of FPV systems in Bangladesh. The results indicated that the value of energy
yield was 1564 kWh/kW.

Furthermore, implementing FPV technologies requires meticulous consideration of
economic viability and environmental sustainability according to the previous studies.
For instance, Ranjbaran et al. [18] studied various aspects of FPV systems, including
design, power generation, evaporation reduction, economic assessment, and CO2 emission
reduction. The authors concluded that FPV is a promising solution for generating clean
energy, reducing water issues, and reducing CO2 emissions. Micheli et al. [19] estimated
the economic viability of FPVSs and compared them with land-based PV systems in
Europe. The results showed that the energy yields from FPVs can be up to 2% higher
than land-based PV systems, particularly in the Mediterranean region. Islam et al. [20]
investigated the techno-economic feasibility of a 10 MW FPV in Malaysia. The results
indicated that the proposed system was economically feasible and significantly reduced
carbon emissions by 11.135 ktons/year. Islam et al. [21] studied the feasibility of the
FPV system at Hatirjheel Lake in Dhaka, Bangladesh. The results indicated that the
development of FPVs is economically feasible, as it provides about 12.5% of the total
domestic energy demand in addition to reducing environmental pollution by 6685 tons per
year. Fereshtehpour et al. [22] evaluated the FPV systems’ performance in Iran. The results
showed that installing an FPV system produces between 194 GWh and 257 GWh annually,
as well as significantly reducing CO2 emissions, with a value of 118 ktons/year.

1.1. Energy Situation in Northern Cyprus

The demand for energy in Northern Cyprus is increasing due to the growth of ed-
ucational institutions and the growth of the economy across various sectors. Generally,
the rising need for energy in Northern Cyprus and the absence of local resources to meet
the demands of the country represent two significant challenges for the energy sector.
According to Akçaba and Eminer [23], insufficient generation and high demand contribute
to shortages in Northern Cyprus, particularly in the summer. Approximately 30% and
20% of energy is used by the commercial and residential sectors, respectively [23]. More-
over, according to the Cyprus Turkish Electricity Authority (KIB-TEK), 94% of the power
generated in Cyprus is generated from fossil fuels, with the remaining 6% sourced from
renewable sources, as shown in Figure 1 [24].
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Figure 1. Structure of primary energy source for electricity generation in Northern Cyprus in
2023 [24].

Given the rise of commercial, educational, and industrial sectors, as well as the increas-
ing cost of imported fuel and the resulting greenhouse gas emissions, the country’s decision
makers have made it their primary goal to provide clean, affordable, and sustainable energy.
The country’s main priorities now include implementing energy efficiency measures as
well as pursuing the development of renewable energy sources, particularly solar energy.

Northern Cyprus is blessed to have an average of 320 sunny days per year and 5.6 to
6.13 kWh/m2/day of direct solar radiation according to the Global Solar Atlas [25]. The
annual global solar irradiation on a horizontal surface varies between 5 kW/m2/day and
5.38 kW/m2.

Moreover, based on the annual value of global horizontal irradiation and direct
irradiation, the solar resources in Northern Cyprus can be categorized as good and excellent
according to Prăvălie et al. [26]. The electricity generation capacity from solar plants can be
within the range of 4.481–4.826 kWh/kWp/day.

Generally, most of the residences use solar water heaters in Cyprus. According to
Refs. [27,28], solar water heating systems are installed on the rooftops of more than 90% of
residences. Moreover, five solar PV plants can be found in Northern Cyprus: (1) a 1.3 MW
solar PV power plant installation in 2011 in the Serhatköy region [29]; (2) a 1 MW PV power
plant installation in 2015 at Middle East Technical University Northern Cyprus Campus;
(3) a 1.3 MW PV power plant installation in 2016 at Cyprus International University;
(4) a 50 kW PV system installation in 2017 at KKTCell Main Building; and (5) a 120 kW
PV system installation in 2018 at Levent College [30,31]. Furthermore, KIB-TEK allows
customers to produce and export excess energy from the PV system to the utility grid
using a net metering system [32]. However, this mechanism has faced challenges with
the increase in PV installations because the grid system remains isolated in Northern
Cyprus [32]. According to the renewable energy board (Yek-Kurulu), single-phase grid-
connected customers can currently install up to 5 kW of PV systems, while three-phase
grid-connected customers can install up to 8 kW of PV systems [32]. Additionally, based on
estimates from Kib-Tek and Yek-Kurulu, the total power generated by photovoltaic power
plants in Northern Cyprus is around 74.3 MW [24,33].

Further, several researchers [34–62] have examined the solar energy potential and
the technological-economic viability of photovoltaic systems in various Northern Cyprus
regions, as tabulated in Table S1 of the Supplementary Materials. The following can
be concluded:

• Installing a solar power plant could solve the country’s energy crisis and reduce the
dependency on fossil fuel.

• Using a photovoltaic system can achieve sustainable development goals by generating
useful renewable energy without harming the land and the environment.

• According to the authors’ review, only one study has compared the technical and
economic aspects of a 1 MW grid-connected land-based PV plant and a floating
PV system.
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1.2. Water Resources in Northern Cyprus

Cyprus’s water resources can be divided into four categories [63]: groundwater re-
sources (75.5%), semi-perennial low-discharge springs (0.3%), various surface-water reser-
voirs (20.4%), and a limited number of small-scale desalination plants (3.8%). Moreover,
Yildiz and Çakmak [64] reported that the total capacity of surface and groundwater in
the region is approximately 173.18 MCM (million m3). Additionally, there are three small
private desalination plants located in Bafra, Eastern Mediterranean University, and Girne,
with capacities of 730,000, 365,000, and 545,000 m3/year, respectively [65]. The Güzelyurt
basin’s groundwater, situated in the western part of Northern Cyprus, is found under un-
confined aquifer conditions [66–68]. The major aquifer in the region consists of quaternary
deposits, while the pre-quaternary formations serve as the basement and impermeable
or semi-permeable aquifer boundaries [61,62]. Previous research indicates a decline in
groundwater levels by 45–50 m below sea level [69–71]. The Güzelyurt aquifer supplies
water for irrigation as well as other purposes in the region and hosts some 920 mm3 as
its water reserve [72]. Typically, the economy of Northern Cyprus benefits considerably
from the major agricultural activities primarily located in the Güzelyurt district [67–69].
The general agricultural production in the region is affected by the uneven distribution of
rainfall and the water resource situation, including water deficit for agriculture [73]. In
addition, 75% of all water withdrawals are for crop irrigation, and since the 1970s there
has been a problem with drought and salinization [68–70,72,74]. Moreover, the region of
Güzelyurt, which has plenty of farming areas, is now experiencing acute water problems,
because of which water supplies have dropped drastically and produce quality has been
reduced [75–77]. Furthermore, agriculture is divided into rain-fed and irrigated systems,
producing various crops, with almond the most-grown crop [70,76].

1.3. Literature Review Related to Floating PV System (FPVS)

Due to a decrease in the cost of producing photovoltaic (PV) modules, solar energy
has grown dramatically over the last decade [78]. PV modules are now being installed
directly on water using FPVSs, a developing application compared to the conventional
rooftop and ground-mounted alternatives [79,80]. According to Skoploki and Palyvos [81],
the primary benefit of PV is the cooling impact of water on solar cells, which enhances
energy conversion efficiency. In fact, according to Nisar et al. [82], Choi et al. [83], and
Boduch et al. [84], solar water panels can produce up to 11% more electricity compared to
those on the ground. Previous studies have indicated that the temperatures of floating PV
modules were 2–10 ◦C lower than those of ground PV modules [84–87]. The capacity to
scale the system from microwatts to megawatts, the abundance of water for cleaning the
modules, the decrease in the development of algae caused by the modules’ shade, and the
decrease in natural evaporation in water reservoirs are additional benefits of this renewable
energy technology [80].

The major components of FPVSs essentially consist of PV panels with their support-
ing electrical components and body construction that involves floats, mooring systems,
waterproof materials, and buoyant force [88–90]. Figure 2 depicts a typical standalone
FPV system.
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Figure 2. Typical standalone FPV system [91,92].

PV panels typically stand on an array of connected floats that are moored and fas-
tened. These floats are usually made of lightweight materials such as Polyethylene (mostly
HDPE), Hydro-Elastic Membranes, Polystyrene foam, Ferrocements, or Fiber-Reinforced
Plastics with Aluminum or Steel rafts [90,93,94]. Meanwhile, electrical wires wrapped in
thermoset rubber or polyurethane are commonly employed in FPVSs because of their water
resistance [95]. Rubber matting protects the structure in the end [90]. Moreover, based on
the previous studies [90,95,96], Figure 3 displays five common FPVS structure categories.

Figure 3. FPV types: (a) Type 1: Class 1 pontoon structure, (b) Type 2: Class 2 pontoon structure,
(c) Type 3: Class 3 pontoon structure (d) Type 4: Superficial rigid structure, and (e) Type 5: Superficial
flexible structure [97–99].

40



Energies 2024, 17, 5300

Generally, the geological and climatic conditions of the site should be taken into
account during installation according to Ramanan et al. [90]. Other factors to consider
during installation include array size, tilt angle, and solar panel type [90]. According to
Ravichandran et al. [100], the surface area and depth of the water body affect the size of the
matrix, which affects the ability of the floating structure to anchor and moor as well as its
production capacity. The type of solar panels used must be carefully studied, as they have
an important impact on the economic viability of FPVSs [101–104].

Furthermore, concrete block anchors were placed on the bottom of the water body and
connected to the areas surrounding the PV array by mooring lines [105,106]. In addition,
an effective anchoring system should be implemented to keep the floating structure stable
in the presence of wind currents [100]. According to Ravichandran et al. [100], the floating
structure is moored based on the reservoir’s soil type and water level. Furthermore, based
on the position of the FPV array, anchoring on the reservoir embankment or a nearby
land area can be accomplished [100,104,105]. The mooring lines allow the FPV system to
continue to adapt and stabilize in the presence of strong winds and waves. The flexible
mooring lines are used to increase the flexibility of the FPV hull during water level deviation
during monsoon and empty reservoir conditions [106]. Generally, underwater cables are
employed to transport the electrical energy generated by the PV array mounted on the
floating structure to the substation. In order to prevent resistance losses, the inverter station
is either on the ground or on a separate floating platform following the PV array, depending
on the distance between the substation and the FPV array [107].

1.4. Research Gap, Motivations, and Contributions

Previous research indicates that FPV devices can help lower surface evaporation in
water bodies and are a viable alternative to conventional energy generation techniques.
There is a lack of academic literature on FPV uses in Northern Cyprus; hence, further
research is desperately needed in this field.

The present investigation provides a useful framework for assessing the various
benefits of utilizing FPV systems, considering their unique features. To achieve this aim,
the main contributions of this study are outlined as follows.

• An extensive and comprehensive analysis of solar energy potential is necessary as
solar energy is intended as Northern Cyprus’s main source of electricity. In this work,
the distribution of solar radiation is analyzed using several distribution functions.
In this paper, Johnson SB distribution, pert distribution, Phased Bi-Weibull distribu-
tion, and Kumaraswamy distribution are newly introduced to fit the solar radiation
data, expressed by global solar radiation, and the probability distribution of Northern
Cyprus sites. The selected distribution models are compared with the common distri-
bution functions, including Normal, Gamma, Generalized Extreme Value, Log-normal,
Weibull, and Logistics. Parameter estimation for distributions is conducted with the
maximum likelihood estimation method.

• Investigating the utilization of floating photovoltaic systems for producing clean
energy and minimizing water evaporation loss from selected water reservoirs is the
main objective of the current paper. In this work, evaporation was estimated using
Priestley–Taylor, deBruin–Keijman, Makkink, Penman–Monteith, Mass transfer, and
Hamon methods. Various scenarios for using an FPVS to cover the reservoir’s surface
were investigated.

• The design process of various scales of floating photovoltaic systems and their tech-
nical and economic assessment were carried out in this paper, considering that there
is no analysis addressing the application of this technology under the conditions of
Northern Cyprus. Various floating assemblies and PV technologies were examined in
order to determine the most suitable option.

The results will assist future FPV project developers and supporters in estimating the
energy generated and identifying the most suitable places to implement this innovative
technology to reduce electricity and water shortages in Northern Cyprus.

41



Energies 2024, 17, 5300

2. Materials and Methods

2.1. Case Study of Floating Solar PV Plant in Northern Cyprus

Cyprus, with a 9251 km2 area, is the third largest island in the Mediterranean. It is
situated in the Mediterranean’s eastern region. Cyprus has a typical Mediterranean climate,
meaning there are distinct seasons and substantial variations in temperature, precipitation,
and overall weather patterns. The weather is hot and dry in summer, from mid-May to mid-
September, and wet and volatile from early November to mid-March, divided by two brief
seasons, spring and fall. During the summer, the island experiences high temperatures
caused by the Great Continent passing over Central Asia. It is regarded as a season of
high temperatures and nearly clear skies. In winter, Cyprus is subject to a few successive
depressions that cross the Mediterranean Sea from west to east between Eurasia and the
African belt. These depressions cause atmospheric disturbances, leading to the most rainfall
of the year taking place in this season. The average annual rainfall is about 500 mm, with
the maximum and minimum values of 759 mm and 182 mm recorded in 1968–1969 and
1972–1973, respectively. Generally, dams are constructed across rivers to recharge aquifers,
store surface runoff for use during future dry seasons, and occasionally minimize hazardous
flooding. Northern Cyprus experienced a shortage of water in 1960, which prompted the
construction of dams. After realizing the importance of dams and ponds as renewable
water resources, Turkey’s State Hydraulic Works (DSI) rapidly established 41 reservoirs
with varying capacities. Of these, eighteen were constructed for irrigation and twenty-three
were constructed to prevent temporary streams from going straight into the Mediterranean
Sea. Consequently, these infrastructures have accomplished the tasks for which they were
designed. Over 27 million cubic meters (MCM) of water are taken annually from 28 streams
in Northern Cyprus. About 43 MCM of water is also released annually by ten seasonal
streams that rise from the Troodos Mountains in Southern Cyprus. However, these rivers’
upstream portions have since been dammed in the southern part of the island. In this study,
15 reservoirs/dams have been considered to assess the potential of floating photovoltaic
installations. Table 1 tabulates the selected reservoirs/dams, and Figure 4 shows the
locations of the selected reservoirs/dams. Moreover, Figure S1 in the Supplementary
Materials presents the long-term averages of solar resources, including Global Horizontal
Irradiation (GHI), Global Tilted Irradiation (GTI), Direct Normal Irradiation (DNI), Air
temperature (AT), and Global Tilted Irradiation (GTI) as generated by Global Solar Atlas,
the principal phenomena of climate that determine solar power generation.

Table 1. Selected reservoirs/dams in Northern Cyprus.

Location
No.

Dam/Reservoir/
Lake

Dam/Reservoir
Location

Year of
Construction

Latitude
[◦N]

Longitude
[◦E]

Capacity
[m3]

GHI
[kWh/m2]

DNI
[kWh/m2]

AT
[°C]

D#1 Akdeniz Güzelyurt 1988 35.26 32.98 1.47 × 106 1963.6 2203.5 19.9
D#2 Arapköy Ayanidere Girne 1990 35.32 33.43 6.09 × 105 1894.4 2038.3 20.4
D#3 Arapköy Uzundere Girne 1990 35.32 33.44 4.44 × 105 1885.3 2000.7 20.1

D#4
Dağyolu

Üçparmakdere
Girne 1994 35.27 33.2 3.92 × 105 1944.7 2194.9 19.2

D#5 Değirmenlik
Çataldere Lefkoşa 1990 35.25 33.46 2.97 × 105 1898.7 2067 19.9

D#6 Ergazi Sayadere Gazimağusa 1989 35.37 33.94 4.05 × 105 1856 1964.4 20.3
D#7 Geçitkale Eğridere Gazimağusa 1989 35.29 33.72 1.36 × 106 1875.8 2028.5 20.4

D#8 Gemikonağı
Madendere Güzelyurt 1988 35.11 32.83 4.12 × 106 1926 2111.3 20.5

D#9 Gönendere Gazimağusa 1987 35.29 33.66 9.39 × 105 1878.2 2033.4 20.3
D#10 Gönyeli Lefkoşa 1962 35.24 33.3 4.54 × 105 1932.1 2168.5 19.9

D#11 Hamitköy
Baştanlıkdere Lefkoşa 1992 35.24 33.36 5.29 × 105 1920.6 2137.3 19.9

D#12 Haspolat Lefkoşa 1964 35.23 33.41 1.17 × 105 1910.8 2117.2 19.9
D#13 Kanlıköy Lefkoşa 1963 35.24 33.26 7.30 × 105 1939.9 2180.9 19.6
D#14 Serdarlı Ağillidere Lefkoşa 1992 35.25 33.58 3.92 × 105 1881.7 2035.3 20.3

D#15 Yılmazköy
Polatdere Lefkoşa 1994 35.26 33.17 5.17 × 105 1952.3 2210.7 19.3

GHI: global horizontal irradiation; DNI: direct normal irradiation; AT: air temperature.
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Figure 4. Locations of the selected reservoirs/dams.

2.2. Dataset

Generally, it is challenging to design solar energy systems in a location where the
measurement data are not available. The number of stations and data is limited in Northern
Cyprus. It is considered a major problem for working with the observed rainfall records.
Thus, it is necessary to evaluate the satellite climate dataset products with locally measured
data before utilizing these products as sources for evaluating the performance of solar
energy systems at the specific location. In the literature, NASA, a leader in space technology,
provides model-based and satellite products via its network of satellite systems, which
are essential for addressing agricultural needs, increasing energy efficiency, and studying
climate dynamics [108–110]. The NASA Earth Science Research Program’s POWER (Predic-
tion of Worldwide Energy Resources) Project made this possible. With a spatial resolution
of 0.5◦ × 0.5◦, this worldwide grid offers solar and meteorological data from 1981 onward
and covers areas without surface meteorological observations [108–110]. The POWER
data from NASA is freely available to users. Several studies evaluated the potential for
solar energy in different regions using the NASA database [111–113]. Moreover, a robust
association between observed data (GHI) and the NASA database was shown by Belkilani
et al. [114], Gairaa and Bakelli [115], and Tahir et al. [116]. Moreover, solar radiation can be
considered constant over large areas, ignoring the effect of cloud absorption, according to
Bhatia [117].

Therefore, the daily meteorological data for the selected dams were collected between
1982 and 2023 using the NASA POWER dataset. For estimating water losses, the NASA
power dataset was employed. A selection of reservoirs and dams’ evaporation was deter-
mined using daily temperature, solar radiation, relative humidity, and wind speed data
spanning from 1982 to 2023.

2.3. Solar Radiation
2.3.1. Characteristics of Global Solar Irradiation (GHI)

The most fundamental factor that determines the feasible locations for solar power
plants and floating PV systems is GHI [118,119]. According to Castillo et al. [120], GHI
can be defined as the solar energy (light) arriving at the surface of the Earth every year.
Therefore, finding the location of SI is essential for evaluating the performance of the
system [121]. According to Gökmener et al. [122], Suh and Brownson [123], and Wang [124],
PV systems give better performances in sunnier regions.
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Moreover, examining the characteristics of GHI data using probability distribution
functions, such as the gamma, Weibull, and normal distribution functions, is crucial for
evaluating PV systems. Several probability distribution functions (PDFs) have been utilized
for analyzing the characteristics of SI, as shown in Table 2.

Table 2. List of PDFs used for analyzing the SI characteristics.

Ref. Region/Country Distribution Function Used

[125] Kumasi/Ghana Exponential Distribution, Normal Distribution, Weibull Distribution,
Gamma Distribution, Lognormal Distribution, Beta Distribution

[126] Ibadan, Nigeria
Gamma Distribution, Extreme Value Distribution, Generalized
Extreme Value Distribution, Weibull Distribution, Lognormal
Distribution, Logistic Distribution, Normal Distribution

[127] Taipei, Taichung, Tainan,
Kaohsiung, Hualien, Taitung

Weibull Distribution, Logistic Distribution, Normal Distribution,
Lognormal Distribution

[128] India Normal distribution, Rayleigh distribution, Weibull distribution,
Lognormal Distribution

[129] Algeria Beta Distribution

[130] France areas Weibull distribution

[131] Yenagoa/Nigeria
Normal Distribution, Lognormal Distribution, Lognormal
Distribution, Logistic Distribution, Extreme Value Distribution,
Weibull Distribution

[132] - Weibull Distribution, Logistics Distribution, Lognormal Distribution,
Beta Distribution, Gamma Distribution

In this study, Johnson SB distribution, pert distribution, Phased Bi-Weibull distribution,
and Kumaraswamy distribution are proposed for the first time for solar irradiation model-
ing. The proposed PDF and common distribution functions for analyzing the characteristics
of SI at the selected reservoir/dam in Northern Cyprus are listed in Table 3.

Table 3. Expression of the probability density function used to analyze the distribution of GHI data.

Distribution
Function

Probability Density Function Parameters

Kumaraswamy (K) f (S) = abSa−1(1 − Sa)b−1 a Shape parameters
b Shape parameters

Johnson SB (JSB) f (S) = δ
λ
√

2π
1√

1+
(

S−ξ
λ

)2
exp
(
− 1

2

[
γ + δsinh−1

(
S−ξ

λ

)]2
) δ Location parameter

λ Scale parameter
γ Shape parameter
ξ Shape parameter

Normal (N) f (S) = 1√
2πσ2 exp

(
− S−μ

2σ2

) σ Standard deviation
μ Mean parameter

Gamma (G) f (S) = Sα−1

βαΓ(α) exp
(
−
(

S
β

)) β Shape parameter
α Scale parameter

Generalized Extreme
Value (GEV) f (S) =

⎧⎪⎪⎨⎪⎪⎩
1
σ

[(
1 + ζ

(
S−μ

σ

))−1/ζ
]ζ+1

exp
(
−
(

1 + ζ
(

S−μ
σ

))−1/ζ
)

k 
= 0

1
σ

[
exp
(
−
(

S−μ
σ

))]ζ+1
exp
(

exp
(
−
(

S−μ
σ

)))
k = 0

α Scale parameter

ζ Shape parameter

Log-normal (LN) f (S) = 1
Sσ

√
2π

exp
[
− 1

2

(
ln(S)−μ

σ

)2
]

σ Shape parameter
μ Scale parameter

Weibull (W) f (S) =
(

α
σ

)( S
σ

)α−1
exp
(
−
(

S
σ

)α) α Shape parameter
σ Scale parameter
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Table 3. Cont.

Distribution
Function

Probability Density Function Parameters

Logistic (L) f (S) =
exp
(
− S−μ

σ

)
σ
{

1+exp
(
− S−μ

σ

)}2
μ Location parameter

σ Scale parameter

Phased Bi-Weibull
(PBW) f (S) =

⎧⎪⎪⎨⎪⎪⎩
β1
η1

(
S
η1

)β1−1
exp
[
−
(

S
η1

)β1
]

0 ≤ S < τ

β2
η2

(
S−τ
η2

)β1−1
exp
[
−
(

S−τ
η2

)β2
]

S ≥ τ

β1
Shape parameter of the first
Weibull distribution phase

η1
Scale parameter of the first
Weibull distribution phase

β2
Shape parameter of the second
Weibull distribution phase

η2
Scale parameter of the second
Weibull distribution phase

τ Transition point

Pert (P) f (S) = (S−a)(1+4 b−a
c−a )

(c−S)(1+4 c−b
c−a )

B([1+4 b−a
c−a ][1+4 c−b

c−a ])(c−a){[1+4 b−a
c−a ]+[1+4 c−b

c−a ]−1}

a Minimum
b Most likely
c Maximum

S: global solar irradiation.

2.3.2. Solar Radiation Incident on Tilted Surface

Solar radiation generally consists of radiant radiation as well as diffuse radiation
and radiation reflected from the Earth [133,134]. Because few measurement tools and
methods are available, it is rare to find data recorded on an inclined surface [133,135]. In
general, there are three aspects to the incident global solar irradiance (GSIi) on an inclined
surface [133,134]:

(i) The beam component from direct sunlight on the tilted surface (Gb);
(ii) The diffuse component (Gd);
(iii) A reflected component that measures the radiation reflected from the ground to the

tilted surface (Gr).

It can be calculated using the following equation [134].

GSIi = Gb + Gd + Gr (1)

The incidence angle between the sun’s rays and the surface normal can be utilized for
calculating the Gb. It can be expressed as Equation (2) [134].

Gb =
GDH
cosθz

cosθi (2)

where GDH is the direct horizontal solar irradiance, θz is the solar zenital angle (Equation (3)),
and θi is the incidence angle of the beam radiation on the tilted surface (Equation (4)).

cosθz = sinφ·sinδ + cosφ·cosδ·cosω (3)

cosθi = sinδ·sinφ·cosβ − sinδ·cosφ·sinβ·cosα + cosδ·cosφ·cosβ
·cosω + cosδ·cosφ·sinβ·cosα·cosω + cosδ·sinβ·sinα
·sinω

(4)

where δ is the solar declination angle, φ is the location’s latitude, ω is the hour angle, β is
the surface tilt angle concerning the horizontal plane, and α is the surface azimuth angle.

The ω is computed using the local apparent time (LAT) [133,136]. Two modifications
can be made to the normal time shown on a clock to accomplish this: The location’s
longitude and the meridian that serves as the basis for standard time disagree, which
leads to the first correction. For every degree of longitude variation, the adjustment has a
magnitude of 4 min. The Earth’s orbit and rotational speed are prone to minute fluctuations,
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which is why the second correction is known as the equation of time (EOT). Equation (5) is
used to calculate the ω [133].

ω = 15(12 − LAT) (5)

LAT = standard time (clock time)
±4(standard time longitude − longitude o f location)
+EOT

(6)

EOT = 229.18(0.000075 + 0.001868·cos(B)− 0.032077·sin(2·B)
−0.014615·cos(2·B)− 0.04089·sin(2·B) ) (7)

B =
360·(N − 1)

365
(8)

where N is the day of the year.
It should be noted that the first correction for LAT applies to the eastern hemisphere

in the negative sign, while the western hemisphere applies to the positive sign.

2.4. Electricity Generated by PV System

Energy generation represents one of the most important factors in the assessment of
the floating PV system (FPV). Equation (9) is used to estimate the energy generation (EG)
by the FPV system [80].

EG =
n

∑
i=1

ηPV PSTC

(
G

GSTC

)[
1 − αp(TC − TSTC)

]
NΔti (9)

where ηPV is the individual PV module derating factor, which accounts for wiring losses,
inverter inefficiency, component failures, soiling, and aging, among other effects (ηPV =
0.85 here); PSTC is the nominal power of an individual PV module in terms of power output
under Standard Test Conditions (STCs); G is the effective, or plane-of-array irradiance, i.e.,
the incident irradiance less self-shading losses; GSTC is the reference plane of-array (POA)
irradiance under STC = 1 kW/m2; αp is the PV panel temperature coefficient of power; TC
is the operating cell temperature; TSTC is the STC operating cell temperature = 25 ◦C; N is
the number of installed PV modules; and Δti is the duration of the n time steps considered.

Generally, the amount of EG is a function of the solar radiation, the system’s efficiency,
and the total area of the panels. Moreover, the energy output is not much affected by
variations in water level according to Ref. [137]. Moreover. According to Fereshtehpour
et al. [22], the optimal angle of floating solar panels mounted on the water’s surface can
be significantly affected by variations in water level. This kind of situation is avoided by
anchoring floating solar panels using mooring systems. This technique allows the system
to be kept facing the Sun while adjusting for variations in the water level. Furthermore,
the minimum water depth in the range of water level changes should not be less than a
suitable value for the seamless installation and functioning of the floating PV.

2.5. Water Depth

According to Gökmener et al. [122], the reservoir/dam must have enough water depth
to support a floating photovoltaic system, as the water depth directly impacts the floating
panels on the water’s surface. The setup and maintenance of the panels on the water’s
surface are also significantly impacted by the depth of the water. Generally, the dead
water level of each reservoir is subtracted from the water level to determine the water
depth. The fluctuation of water levels, seasonal variations, and the inflow of debris floating
around are all related to water depth. The recommended water depth for a reservoir can be
8–10 cm [138], 2 m [139], 1–5 m [140], and 2–4 m [141], based on previous scientific studies.
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2.6. Local Average Wind Speed

In general, FPV system performance may be positively or negatively impacted by the
average wind speed in the region. According to previous studies, wind speed is one of
the most important variables that should be taken into account when designing floating
photovoltaic systems [142,143]. Furthermore, Golroodbari et al. [143] concluded that wind
speed can lower a PV module’s temperature, indicating that wind speed can significantly
affect the production of power. Furthermore, high wind speeds have been shown to destabilize
and harm floating photovoltaic (PV) systems [144,145]. Furthermore, Habib et al. [145] found
that wind speed contributes to the removal of dust deposition from PV cell surfaces.

2.7. Evaporation Estimation

In general, the floating PV system protects the entire reservoir/dam’s surface from
evaporation, not simply the area covered after installation. The decline in water evaporation
can be attributed to two main reasons. The first reason, which directly affects the decrease in
evaporation, is the reduction in air and water contact from the covered area [119]. The second
reason is that the power plant’s construction changes the lake’s heat balance, resulting in a
decrease in total evaporation across the lake’s surface and a colder temperature [119,146].

Thus, precise evaporation estimation is essential. Generally, air saturation deficit
above the surface, wind speed, solar radiation reaching the water’s surface, air pressure,
and the chemical makeup of the water are all significant factors that influence the process
of estimating water evaporation, according to Fereshtehpour et al. [22].

In the literature, various methods are utilized to estimate water evaporation, such as
Penman’s method and the bulk aerodynamic method. Table 4 lists the methods that can be
used for estimating the evaporation rate (E).

Table 4. Methods used for estimating E [mm/day].

Method Name Equation Reference

Priestley–Taylor E = α· Δ
Δ+γ

(
Rn−ΔQ

λρw

)
·D [146]

deBruin–Keijman E = Δ
0.85·Δ+0.63·γ

(
Rn−ΔQ

λρw

)
·D [146]

Makkink E = 0.61· Δ
Δ+γ · Rn

λ − 0.012 [147]

Penman Monteith E =
0.047·Δ·Rn+γ· 900

T+273 ·U2(es−ea)

Δ+γ·(1+0.34·U2)
[148]

Mass transfer E = 10·[NU2(es − ea)] [149]

Hamon E = 35.8·K·N·es
T+273.3 [150]

α: Priestley–Taylor empirically derived constant, dimensionless (α = 1.26). ρw: density of water (1000 kg m−3).
Rn: the net radiation [W/m2]. ΔQ: the heat storage change in the water body [W/m2]. γ: Psychro-
metric “constant” (depends on temperature and atmospheric pressure) [Pa °C−1]; γ = 0.665 × 10−3·P.
P: Atmospheric pressure [kPa]. es: saturated vapor pressure at temperature of the air [kPa]; es =
1
2 ·
[
0.6108·exp

(
17.27Tmax

Tmax+237.3

)
+ 0.6108·exp

(
17.27Tmin

Tmin+237.3

)]
. ea: vapor pressure at temperature and relative humid-

ity of the air [kPa]; ea =
RH
100 ·es. Δ: the slope of saturated vapor pressure–air temperature curve [kPa/°C]. λ: the

latent heat of vaporization (2.45 × 106 J/kg). RH: Relative humidity [%].

2.8. Water Volume Lost by Evaporation Estimation

The daily average of the evaporation rate (Edaily) was used to compute the volume
of water lost due to evaporation every day. Equation (10) is utilized to calculate the daily
volume of water lost (VDaily) [149,151].

VDaily = Edaily × A (10)

where A is the surface area of the reservoir/dam in km2.
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2.9. Relation between Evaporation and Water Depth

According to Abd-Elhamid et al. [149] and Wong et al. [152], Equation (11) shows the
relationship between water loss ( E

V ) and water depth (d). It is noticed that the evaporation
rate increases exponentially at lower depths.

E
V

= 10−0.8−0.48d (11)

2.10. Reduction in Evaporation

The floating photovoltaic system is one of the potential techniques that may be utilized
to mitigate evaporation from open water surfaces [149,153]. In this research, a floating pho-
tovoltaic system was implemented to reduce the evaporation rate. This study investigated
four different covering ratios of the reservoir/dam’s surface: 25%, 50%, 75%, and 100%.
The surface area of the reservoir/dam is calculated with Google Maps. The water savings
from installing a floating PV system are estimated using Equation (12) [149,154].

Annual water saving = Annual evaporation × Percentage o f insulated area × 0.70 (12)

2.11. Techno-Economic Analysis

In the literature, several methods and techniques are used for evaluating the perfor-
mance of floating PV (FPV) systems. For instance, Islam et al. [21] evaluated the perfor-
mance of a floating PV system in Bangladesh using PVsyst software. Febrian et al. [153]
evaluated the performance of floating PV systems with various types of solar panels in
Indonesia using RETScreen software. Yashas et al. [155] analyzed floating PV system
technology to harness sustainable energy in India using RETScreen, PVWatts, and PVGIS.
Semeskandeh et al. [156] utilized RETScreen software to evaluate the techno-economic-
environmental feasibility performance of a 5 kW floating PV system and ground PV power
plant in Iran. Mittal et al. [157] evaluated the feasibility performance of installing a floating
PV system in India utilizing RETScreen software. Alhassan et al. [158] used RETScreen
software to analyze the feasibility of a floating PV-Hydro hybrid plant system. Nagababu
et al. [159] and Taye et al. [160] used mathematical modeling to calculate the performance
of a floating PV system in India.

Based on the above, RETScreen, developed by Natural Resources Canada, has been a
popular tool for assessing the viability of various renewable energy systems [57]. Its goal
is to calculate the risk, costs, emissions reduction, financial viability, and energy produc-
tion and savings of different renewable energy solutions. The National Aeronautics and
Space Administration (NASA) database’s long-term monthly average meteorological data
are used by the RETScreen to obtain meteorological data for a particular location. It is a
quick and effective method for assessing the energy efficiency and environmental impact
reduction of the renewable energy system. RETScreen software was utilized in this study
to assess the grid-connected PV development’s techno-economic viability. The impact of
the orientation angles on the output PV and capacity factor power (Equation (13)) was in-
vestigated. Furthermore, the economic feasibility indicators, including net present value
(Equation (14)), Levelized cost of energy (Equation (15)), simple payback (Equation (16)), eq-
uity payback (Equation (17)), annual life cycle savings (Equation (18)), annual greenhouse gas
(GHG) emissions (Equation (19)), GHG emission reduction cost (GHG-E-RC) (Equation (20)),
and Benefit–cost ratio (B–C) (Equation (21)) were calculated using RETScreen software. It
should be mentioned that the predicted values of these economic feasibility indicators were
used to evaluate the floating PV project’s profitability and return on investment. Furthermore,
RETScreen can estimate these indicators.

Capacity factor (CF)

CF =
Pout

P × 8760
(13)
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Net present value (NPV)

NPV =
N

∑
n=0

Cn

(1 + r)n (14)

Levelized cost of energy (LCOE)

LCOE =
sum o f cost over li f etime

s o f electricity generated over the li f etime
(15)

Simple payback (SP)

SP =
C − IG(

Cener + Ccapa + CRE + CGHG
)− (Co&M + Cf uel

) (16)

Equity payback (EP)

EP =
N

∑
n=0

Cn (17)

Annual life cycle savings (ALCS)

ALCS =
NPV

1
r

(
1 − 1

(1+r)N

) (18)

Annual GHG emission reduction (A-GHG)

A − GHG = [ (Base case GHG emission f actor)
−(Proposed case GHG emission f actor) ]
×End use energy delivered

(19)

GHG emission reduction cost (GHG-E-RC)

GHG − E − RC =
ALCS
ΔGHG

(20)

Benefit–cost ratio (B–C)

B − C =
NPV + (1 − fd)C

(1 − fd)C
(21)

where Pout is the energy generated per year, P is installed capacity, N is the project life in
years, Cn is the after-tax cash flow in year n, and r is the discount rate. C is the total initial
cost of the project, fd is the debt ratio, B is the total benefit of the project, IG is the incentives
and grants, and Cener is the annual energy savings or income. Ccapa is the annual capacity
savings or income, CRE is the annual renewable energy (RE) production credit income,
CGHG is the GHG reduction income, and Co&M is the yearly operation and maintenance
costs incurred by the clean energy project. Cf uel is the annual cost of fuel, which is zero for
renewable projects, and ΔGHG is the annual GHG emission reduction.

3. Results

3.1. Solar Energy Assessment

The average value of GHI, DNI, and AT of the chosen dams/reservoirs are within the
range of 1875.8–1963.6 kWh/m2, 1964.4–2210.7 kWh/m2, and 19.2–20.5 ◦C, respectively, as
shown by Table 1 and Figure S1 in the Supplementary Materials. Furthermore, Bhatia [117]
claimed that solar radiation can be considered constant over large areas by ignoring
the effect of cloud absorption. Figure 5 illustrates the monthly variation of GHI for all
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selected dams/reservoirs located in Northern Cyprus. It is observed that the amount of
solar energy received remains constant across the specified areas, with slight deviations.
In considering this, the solar radiation analysis of particular selected dams/reservoirs
(Gemikonağı Madendere, Hamitköy Baştanlıkdere, and Ergazi Sayadere) was made using
different distribution functions. Figure 6 shows the mean daily solar radiation (SR) for
Gemikonağı Madendere, Hamitköy Baştanlıkdere, and Ergazi Sayadere. It was found that
the maximum and minimum average daily season values of SR are recorded in summer
in Ergazi Sayadere and in winter in Gemikonağı Madendere, as 9.80 kWh/m2/day and
3.06 kWh/m2/day, respectively (see Figure 6a–c). As shown in Figure 6d, the highest and
lowest value of mean daily variation SR is recorded at Hamitköy Baştanlıkdere, with the
value of 7.06 kWh/m2/day and 6.28 kWh/m2/day, respectively.

Figure 5. Mean monthly variation of GHI at selected dams during the studied periods: (a) winter
(Jan: January; Feb: February; and Dec: December), (b) spring (Mar: March; Apr: April; and May),
(c) summer (Jun: June; Jul: July; and Aug: August) and (d) autumn (Sep: September; Oct: October;
and Nov: November).
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Figure 6. Daily variation of GHI at selected dams during the studied periods: (a) seasonal variation at
Ergazi Sayadere, (b) seasonal variation at Gemikonağı Madendere, (c) seasonal variation at Hamitköy
Baştanlıkdere. and (d) mean daily variation for all locations.

Furthermore, all locations’ solar resources are categorized as excellent (class 5) accord-
ing to the assessment of solar potential based on annual GHI and DNI [26]. Consequently,
all locations are suitable for installing PV/flat-plate systems.

To determine the appropriate statistical distribution that best represents the GHI char-
acteristics associated with the dams and reservoirs, we use several distribution functions. In
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this study, the efficiency of the Johnson SB distribution, pert distribution, Phased Bi-Weibull
distribution, and Kumaraswamy distribution are employed to analyze the GHI data.

Tables S2–S4 in the Supplementary Materials include comprehensive details on the dis-
tribution functions that are most effective when taking into account aspects related to shape,
scale, and location. The fitted probability density function (PDF) models for Gemikon-
ağı Madendere and Ergazi Sayadere are presented as examples in Figures S2 and S3 in
the Supplementary Materials, respectively. It was noticed that when the values of the
Anderson–Darling (AD) and Kolmogorov–Smirnov (K–S) tests are near zero, the distribu-
tion function more closely resembles the real data. Based on the K–S and A–D tests, Table 5
provides the distribution models’ ranking for the selected dams/reservoirs. Therefore,
JSB has the lowest value according to the K–S test, and this distribution function has been
considered to be the most appropriate for analyzing solar radiation at all dams/reservoirs
in spring and autumn.

Table 5. Ranking of distribution functions based on the K–S and A–D tests.

Season Location
Rank of the Distribution Function Based on K–S

1 2 3 4 5 6 7 8 9 10

Winter
Gemikonağı Madendere PBW GEV K JSB P L N G W LN
Hamitköy Baştanlıkdere K L JSB GEV P N PBW G W LN
Ergazi Sayadere PBW K GEV JSB L P N G W LN

Spring
Gemikonağı Madendere JSB K GEV W N P G LN L *
Hamitköy Baştanlıkdere JSB GEV K G N LN P L W PBW
Ergazi Sayadere JSB K P GEV W N G LN L *

Summer
Gemikonağı Madendere L JSB K N G LN W GEV P PBW
Hamitköy Baştanlıkdere GEV JSB K W N L G LN P PBW
Ergazi Sayadere K JSB GEV W P L N G LN PBW

Autumn
Gemikonağı Madendere JSB K N GEV W G LN L P PBW
Hamitköy Baştanlıkdere JSB GEV G LN P N L W K PBW
Ergazi Sayadere JSB GEV N G K LN P L W PBW

Yearly
Gemikonağı Madendere JSB GEV P W PBW N G LN K L
Hamitköy Baştanlıkdere GEV P JSB W N G LN L K PBW
Ergazi Sayadere JSB P W GEV K N G LN L PBW

Season Location
Rank of the Distribution function based on A–D

1 2 3 4 5 6 7 8 9 10

Winter
Gemikonağı Madendere PBW K P L N G W LN GEV JSB
Hamitköy Baştanlıkdere GEV P JSB K L N W G LN PBW
Ergazi Sayadere K P L PBW N G W LN GEV JSB

Spring
Gemikonağı Madendere GEV N W P G LN L JSB K *
Hamitköy Baştanlıkdere JSB GEV N W G P LN PBW L K
Ergazi Sayadere GEV W P N G LN L JSB K *

Summer
Gemikonağı Madendere K L N W G LN P GEV JSB PBW
Hamitköy Baştanlıkdere GEV JSB W L N G LN P K PBW
Ergazi Sayadere K JSB W L N P G LN GEV PBW

Autumn
Gemikonağı Madendere JSB GEV G N LN P W L K PBW
Hamitköy Baştanlıkdere GEV JSB LN G N P L W K PBW
Ergazi Sayadere JSB GEV G N LN P W L PBW K

Yearly
Gemikonağı Madendere GEV P W JSB N G LN L K PBW
Hamitköy Baştanlıkdere JSB GEV W N P G LN L K PBW
Ergazi Sayadere GEV K JSB N G LN P L W PBW

* PBW = No fit.

Moreover, it is found that JSB, GEV, and P are identified as the most efficient and
secondarily successful overall among all distributions for all dams/reservoirs when an-
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alyzing the average daily solar radiation. It is found that K is the best overall for the
winter season in Hamitköy Baştanlıkdere, whereas PBW is listed as the best overall for
the winter season in Gemikonağı Madendere and Ergazi Sayadere. Furthermore, the most
suitable distribution function for the summer season is determined to be L, GEV, and K for
Gemikonağı Madendere, Ergazi Sayadere, and Hamitköy Baştanlıkdere, respectively.

Based on AD tests, the GEV, JBS, and K distributions show higher compatibility with
the observed data when compared with other researched distribution functions. Based
on the categories of data, these distributions were determined to be the most accurate
statistical distribution to predict the solar radiations of the locations in the study.

In conclusion, distribution models provide valuable insights into solar radiation
patterns during specific seasons while having no direct impact on PV system performance.
The size and orientation angles of the photovoltaic system can be intelligently adjusted to
maximize its overall efficiency by positioning the solar panels to capture the most sunlight.

3.2. Results of Average Monthly Evaporation

Because the study location’s particular characteristics may have significant impacts
on the expected evaporation rates, it is crucial to select an approach that includes these
variables. If the region experiences significant variations in wind and humidity, for example,
the Penman methodology or the Mass transfer method might produce more accurate
predictions. When radiation is the primary contributor, on the other hand, the Priestley–
Taylor or Makkink techniques would be more suitable.

3.2.1. Monthly Variation of Climate Data

In this work, the monthly variations of evaporation from a chosen dam, reservoir, or
lake from 2010 to 2023 were computed using mean monthly meteorological data, including
temperature (maximum temperature and minimum temperature), relative humidity, wind
speed, and solar radiation. The average monthly variation of meteorological data is
illustrated in Figure 7. The following can be observed:

It is found that the mean maximum temperature is within the range of 15.71–38.11 ◦C,
with an average value of 26.51 ◦C. The highest and lowest value of mean maximum
temperature is recorded in August at D#13 (Kanlıköy), with a value of 38.11 ◦C, and in
January at D#14 (Serdarlı Ağillidere), with a value of 15.71 ◦C.

The highest value of mean monthly minimum temperature is found to be 24.69 ◦C,
which was recorded in August at D#7 (Geçitkale Eğridere), while the lowest value of
7.08 ◦C was recorded in February at D#12 (Haspolat).

The relative humidity value at D#12 (Haspolat) and D#13 (Kanlıköy) reaches a high
value of 77.13% in January. The minimum mean relative humidity occurs at D#10 (Gönyeli)
during July, at 45.87%.

The highest value of wind speed is recorded at D#2 (Arapköy Ayanidere) and D#3
(Arapköy Uzundere), with a value of 3.44 m/s in July. The minimum wind speed of
1.96 m/s is recorded at D#7 (Geçitkale Eğridere) in April.
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Figure 7. Monthly variation of meteorological data at selected dams/reservoirs/lakes during the
studied period.

3.2.2. Monthly Variation of Evaporation

Table S5 in the Supplementary Materials displays the average monthly evaporation
for all selected sites using six different estimation methods (Priestley–Taylor, Penman,
Makkink, deBruin–Keijman, Hamon, and Mass transfer). Furthermore, Figure 8 shows the
monthly variation of E as an example for some of the selected locations.
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Figure 8. Monthly variation of E at some selected sites during the studied periods.

It is found that all approaches show higher evaporation rates in the warmer months
(May to August) and the colder months (December to February). The various methods’
evaporation rates (E) varied significantly. According to the Priestley–Taylor method, E
is highest in July at D#10 (Gönyeli), with a value of 276.61 mm/month, and the lowest
value of E (64.70 mm/month) is in December at D#14 (Serdarlı Ağillidere). Based on
the Penman technique, the highest and lowest values are reported at D#11 (Hamitköy
Baştanlıkdere) and D#15 (Yılmazköy Polatdere), with a value of 498.70 mm/month in July
and 125.04 mm/month in December, respectively. According to the de Bruin–Keijman and
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Makkink methods, July has the maximum value of E at D#11 (Hamitköy Baştanlıkdere) and
D#13 (Kanlıköy), with a value of 142.60 mm/month and 142.84 mm/month, respectively.
Additionally, the Mass Transfer method indicates fluctuation; D#15 (Yılmazköy Polatdere)
had the highest E (201.94 mm/month) in July. Based on the Hamon method, the highest E
for July is at D#10 (276.40 mm/month).

Moreover, various scenarios of the reservoir’s covered area were examined, including
25%, 50%, 75%, and 100% covered areas. It should be noted that the Google Earth engine
was used to determine the surface area of the lake, reservoir, and dams (see Figure S4 in
the Supplementary Materials). The annual water saving is estimated using Equation (7).
Figure S5 in the Supplementary Materials illustrates the annual water losses from the
selected water reservoirs with different percentages of the reservoir’s covered area. The sys-
tem’s effectiveness in reducing evaporation is demonstrated by the fact that the water sav-
ings increase significantly as coverage rises from 0% to 100%. The findings showed that, de-
pending on the reservoir’s surface area, the annual water losses ranged from 2.47 × 104 m3

to 1.11 × 106 m3, as shown in Figure S5 in the Supplementary Materials, while the annual
water savings for the 0% covered area were estimated to be 0 m3. For instance, annual
savings at 100% coverage can reach 6.21 × 105 m3 (Location D#13) compared to 0 m3 in the
absence of PV panels, as shown in Figure 9.

Figure 9. Cont.
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Figure 9. Annual water savings at the selected locations.

This trend highlights the clear correlation between evaporation reduction and covering
area. Controlling water resources in reservoirs and dams can benefit from floating photo-
voltaic systems because of their potential as an achievable option for water conservation,
as seen by the notable savings that increase with higher coverage.

3.3. Best Floating Structure

The economic viability of developing different scale grid-connected FPV systems was
examined in this paper by mathematical modeling, taking into account technical, financial,
and environmental points of view.
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3.3.1. Proposed FPV System

Considering that the N-type Mono-crystalline module from Jinko Solar Company is
one of the most efficient PV modules on the market currently, it was selected for the recom-
mended FPV systems. The detailed specifications of the selected module are presented in
Table S6 in the Supplementary Materials. Additionally, Central 850CP XT central inverters
with a 954 kW capacity were used. Table S7 in the Supplementary Materials provides the
used inverter’s specifications. The cost of the inverter and PV panel was found to be USD
155,647 and USD 173, respectively. Moreover, four floating structural variations were taken
into consideration in this study, as shown in Table 6.

Table 6. Different types of floating structures considered in this study.

Company Type Characteristics

Ciel&Terre
Hydrelio® Floating Solar North orientation—tilt 0◦
C&T S12 South orientation—tilt 12◦
C&T EW12 East/west orientation—tilt 12◦

Solaris Synergy SolSyn S25 South orientation—tilt 25◦
Swimsol Swimsol S10 South orientation—tilt 10◦
Isigenere Isifloating EW15 East/west orientation—tilt 15◦
Ocean Sun OceanSun S6 North/south orientation—tilt 6◦
Seaflex Seaflex S5 South orientation—tilt 5◦
Eco Wave Power EWP EW20 East/west orientation—tilt 20◦

3.3.2. Economic Model

As mentioned previously, the study employed mathematical modeling to assess the
techno-economic feasibility of the proposed floating photovoltaic plant. In this study,
different important economic measures were used to evaluate the performance of the
developed FPV system. Table 7 lists the assumptions used in this study.

Table 7. List of assumptions taken into account in this study.

Assumption Unit Value

PV’s lifetime Year 25
Discount rate % 6
Inflation rate % 8
Engineering cost % 2
Civil work % 5
Installation cost % 8
Cost of transport % 2
Cost of the electrical connection % 7
Miscellaneous costs % 1
Cost of a unit of inverter USD 155,647
Electricity price USD 0.10
Cost of FPV USD/Watt 1.2

3.3.3. Technical Viability

According to Owolabi et al. [113], the annual energy production (AEP) by solar
photovoltaic plants and its capacity factor (CF) are both influenced by the solar radiation of
the location and the number of clear sunny days. In this study, three different scenarios of
covering ratios of the reservoir/dam’s surface (25%, 50%, and 75%) were considered for
technical feasibility. Figure 10 illustrates the annual energy production from the proposed
FPVS at various orientations angles for the first scenario (covered area 25%). It is found
that the AEP varies between 2.25 GWh and 30.73 GWh. The maximum and minimum
values of AEP are recorded at D#13 (Kanlıköy) and D#6 (Ergazi Sayadere), respectively.
Further, it was found that the floating structure (North orientation—tilt 6◦) produced the
maximum AEP for all sites. Figures S6 and S7 in the Supplementary Materials show the
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annual energy production from the proposed FPV at various orientations angles for the
second (covered area 50%) and third (covered area 75%) scenarios, respectively. It was
observed that the covered area of an FPV increases with power generation. This is because
more solar panels can be fitted due to the greater covered area, which instantly increases
the production and capacity of the system. Moreover, it is found that the CF value is within
the range of 13.87–19.81%, as shown in Table 8.

Figure 10. Annual energy production with various floating PV structures at different locations for
the first scenario (covered area of 25%).
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Table 8. Annual capacity factor [%] with various floating PV structures at different locations.

Site S#1 S#2 S#3 S#4 S#5 S#6 S#7 S#8 S#9 S#10 S#11 S#12 S#13

D#1 18.48 17.04 18.89 18.62 14.31 17.41 18.78 18.45 18.11 19.80 18.27 18.54 18.14
D#2 18.31 16.42 17.94 18.14 13.87 16.77 17.79 18.02 17.43 19.04 17.59 17.51 17.79
D#3 18.33 16.44 18.00 18.13 13.88 16.79 17.86 18.01 17.45 19.07 17.60 17.60 17.78
D#4 18.92 16.88 18.72 18.64 14.15 17.25 18.60 18.51 17.97 19.73 18.13 18.38 18.27
D#5 18.63 16.62 18.33 18.44 13.94 16.99 18.19 18.33 17.69 19.43 17.86 17.93 18.11
D#6 18.57 16.61 18.36 18.29 13.98 16.97 18.23 18.16 17.66 19.34 17.82 18.01 17.92
D#7 18.53 16.56 18.29 18.29 13.92 16.92 18.16 18.17 17.61 19.31 17.77 17.93 17.95
D#8 18.91 16.93 18.66 18.59 14.24 17.30 18.52 18.45 17.99 19.67 18.15 18.26 18.18
D#9 18.47 16.50 18.19 18.28 13.87 16.86 18.05 18.17 17.54 19.25 17.71 17.80 17.97
D#10 18.77 16.74 18.51 18.54 14.04 17.12 18.37 18.42 17.82 19.57 17.99 18.13 18.20
D#11 18.74 16.71 18.47 18.53 14.01 17.08 18.34 18.41 17.79 19.54 17.95 18.10 18.20
D#12 18.64 16.62 18.36 18.41 13.94 16.99 18.22 18.29 17.69 19.43 17.86 17.97 18.07
D#13 18.84 16.80 18.58 18.60 14.09 17.18 18.44 18.48 17.89 19.64 18.06 18.20 18.25
D#14 18.84 16.80 18.58 18.60 14.09 17.18 18.44 18.48 17.89 19.64 18.06 18.20 18.25
D#15 19.00 16.95 18.82 18.69 14.20 17.32 18.70 18.55 18.04 19.81 18.21 18.49 18.29

S: Structure of FPV; S#1: North orientation—tilt 0◦; S#2: South orientation—tilt 12◦; S#3: East orientation—tilt
12◦; S#4: West orientation—tilt 12◦; S#5: South orientation—tilt 25◦; S#6: South orientation—tilt 10◦; S#7: East
orientation—tilt 15◦; S#8: West orientation—tilt 15◦; S#9: South orientation—tilt 6◦; S#10: North orientation—tilt
6◦; S#11: South orientation—tilt 5◦; S#12: East orientation—tilt 20◦; S#13:West orientation—tilt 20◦.

When utilizing the OceanSun S6 floating PV system structure, which is specified
with a north orientation and a tilt angle of 6◦, the maximum value of CF is observed at
D#1 (Akdeniz). The SolSyn S25 floating PV system structure, which is designed with a
south orientation and a tilt angle of 25◦, records the highest value of CF at D#2 (Arapköy
Ayanidere), as shown in Table 8. It should be noted that the CF of a solar power system
is simply an assessment of the system’s efficiency in producing electricity relative to its
maximum output potential during a specific duration. CF is dependent on the overall
performance of the system, shade, system orientation, and solar radiation availability. The
CF is independent of the surface area covered by PV panels. The surface area changes the
overall amount of electricity produced but does not affect the value of CF.

3.4. Performance Assessment of FPV with Various PV Technologies

After finding the best floating PV system structure (OceanSun S6), which is specified
with a north orientation and a tilt angle of 6◦, the performance of various scaled FPV
systems with four PV technologies in terms of AEP, CF, SPP, energy production cost, and
annual GHG emission reduction was evaluated using mathematical modeling. Table 9 lists
the PV technologies used in this study.

Table 9. Specification of various PV technologies.

PV Technologies Model Power [W] Efficiency [%] Frame Area [m2] Cost [USD/W]

Monocrystalline Silicon JKM445N-54HL4R-V 445 22.27 1.998 0.39
Polycrystalline Silicon AS-P72 310-345W 345 17.78 1.940 0.43
Cadmium Telluride FS-6445/FS-6445A 445 18.00 2.457 0.50
Bifacial (Bifacial Gain: 30%) CS3W-445MB-AG 445 25.9 2.234 0.70
Bifacial (Bifacial Gain: 20%) CS3W-445MB-AG 445 23.9 2.234 0.65
Bifacial (Bifacial Gain: 10%) CS3W-445MB-AG 445 21.9 2.234 0.60
Bifacial (Bifacial Gain: 5%) CS3W-445MB-AG 445 20.9 2.234 0.55

The suggested systems’ annual electricity generation (AEP) is displayed in Figure 11.
The range of AEP values is found to be 2.5–38.7 GWh for a 25% covered area, 5.0–77.3 GWh
for a 50% covered area, and 7.5–116.0 GWh for a 75% covered area. Moreover, it is observed
that the highest AEP is recorded when the bifacial panel (Bifacial Gain: 30%) is employed.
Additionally, using polycrystalline silicon panels results in the lowest AEP.
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Figure 11. Annual energy production with various PV technologies and covered areas.

Furthermore, it is noticed that bifacial panels have a clear advantage over traditional
panel technologies, particularly those with significant bifacial gains. Making effective
utilization of reflected light increases the total quantity of energy produced. In terms of
performance, high-bifacial-gain panels outperform monocrystalline silicon panels. Poly-
crystalline silicon and cadmium telluride panels have lower AEPs and are less effective at
maximizing energy production, despite being considerably less costly to manufacture.
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As previously stated, the percentage of surface area covered by PV panels has no
impact on the CF. It does change the overall quantity of the power produced. Table 10
summarizes the annual value of CF for all proposed floating PV systems. It is found that
the CF values of FPV systems varied from 18.60% (D#2: Arapköy Uzundere) to 27.37%
(D#15: Yılmazköy Polatdere). Additionally, it is found that Cadmium telluride panels are
more inefficient than monocrystalline, polycrystalline, and bifacial panels, as shown in
Table 10. By using reflected light to maximize energy output, bifacial panels significantly
raise capacity factors, with greater bifacial gains.

Table 10. Annual value of CF [%] for all selected sites with various PV technologies.

PV Technology D#1 D#2 D#3 D#4 D#5 D#6 D#7 D#8 D#9 D#10 D#11 D#12 D#13 D#14 D#15

Monocrystalline 19.46 18.71 18.74 19.38 19.09 19.00 18.97 19.33 18.91 19.22 19.20 19.09 19.30 19.30 19.46
Polycrystalline 19.46 18.71 18.73 19.38 19.09 19.00 18.97 19.33 18.91 19.22 19.19 19.09 19.29 19.29 19.46
Cadmium Telluride 19.34 18.60 18.62 19.27 18.97 18.89 18.86 19.21 18.80 19.11 19.08 18.98 19.18 19.18 19.34
Bifacial (5%) 20.76 19.97 19.99 20.68 20.37 20.28 20.24 20.63 20.18 20.51 20.48 20.37 20.59 20.59 20.77
Bifacial (10%) 22.08 21.24 21.26 22.00 21.66 21.57 21.53 21.94 21.46 21.82 21.78 21.67 21.90 21.90 22.09
Bifacial (20%) 24.72 23.78 23.80 24.63 24.25 24.14 24.11 24.56 24.03 24.42 24.39 24.26 24.52 24.52 24.73
Bifacial (30%) 27.37 26.31 26.35 27.26 26.84 26.72 26.68 27.18 26.60 27.03 26.99 26.85 27.13 27.13 27.37

Furthermore, the main results regarding the economic performance of the proposed
floating PV systems are tabulated in Table 11. It is found that the maximum (6.24 years)
and minimum values (4.07 years) of SPP are recorded in D#2 (Arapköy Uzundere) and D#1
(Akdeniz), respectively, as shown in Table 11. Furthermore, when a Cadmium Telluride
panel is employed in D#2 (Arapköy Uzundere), the maximum value of 0.025 USD/kWh
is found, while the lowest value of LCOE is found in D#1 (Akdeniz) at 0.0163 USD/kWh
when the Monocrystalline Silicon panel is used.

Table 11. Values of simple payback period and energy production costs for all selected sites with
various PV technologies.

PV Technology D#1 D#2 D#3 D#4 D#5 D#6 D#7 D#8 D#9 D#10 D#11 D#12 D#13 D#14 D#15

Simple payback period [Year]
Monocrystalline 4.07 4.23 4.23 4.09 4.15 4.17 4.18 4.10 4.19 4.12 4.13 4.15 4.11 4.11 4.07
Polycrystalline 4.37 4.54 4.53 4.38 4.45 4.47 4.48 4.39 4.49 4.42 4.43 4.45 4.40 4.40 4.37
Cadmium Telluride 6.00 6.24 6.23 6.02 6.12 6.14 6.15 6.04 6.17 6.07 6.08 6.12 6.05 6.05 6.00
Bifacial (5%) 5.44 5.66 5.66 5.47 5.55 5.58 5.58 5.48 5.60 5.51 5.52 5.55 5.49 5.49 5.44
Bifacial (10%) 5.46 5.68 5.67 5.48 5.57 5.59 5.60 5.50 5.62 5.53 5.54 5.57 5.51 5.51 5.46
Bifacial (20%) 5.18 5.39 5.38 5.20 5.28 5.31 5.31 5.22 5.33 5.24 5.25 5.28 5.23 5.23 5.18
Bifacial (30%) 4.96 5.15 5.15 4.98 5.05 5.08 5.08 4.99 5.10 5.02 5.02 5.05 5.00 5.00 4.96

Energy production cost [USD/kWh]
Monocrystalline 0.0163 0.0169 0.0169 0.0164 0.0166 0.0167 0.0167 0.0164 0.0168 0.0165 0.0165 0.0166 0.0164 0.0164 0.0163
Polycrystalline 0.0175 0.0182 0.0181 0.0175 0.0178 0.0179 0.0179 0.0176 0.0180 0.0177 0.0177 0.0178 0.0176 0.0176 0.0175
Cadmium Telluride 0.0240 0.0250 0.0249 0.0241 0.0245 0.0246 0.0246 0.0242 0.0247 0.0243 0.0243 0.0245 0.0242 0.0242 0.0240
Bifacial (5%) 0.0218 0.0226 0.0226 0.0219 0.0222 0.0223 0.0223 0.0219 0.0224 0.0220 0.0221 0.0222 0.0220 0.0220 0.0218
Bifacial (10%) 0.0218 0.0227 0.0227 0.0219 0.0223 0.0224 0.0224 0.0220 0.0225 0.0221 0.0221 0.0223 0.0220 0.0220 0.0218
Bifacial (20%) 0.0207 0.0216 0.0215 0.0208 0.0211 0.0212 0.0213 0.0209 0.0213 0.0210 0.0210 0.0211 0.0209 0.0209 0.0207
Bifacial (30%) 0.0198 0.0206 0.0206 0.0199 0.0202 0.0203 0.0203 0.0200 0.0204 0.0201 0.0201 0.0202 0.0200 0.0200 0.0198

Figure 12 illustrates the total annual reduction of GHG emissions for each site. The
floating PV system in D#13 (Kanlıköy) was found to have the highest overall GHG emission
reduction, with reductions of 14804.63, 29609.27, and 44413.90 tCO2/year for covered areas
of 25%, 50%, and 75%, respectively. This is followed by the D#8 (Gemikonağı Madendere)
site project, with the lowest GHG reduction resulting from the D#6 (Ergazi Sayadere)
site project.
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Figure 12. Annual GHG emission reduction with various PV technologies and covered area.

63



Energies 2024, 17, 5300

4. Discussion and Conclusions

In general, the growth of higher education in Northern Cyprus has resulted in a
significant increase in energy consumption and the need for infrastructure to support this
development [55,161]. Therefore, a solar energy system such as the FPV system can be an
acceptable solution to produce green and clean energy that covers energy demand and
achieves sustainable development goals. In the literature, understanding the distribution
of solar radiation is crucial for effectively implementing solar power systems at particular
locations. In general, A floating/fixed-tilt PV plant’s performance is greatly influenced
by the quantity and distribution of solar radiation at a particular location. Thus, an
accurate comprehension of these variables facilitates the estimation of energy yield and the
optimization of PV system design. According to Kebede [162], global horizontal irradiation
(GHI) is the essential parameter to assess the energy generation for flat-plate photovoltaic
systems. Frequency analysis can be utilized to determine the probability that different
quantities of solar radiation will occur [163].

Therefore, the Johnson SB distribution, Pert distribution, Phased Bi-Weibull distribu-
tion, and Kumaraswamy distribution are added to the pool of parametric distributions
for fitting the solar radiation data for the first time in this study, which was inspired by
the list of PDFs used to analyze the characteristics of solar radiation (Table 2). These
distribution functions are compared with common distribution functions (Normal, Gamma,
Generalized Extreme Value, Log-normal, Weibull, and Logistic) to assess their suitability.
The best-fit result of each site was taken as the distribution with the lowest value from the
Kolmogorov–Smirnov (K–S) test and the Anderson–Darling (A–D) test. The results showed
that the Johnson SB distribution, Burt distribution, and Coomaraswamy distribution per-
formed better than the common distribution in terms of fitting performance and modeling
of solar radiation statistics. Langat et al. [164] indicated that the frequency regime of the
data series influences whether the distribution function is optimal. Therefore, the authors
believe that the current results encourage further research to take these distributions into
account when fitting global solar radiation data.

Moreover, the floating photovoltaic system for reservoirs is an emerging and novel
technology that has the potential to significantly reduce evaporation, according to prior
studies. Several models have been used in the literature to study the evaporation rate on the
water’s surface. Hence, Priestley–Taylor, deBruin–Keijman, Makkink, Penman–Monteith,
mass transfer, and Hamon methods were employed to estimate the rate of evaporation
at the selected reservoirs. The evaporation rate was estimated using the following data:
temperature, humidity, wind speed, and solar radiation. It is crucial to note that the site’s
conditions play a role in identifying the best approach. It is found that the Priestley–Taylor
and Hamon methods are expected to yield similar results because they are simple and
highly sensitive to temperature and radiation. In contrast, the Penman method considers
wind speed and vapor pressure deficits, resulting in higher evaporation estimates. The
Penman method integrates mass transfer and energy balance approaches and is widely used
for estimating evaporation, especially in the summer, producing greater estimates [165,166].
On the other hand, the Priestley–Taylor method assumes constant humidity, resulting in
lower estimations, particularly in aerodynamically significant situations [167]. The Makkink
and de Bruin–Keijman approaches also produce lower estimations due to their potential
inability to consider humidity and wind speed variations [168,169]. The Hamon method,
due to its temperature-based methodology, gives little consideration to meteorological
factors like wind speed, humidity, or radiation, leading to different evaporation patterns
than other methods [170]. These findings suggest that future studies should compare model
data with measured data to evaluate the model’s accuracy. A deeper comprehension of
the data’s applicability and dependability for assessing the evaporation rate in Northern
Cyprus can be attained through this comparison analysis, which can also help reveal the
constraints and uncertainties surrounding the data.

Furthermore, different scenarios of covering the reservoir’s surface with an FPVS were
studied and discussed. It was found that water savings grow dramatically as coverage
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increases from 0% to 100%, indicating that the system is successful in minimizing evapo-
ration. For example, annual savings with 100% coverage can be as high as 6.21 × 105 m3,
as opposed to 0 m3 in the absence of photovoltaic panels. This pattern makes the obvious
relationship between covering area and evaporation decrease evident. Floating PV systems
can be a useful tool for managing water resources in reservoirs and dams, since they repre-
sent a feasible choice for water conservation, as demonstrated by the significant savings
that rise with increased coverage. These results can be supported by previous studies.
For instance, according to Abd-Elhamid et al. [149], areas of the lake that are covered by
25%, 50%, 75%, and 100% can save around 2.1, 4.2, 6.3, 7.0, and 8.4 × 109 m3/year. Ilgen
et al. [171] estimated water savings of up to 5.9 billion m3/year and a 49.7% evaporation
reduction at 90% FPV occupancy.

Moreover, a technical and financial assessment was conducted on the installation of
FPV systems with various PV technologies, floating structures, and capacity, taking into
account that the covering area (25, 50, and 75 percent) of the reservoir determines the FV
system’s capacity. The results indicated that the floating PV system structure (OceanSun S6),
which is specified with a north orientation and a tilt angle of 6◦, produced the maximum
performance compared to other floating PV system structures. It is found that the AEP
values are within the range of 2.5–38.7 GWh for a 25% covered area, 5.0–77.3 GWh for a
50% covered area, and 7.5–116.0 GWh for a 75% covered area. Also, it is found that the FPV
systems’ annual CF values range from 18.50% to 27.37%. These findings can be confirmed
by several scientific researchers, who examined the techno-economic performance of FPV
systems in terms of CF. For instance, López et al. [141] found the CF value for the proposed
FPV system in mainland Spain varied between 13.64% and 21.97%. Lopes et al. [172]
found that the annual CF value for proposed FPV systems in Brazil is within the range
of 18.8–20.0%. Al Saadi and Ghosh [173] estimated that the value of CF for the proposed
FPV system in Oman was 23.3%. Consequently, based on the technical viability of the solar
system, it is technically feasible to construct a floating solar photovoltaic system in each
of the 15 sites in Northern Cyprus, since the values of AEP and CF there are compatible
with the acceptable values. Based on the analysis, the percentage of reduction in electricity
production from fossil fuels due to solar energy production from the proposed FPV system
is illustrated in Figure 13. It is observed that the percentage of reduction in electricity
production from fossil fuels can vary from 10.19% to 47.21% at 75% FPV occupancy. It
should be noted that the monthly electrical consumption for the period of January–July
2024 is estimated to be 169.52, 153.49, 144.87, 128.27, 141.31, 214.33, and 247.70 GWh,
respectively, according to the Cyprus Turkish Electricity Authority (KIB-TEK).

Furthermore, the feasibility of floating PV systems in Northern Cyprus was studied. It
is found that, depending on the PV technology employed, the SPP value ranged between
4.07 and 6.24 years, while the value of energy production cost varied between 0.0163 and
0.025 USD/kWh. The annual reduction in GHG was estimated at 44,413.90 tons at 75%
FPV occupancy.

In summary, this study is the first attempt to illustrate the importance of implementing
an FPV system on the reservoir surfaces of Northern Cyprus by focusing on the most
significant factors. The FPV system ultimately creates a new investment avenue, where
several variables contribute to cost savings and environmental improvement.
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Figure 13. Monthly percentage of total energy production from FPV systems with various PV
technologies and covered areas.
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www.mdpi.com/article/10.3390/en17215300/s1, Figure S1. Long-term averages of solar resource [25];
Figure S2. Probability density function for solar radiation data at Gemikonağı Madendere; Figure S3.
Probability density function for solar radiation data at Ergazi Sayadere; Figure S4. Surface area of the
selected lake, reservoir, and dams; Figure S5. Annual water losses at the selected locations; Figure S6.
Annual energy production with various floating PV structures at different locations for first scenario
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68. Gökçekuş, H.; Nourani, V. Lessons from Groundwater Quantity and Quality Problems in the Güzelyurt Coastal Aquifer, North

Cyprus. In Advances in Environmental Research; Nova Science Publishers, Inc.: New York, NY, USA, 2018; Volume 64.
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Abstract: Steam ejectors are important energy-saving equipment for solar thermal energy storage;
however, a numerical simulation research method has not been agreed upon. This study contributes
to a comprehensive selection of turbulence models, near-wall treatments, geometrical modeling (2-D
and 3-D), solvers, and models (condensation and ideal-gas) in the RANS equations approach for steam
ejectors through validation with experiments globally and locally. The turbulence models studied
are k-ε Standard, k-ε RNG, k-ε Realizable, k-ω Standard, k-ω SST, Transition SST, and linear Reynolds
Stress. The near-wall treatments assessed are Standard Wall Functions, Non-equilibrium Wall Func-
tions, and Enhanced Wall Treatment. The solvers compared are pressure-based and density-based
solvers. The root causes of their distinctions in terms of simulation results, applicable conditions,
convergence, and computational cost are explained and compared. The complex phenomena involv-
ing shock waves, choking, and vapor condensation captured by different models are discussed. The
internal connections of their performance and flow phenomena are analyzed from the mechanism
perspective. The originality of this study is that both condensation and 3-D asymmetric effects on the
simulation results are considered. The results indicate that the k-ω SST non-equilibrium condensa-
tion model coupling the low-Re boundary conditions has the most accurate prediction results, best
convergence, and fit for the widest range of working conditions. A 3-D asymmetric condensation
model with a density-based solver is recommended for simulating steam ejectors accurately.

Keywords: non-equilibrium condensation; near-wall treatments; RANS; steam ejectors; three-dimensional
effect; turbulence model; solvers

1. Introduction

Steam ejectors are important and widely used energy-saving equipment that can only
utilize residual pressure by recovering low-pressure steam [1]. Although a steam ejector’s
structure is simple and reliable, the flow and mixing process of its internal fluid is very
complicated [2]. Many kinds of flow phenomena that affect the ejector performance occur
in the flow field, such as shock waves [3], choking [4], and condensation [5]. These flow
phenomena cause the transonic phase transition and the sudden change of various flow
parameters in the flow field. It is difficult to obtain accurate measurements in supersonic
fluids by current experimental methods. Computational fluid dynamics can quantitatively
describe the complex flow phenomena that make up for the shortage of experiments.
Assessment of these dynamics is an effective method to study the relationship between
flow phenomenon and ejector performance. Therefore, the method of simulated steam
ejectors to get accurate results is worth investigating.
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The RANS (Reynolds-Averaged Navier–Stokes) equations are the most frequently
used equations in scientific research and engineering practice simulations. According to
the different closures, the turbulence models of the RANS equations are divided into two
categories: the Reynolds Stress Model and eddy-viscosity closures. The eddy-viscosity
closures include the zero-, one-, and two-equation turbulence models [6]. Among these,
the two-equation turbulence models that include the k-ε series and k-ω series models are
adopted in ejector simulations.

The turbulence models’ closures of the RANS equations in simulating ejectors have
not reached a consensus [7,8]. For air ejectors, Hemidi et al. [9] compared two turbulence
models. They observed that both k-ε Standard and k-ω SST predicted almost the same Er
(entrainment ratio) but had completely different local flow characteristics under higher
working pressures. Overall, the k-ε Standard is better. Gagan et al. [10] compared six
turbulence models (k-ε series, k-ω series, and RSM) of flow visualization using the PIV
technique. The supersonic flow shape and the subsonic region velocity are best obtained
by the k-ε Standard. For N2 ejectors, Zhu and Jiang [11] compared four turbulence models
(k-ε series, k-ω SST) based on visualization experiments. They stated that the shock train
configuration obtained by the k-ε RNG accorded best with the experimental data. For R134a
ejectors, Croquer et al. [12] compared four turbulence models (k-ε series, k-ω SST) with
the ideal-gas equation and real-gas equation. They found the k-ω SST obtains accurate Er
only when the real-gas equation is used. For steam ejectors, scholars neglect condensation
effects during the comparison of turbulence models. Ruangtrakoon [13] and Besagni [8]
both recommended the k-ω SST. The former compared two models (k-ε Realizable, k-ω SST),
and the latter compared seven models (k-ε Standard, k-ε RNG, k-ε Realizable k-ω standard,
k-ω SST, Spalart-Allmaras, and RSM). Han et al. [14] and Varga et al. [15] obtained different
comparison results. Han et al. [14] compared four models (k-ε series, k-ω SST) and stated
that the pressure distribution of the k-ε Realizable model accorded best with experiments.
Varga et al. [15] compared six models (k-ε series, k-ω series, Transition SST) and stated that
the ejector performance of the Transition SST accorded best with experiments. However,
they assumed that water vapor was an ideal gas and ignored condensation.

Apart from turbulence models, near-wall treatments should be cautiously adopted.
Two commonly used near-wall treatments are the wall function and near-wall modeling.
The former is to resolve the viscosity-influenced region by wall functions containing semi-
empirical formulas, and its turbulence models do not require modification. The RSM
and the k-ε series models need wall functions that include Standard Wall Function (SWF),
Non-equilibrium Wall Function (NWF), Enhanced Wall Treatment (EWT), and so on. The
latter approach is to modify the turbulence model so that the region affected by viscosity
can be analyzed by a fine near-wall mesh. As to the comparative study of near-wall
treatments, Besagni et al. [8] stated that EWT allows achieving generally better results
than SWF and NWF, and nearly no differences between the SWF and EWT results. Han
et al. [14] compared SWF and EWT for the prediction of a steam ejector. They found that the
latter was superior to the former. Wu et al. [16,17] considered the effect of fluid–structure
interaction. However, no agreement about near-wall treatments has been reached.

According to the classical viewpoint, flow fields with shock waves must adopt the
density-based solver(D-B) owing to its excellent adaptability of the simulation for compress-
ible and super-sonic flows [18]. However, the pressure-based solver (P-B) is for low-speed
incompressible flow, historically [11]. Nevertheless, in the works of Li and Li [19], Yazdani
et al. [20], Croquer et al. [12], Sriveerakul et al. [21], Besagni et al. [7], and Bourhan et al. [22],
the pressure-based solver was proposed to solve supersonic problems in ejectors. Therefore,
a comparative study of the two solvers is a great lack that at present needs to be performed
on steam ejectors.

The ideal-gas model is adopted in related comparative research on steam ejectors.
Nevertheless, the flow information and performance of steam ejectors are both affected
by non-equilibrium condensation [23]. Moreover, most scholars simplify steam ejectors
into a 2-D axisymmetric model in simulations to save calculation costs, ignoring the 3-D
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disturbance in actual flow fields. Mazzelli et al. [24] compared the prediction of ejector
coefficients by 2-D and 3-D standard k-ε, Realizable k-ε, SST k-ω, and RSM models. Results
showed that only the simulation results of the 3-D model are in the reliable range under the
sub-critical operating state. Therefore, the comparative research of the turbulence models
with different near-wall treatments and solvers should consider both condensation effects
and 3-D effects, which the current research lacks.

Consequently, a study that contributes to a comprehensive selection of turbulence
models, near-wall treatments, geometrical modeling (2-D and 3-D), solvers, and models
(condensation and ideal-gas) in the RANS equations approach for steam ejectors is urgently
needed. In this article, a condensation model with seven turbulence models (k-ε series,
k-ω series, Transition SST, linear Reynolds Stress Model), three near-wall treatments (SWF,
NWF, EWT), and two solvers (D-B and P-B) is utilized to simulate different sizes of 3-D
steam ejectors under variable working conditions. The root causes of their distinctions
in simulation results, applicable conditions, convergence, and computational cost are
explained and compared. The complex phenomena involving shock waves, choking, and
vapor condensation captured by different models are discussed. The connections between
the ejector performance and local flow phenomena are analyzed. The originality of the
study is that both condensation and 3-D asymmetric effects on the simulation results are
considered. These research achievements provide rational foundations for simulation
research of steam ejectors.

2. Numerical Simulation Method

2.1. Mathematical Model

Below are three conservation equations of wet steam at steady state:

∂

∂xj

(
ρvj
)
= 0 (1)

∂

∂xj

(
ρvjvi

)
=

∂τij

∂xj
− ∂P

∂xi
(2)

∂

∂xj

[
vj(ρE + P)

]
=

∂

∂xj

(
λe f f

∂T
∂xj

)
+

∂

∂xj

(
viτij

)
(3)

where E is the total energy contained in the fluid per unit mass (equal to the sum of the
specific internal energy and kinetic energy):

E = h − p
ρ
+

1
2

vjvj (4)

The real state of vapor is expressed by [25]:

P = ρvRT
(

1 + Bρv + Cρv
2
)

(5)

where B and C are the virial coefficients which are detailed in the reference [25].
The vapor properties, equations of saturated vapor and saturated liquid lines, and liq-

uid properties are detailed in the references [26]. The wet steam density and the properties
ϕm of wet steam are:

ρ = ρv/(1 − β) (6)

ϕm = ϕl β + (1 − β)ψv (7)

where β is the liquid mass fraction which is equal to the ratio of the mass of the condensate
to the total mass.
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Mach number is an important dimensionless number for determining sonic velocity
flow. It is equal to the ratio of fluid speed to sonic velocity:

Ma = v/a (8)

where a is the sonic velocity of wet steam [27]:

a =

[
ρ

(
β

ρvav2 +
1 − β

ρlal
2

)]−1/2
(9)

The governing equations for vapor–liquid two-phase mixtures are established based
on the Euler coordinate system [28]:

∇ ·
(

ρ
⇀
v β
)
= Γ (10)

∇ ·
(

ρ
⇀
v η
)
= ρJ (11)

where Γ is the liquid mass generation rate that is composed of a two-part mass increase:
the first term of the right end equation shows the mass of the liquid phase generated by
spontaneous nucleation, and the second term shows the mass of the liquid phase generated
by the droplet growth after nucleation [28]; J is nucleation rate [29]; and η is the number of
droplets per unit volume:

Γ =
.

ml = − .
mv =

4
3

πρl Jr∗3 + 4πρlηr2 ∂r
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(12)
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ρl

)√
2σ

M3
mπ

e
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4πr2∗σ
3kBTg

)
(13)

η =
β

(1 − β)Vd
(
ρl/ρg

) (14)

Vd =
4
3

πr3 (15)

where Vd is a mean droplet volume, and the average droplet radius is from Vd and η:

r = 3

√
3β

4πη(1 − β)(ρl − ρg)
(16)

The droplet’s growth rate equation [29] is:

∂r
∂t

=
P

hlvρl
√

2πRT
γ + 1

2γ
Cl
(

1 − r∗
r

)
ΔT (17)

where hlv is the specific latent enthalpy and the ΔT is the degree of subcooling which is
equal to:

ΔT = Tsat − T (18)

2.2. Solution Scheme and Boundary Conditions

The finite-volume method was used to treat N-S equations at a steady state with the
7 turbulent models respectively based on Fluent. The implicit solver was based on density
coupling. The variable gradient interpolation method was the Green–Gauss method based
on node. The second-order upwind scheme was utilized. It is convergent when it meets
the following 3 criteria:
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(1) All the residual terms’ convergence absolute criteria are <10−6 forever;
(2) The difference in the mass flow rate between the inlet and the outlet is <1 × 10−7;
(3) The calculated mass flow rate of two inlet sections and one outlet section is stable.

Figure 1 describes the ejector sizes and Table 1 illustrates the working conditions,
using data from Chen and Sun’s experiment [30]. The variables Pm and Tm represent the
temperature and pressure of the motive fluid, while Ps and Ts denote the temperature and
pressure of the suction fluid. Additionally, Pd signifies the pressure of the discharge fluid.
The case labels are consistent with those in the reference. The simulation parameters are
consistent with the experimental parameters to compare their results. The computation
parameters in Table 1 are given as the boundary conditions for pressure inlet and pressure
outlet, given that outlet pressures are constant. The turbulence boundary conditions are set
as the turbulence intensity and the turbulent viscosity ratios. For the motive steam and
the suction steam, their turbulent viscosity ratios are 500 and 100, respectively, and their
turbulence intensity are 5.0% and 2.0%, respectively. There is no slip and no penetration in
the adiabatic smooth solid walls, hypothetically.

 
(a) 

(b) 

Figure 1. Two sizes of steam ejectors. (a) Size of E1. (b) Size of E2.
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Table 1. Computation parameters.

Size Case Pm [kPa] Tm [◦C] Ps [kPa] Ts [◦C] Pd [kPa]

E1

1 116.0 105.8 1.306 10.8 1.35~2.70
2 153.0 114.2 1.306 10.8 1.35~2.90
3 198.0 121.8 1.306 10.8 1.35~3.90

E2

4 11.906 51.3 1.306 10.8 1.35~1.90
5 15.465 56.6 1.306 10.8 1.35~2.40
6 19.571 61.6 1.306 10.8 1.35~2.90
7 19.571 61.6 1.813 15.8 1.85~2.90
8 12.5 52.2 1.35 11.4 1.4

ag 11.906 51.3 1.813 15.8 1.85~2.00
bf 15.465 56.2 1.306 10.8 1.35~2.40
cf 19.571 61.6 1.306 10.8 1.35~2.90
df 24.837 66.8 1.306 10.8 1.35~3.20
be 15.465 56.2 1.0 13.2 1.1~2.2
ce 19.571 61.6 1.0 13.2 1.1~2.6
de 24.837 66.8 1.0 13.2 1.1~3.3

2.3. Mesh Creation

The 3-D meshes of E1 and E2 with refinement both around boundary layers and
the shock waves were created. Furthermore, each mesh was divided into two categories
according to the y+ value that indicates the dimensionless distance of a first-layer node
from the wall. The first mesh type with y+ ≈ 1 was used for EWT, and the second mesh
type with y+min > 30 was used for SWF and NWF. The first type of meshes of E2 are shown
in Figure 2a and their y+ values along the ejector wall are shown in Figure 2b. Except for
the near-wall area, the two meshes have the same structures. The second type of mesh was
obtained by locally adjusting mesh density around the near-wall area of the first type.

 

(a) 
 

 
(b) 

Figure 2. Information of steam ejector meshes. (a) Steam ejector meshes. (b) y+ profile along ejector wall.
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Table 2 summarizes the number of cells of the two-type grids. Figures 3 and 4 illustrate
that the ejection coefficients obtained by medium-level grids are similar to those of the fine-
level grids when all other things are equal. Moreover, the time cost and the computation
cost of the medium-level grids are lower than those of the fine-level grids. Accordingly, the
medium-level grids were adopted in this paper.

Table 2. Number of cells.

Type1, y+ ≈ 1 Type2, Minimum y+ = 30

Mesh Level Coarse Medium Fine Coarse Medium Fine

Number [million] 0.8 2.0 2.9 0.2 0.4 0.9

(a) (b) 

Figure 3. First type mesh independence study of different models. (a) Grid independence study with
Case 1. (b) Grid independence study with Case 4.

 
(a) 

Figure 4. Cont.
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(b) 

Figure 4. Second type mesh independence study of different models. (a) Grid independence study
with Case 1. (b) Grid independence study with Case 4.

3. Results and Discussion

3.1. Validation, Comparison and Analysis of Different Near-Wall Treatments

Turbulent flow is divided into inner and outer layers according to a distance along the
near wall. The flow in the outer layer is completely turbulent, and the flow in the inner
layer can be affected by the wall obviously. According to the y+ value, the inner layer is
divided into three sub-layers: a viscous sublayer (y+ < 5), a buffer layer (5 ≤ y+ ≤ 30), and
a log-law region 30 < y+ < f(Re) [6].

The k-ε series and linear RSM require selecting near-wall treatments. The near-wall
treatments commonly used for ejectors are SWF, NWF, and EWT. SWF and NWF cannot
truly resolve the viscous sublayer and buffer layer, but utilize semi-empirical formulas
to bridge the wall and the fully-turbulent region. Therefore, their first node of the near-
wall grid must be arranged in the log-law region, namely y+min > 30. The SWF can
reasonably predict the bounded flow of most walls with high Reynolds numbers. The
NWF can partially consider the influence of pressure gradient, which further expands the
applicability. The EWT is suggested when the flow has special conditions, such as severe
pressure gradient, boundary layer separation, and so on. This method can analyze the
viscous sublayer if the near-wall region has a fine mesh [6]. Therefore, the first node of the
near-wall mesh is arranged within the viscous sublayer, namely y+ ≈ 1.

The mathematical structures of the k-ω series and Transition SST already emphasize
the near-wall flow. Therefore, there is no need to select any near-wall treatments. Their
wall boundary conditions for the k equation are treated likewise as the k equation treated
when EWT is applied in k-ε models [6]. When the grid in the near-wall region is very dense
(y+ ≈ 1), these three turbulence models coupled with the low-Re boundary conditions can
deal with the complex flow.

Figure 3a,b compare the Ermax of experimental data and seven different turbulence
models combined with EWT. Results obtained from the k-ω SST are reasonable with an
average relative error (e) of 7%.

Figure 4a,b compare the Ermax of experimental data and seven turbulence models
combined with SWF or NWF. The linear RSM combined with SWF or NWF can reasonably
predict the Ermax with e of 1.5% and −5.5%, respectively, whereas the convergence of
NEWF is worse than that of SWF, and the steps of iterations that reach the convergent
condition are 1.8 times that of SWF.
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The Ermax predicted by the EWT or NEWF combined with the k-ε series deviates
greatly from the experimental data. Even the Ermax predicted is less than 0, which indicates
the reverse flow as shown in Figure 4. The SWF combined with the k-ε series are just
suitable for Case 4 with the lowest pressure, and their relative errors are −10%, −5%, and
−6% respectively.

Therefore, the near-wall treatment method should be selected according to the specific
turbulence model and working conditions. Moreover, it is also affected by the structure of
the supersonic steam ejector according to the comparison results of E1 and E2.

3.2. Validation, Comparison and Analysis of Different Turbulence Models

Each Ermax predicted by k-ω SST is within an acceptable range (relative error of
−5%~11%) for each case as shown in Figure 5. The Ermax predicted by the linear RSM
has only one large deviation (−19%) compared to experimental data. The average relative
error (e) of Ermax obtained from the k-ω SST and linear RSM which are 4.0% and −5.2%,
respectively, are within the acceptable range, as shown in Table 3. Their maximum relative
errors are 11% and −19%, respectively. Therefore, the two models may have the potential
to provide accurate predictions for steam ejectors.

 
Figure 5. Histogram of the prediction error.

Table 3. Relative errors of maximum Er.

Case

Model e(Ermax)

k-ω
Standard

(EWT)

k-ω
SST

(EWT)

Transition
SST

(EWT)

k-ε
Standard

(SWF)

k-ε
RNG
(SWF)

k-ε
Realizable

(SWF)

Linear
RSM

(SWF)

1 43% 7% −26% −24% −20% −21% 5%
2 47% 11% −38% −38% −36% −28% 11%
3 28% 2% −31% −40% −37% −30% −19%
4 42% 9% −13% −10% −5% −6% −2%
5 21% 6% −49% −62% −52% −38% −19%
6 22% −5% −27% −76% −74% −55% −10%
7 38% −2% −30% −27% −32% −22% −2%

e(Ermax) 34.5% 4.0% −30.6% −39.5% −36.5% −28.6% −5.2%
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Compared to the experiments, Ermax predicted by k-ω Standard are greater for all cases
with an e of 34.5%. The Ermax of the k-ε Standard, k-ε RNG, k-ε Realizable, and Transition SST
have an e of −39.5%, −36.5%, −28.6%, and −30.6%, respectively, compared to experimental
values. However, the minimum relative errors, which are −10%, −5%, −6%, and −13%,
respectively, obtained by the three models under Case 4 are within the acceptable range.
Case 4 has the lowest primary inlet pressure for E2 of all cases. Furthermore, Case 1 has the
lowest primary inlet pressure for E1 and also has the lowest relative errors of all E1 cases.
Therefore, the simulation accuracy of the three turbulence models has a strong dependence
on the motive pressure. It appears that the Ermax can be reasonably predicted by the three
models only under relatively low-pressure conditions with the same physical dimensions.
Moreover, pressure dependence has a different sensitivity to different structures of ejectors.

The difference in Ermax predicted by different models depends mainly on their mass
flow rates of suction steam (Gs) as shown in Table 4. Under the same case, the mass
flow rates of motive steam (Gm) predicted by different models are close. The maximum
difference is 8% and the minimum difference is 2%. However, Gs predicted by different
models are significantly different. The maximum difference is 129% and the minimum
difference is 55%. The k-ω Standard predicts the maximum Gs under each case, which
causes the overestimation of Ermax.

Table 4. The average difference of the mass flow rate predicted by seven turbulence models.

Case
Δ
−
G Δ

−
Gm Δ

−
Gs

1 8% 67%
2 2% 93%
3 5% 88%
4 4% 55%
5 7% 96%
6 2% 129%
7 7% 80%

average 5% 87%

As to the comparison of Pd
* by different turbulence models in Figure 6, they are less

than the experimental data, which accords with the majority of results [31–36]. Since the
Pd

* for Case 2 and Case 7 is too close to clearly illustrate in Figure 6, Case 2 in Figure 6 is
omitted. The e of k-ω Standard and k-ω SST are within an acceptable range, which is −8.0%
and −15%, respectively. Although the relative error of Pd

* predicted by k-ω Standard is the
lowest, the e of Ermax predicted by k-ω Standard is as high as 34.5%. Therefore, as to the
ejector performance, k-ω SST agrees with the experimental results.

Differences in Pd
* are explained through the local flow characteristics of the second

choking in Figures 7 and 8. The black outline in Figure 8 is the sonic line whose Mach
number is 1. The sonic line at choking mode is closest to the wall [9]. The appearance of
the first shock wave in the diffuser reduces the fluid Mach number, causing the sonic line
to move away from the wall, and the second choking phenomenon ends. The distance
between the first shock wave position and the ejector outlet is positive with the second
choking length (Lc). When Lc increases, the differences between Pd and Pd

* are getting
greater [37]. Accordingly, when the working condition is the same, Pd

* predicted by
different turbulence models increases with the distance between the first shock wave
position and the ejector outlet by comparing Figures 6 and 7. The order of the distances
from large to small is the k-ω Standard, k-ω SST, k-ε Realizable, k-ε RNG, k-ε Standard,
linear RSM, and Transition SST, as shown in Figure 7. The same order of Pd

* is shown in
Figure 6.
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Figure 6. Relative errors of Pd

*.

 
Figure 7. Mach number profiles of the axis under Case 4 with Pd = 1335 Pa.
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Figure 8. Mach number contours under Case 4 with Pd = 1335 Pa.

An abrupt decrease of Ma represents that an aerodynamic shock wave occurs, as shown
in Figures 7 and 8. The aerodynamic shock wave whose shock surface is perpendicular to
the flow direction and whose flow direction is unchanged after passing through the shock
wave is a normal shock wave. Otherwise, it is an oblique shock. Velocity after a normal
shock wave must be subsonic. However, velocity after an oblique shock wave is not certain.
As can be seen in Figures 7 and 8, the k-ε series models get a normal shock, while the others
obtain a series of oblique shock waves that accord with the experiments [30].

In steam ejectors, vapor experiences a transonic expansion process of rapid depres-
surization and cooling. When the vapor crosses a saturation line, it does not immediately
condense due to the free energy barrier. The vapor expands continuously, resulting in the
vapor temperature continuing to decrease, and the vapor diverges from the saturation equi-
librium state. When the unbalanced state develops to a certain extent, the non-equilibrium
condensation phenomenon occurs. Results of the linear RSM, k-ω Standard, k-ω SST, and
Transition SST agree with Chen and Sun’s observation [30], as can be seen in Figure 9.

The computational effort mainly depends on the turbulence model utilized when
the discretization scheme, grid density, numerical solution method, and boundary condi-
tions are fixed [8]. According to the convergence criteria reported above, taking the 3-D
asymmetric mesh of E2 with 2 million elements under Case 8 as an example, the steps
of iterations with the same initialization condition for the seven models are used for the
computational effort and convergence capability analysis.

As to the comparative study of the computational effort, the k-ε Standard with the least
iteration number is taken as a reference. Their relative iteration number is summarized in
Table 5. The calculations showed that among the seven turbulence models, the linear RSM
model has the highest relative computational cost and is the most difficult to converge.
This is due to the fact that it takes into account the anisotropy of turbulent viscosity,
which requires an additional seven transport equations in three-dimensional flow, greatly
increasing the computational cost and time cost, and weakening the convergence of iterative
calculations in some cases, even failing to meet the convergence conditions. The relative
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computational cost of the transition SST model is only slightly less than that of the linear
RSM model, as it has four transport equations. The remaining turbulence models are all
two-equation turbulence models, so their relative computational cost is smaller. An item
that reflects the time-averaged strain rate of the mainstream is added to the ε equation in
the k-ε RNG. A content involving rotation and curvature is added to the k-ε Realizable’s
turbulent viscosity equation [6]. Therefore, the iteration number of Standard is the least of
the k-ε series.

 
Figure 9. β contours under Case 4 with Pd = 1335 Pa.

Table 5. Relative computational effort required for solving Case 8 with different turbulence models.

k-ω Standard
(EWT)

k-ω SST (EWT)
Transition SST

(EWT)
k-ε Standard

(EWT)
k-ε RNG

(EWT)
k-ε Realizable

(EWT)
RSM

(EWT)

1.3 1.6 3.6 1 1.5 1.4 4.2

As to the convergence capability of the seven turbulence models, the reduction in mass
or energy residuals is the slowest. The linear RSM is the most difficult model to converge,
owing to its high degree of non-linearity. k-ω SST is the easiest to reach convergence,
which is aligned with the conclusions of Besagni et al. [8], although the models compared
are different.

In summary, considering condensation and 3-D effects, the k-ω SST model with low
Reynolds number boundary conditions has the most accurate prediction results globally
and locally, the best convergence, a low computational cost, and can be applied to the
widest range of working conditions.
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3.3. Comparison and Analysis of Density-Based Solver and Pressure-Based Solver

In this chapter, the non-equilibrium condensation model was combined with the k-ω
SST turbulence model to perform a comparison of the density-based solver (D-B) and the
P-B globally and locally under the same working conditions (Case 8).

Pd
* and Ermax obtained by the two solvers are nearly the same. Compared to D-B, Er,

Gs, and Gm obtained by P-B are all slightly greater, with maximum differences of 1.2%,
1.7%, and 0.1%, respectively.

The flow structures that are reflected by contours of Mach number and static pressure
simulated by both solvers are almost identical, as shown in Figures 10 and 11. While their
liquid mass fraction contours are different around the wall region in the mixing chamber
and the diffuser, they are also a little different around the axis, with a maximum relative
error of 2.6%, as shown in Figure 12.

(a) 

 
(b) 

Figure 10. Mach number distributions with different solvers. (a) Mach number contours with
different solvers. (b) Mach number profiles of the axis.

87



Energies 2024, 17, 5586

(a) 

(b) 

Figure 11. Pressure profiles of the axis with different solvers. (a) Static pressure profiles of the axis
with different solvers. (b) Total pressure profiles of the axis with different solvers.

According to the convergence criteria reported above, the steps of iterations that reach
the convergent condition with the same initialization condition for the two solvers are used
for the computational effort and convergence capability analysis. The computational effort
of P-B is one-sixth that of D-B. As to the convergence capability, the Courant Number needs
to be reduced when D-B is adopted, which greatly increases the computation time and
the number of iterations. Moreover, D-B is more sensitive to boundary conditions than
P-B. In some other working conditions, D-B cannot achieve convergence while the P-B
can. Therefore, the computational effort and convergence capability of P-B are much better
than that of D-B, especially after coupling the non-equilibrium condensation model, which
results in more computation and harder convergence than those of the ideal-gas model.
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(a) 

 
(b) 

Figure 12. Liquid mass fraction distributions with different solvers. (a) Liquid mass fraction contours
with different solvers. (b) Liquid mass fraction profiles of the axis.

In summary, in research and engineering not concerned with condensation phenom-
ena, P-B can be used instead of D-B in simulating high compression with shock wave
flow because of its excellent convergence properties and computation saving. However,
since D-B can better reflect the physical nature of supersonic fluids, for the sake of rigor,
it is still proposed to use D-B in scientific research considering condensation effects and
three-dimensional effects.

3.4. Validation, Comparison, and Analysis of 3-D and 2-D Models, Condensation Model, and
Ideal-Gas Model

Figure 13a illustrates the validation of ejector performance (Ermax) of the 3-D asymmet-
ric model and 2-D model through validation with Chen and Sun’s experimental data [30].
The average relative error (e) of Ermax obtained by the 3-D and 2-D models with the ex-
perimental values are −1.9% and 12.8%, respectively, and the maximum relative errors
are −8.8% and 25.6%, respectively. This not only verifies the reliability of the CFD model
developed in this paper but also shows that, compared with the 2-D axisymmetric model,
the 3-D model can reduce the e of the Er between the CFD results and the experimental
value by 78.4% and the maximum relative error by 50.0%.
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(a) 

(b) 

Figure 13. Ermax of different models and experiments comparison. (a) Comparison of the 2-D and
3-D models. (b) Comparison of the condensation model and the ideal-gas model.

Even though the computational effort and convergence capability of the ideal-gas
model are much better than the condensation model, it is proposed to adopt it based on
the following two points. As to the ejector performance, compared with the experimental
values, the average relative error (e) of the Er obtained by the non-equilibrium condensation
model is 4.9%, which has a good agreement. In addition, the simulation results of the
non-equilibrium condensation model are more consistent with the experimental values
than those of the ideal-gas model. Compared with the ideal-gas model, the condensation
model can reduce the e of the Er between the CFD results and the experimental value by
72.0% and the maximum relative error by 45.6%, as illustrated in Figure 13b. As to flow
phenomena, the condensation model can obtain the condensation shock wave that cannot
be obtained by the ideal-gas model, as shown in Figure 14 whose experimental values from
the Nozzle A by Moore et al. [38]. When the condensation shock wave appears, the fluid
pressure suddenly drops. e of P/Pin obtained by the 3-D model and 2-D model is 1.1% and
1.9%, respectively. The condensation shock wave occurrence position of the 3-D model
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accords with experiments quite well. In contrast, the position obtained by the 2-D model is
20.02 mm (2.67% of the nozzle length) ahead of the experimental results. The 3-D model
results are closer to experiments compared to the 2-D model.

 

Figure 14. P/Pin of different models and experiments comparison.

In conclusion, a 3-D asymmetric condensation model with a density-based solver is
recommended for simulating steam ejectors accurately.

4. Conclusions

This paper’s originality is that both condensation and 3-D effects on the simulation
results have been considered in the comprehensive comparative study of turbulence models,
near-wall treatments, and solvers in the RANS equations approach for steam ejectors.
Future research can perform a comparative study of the RANS equations and Large Eddy
Simulation method based on this paper. The condensation and 3-D effects should be
considered. The following conclusions have emerged:

(1) Considering non-equilibrium condensation and 3-D effects, the k-ω SST model with
the low-Re boundary conditions has the most accurate prediction results globally and
locally compared with the experiments: (a) The average relative error of Ermax and
Pd

* are 4% and −15%, (b) the shock wave type and the condensation position are well
predicted. Moreover, it has the widest adaptability to working conditions and the best
convergence of the seven turbulence models studied in this paper.

(2) The difference in Ermax predicted by different models depends mainly on their mass
flow rates of suction steam (Gs). The minimum difference in Gs predicted by different
models is greater than 55%, while the maximum difference in Gm is less than 8%.

(3) The number and types of shock waves, and the location of condensation phenomenon
of different turbulence models, are various. The k-ε series models predict a normal
shock in the diffuser while the other models predict a different number of oblique
shock waves.

(4) All other things being equal, the 3-D model can reduce the average relative error of
Er by 78.4% compared to the 2-D model and the condensation model can reduce the
average relative error of Er by 72.0% compared to the ideal-gas model.

(5) A 3-D asymmetric condensation model with a density-based solver is recommended
for simulating steam ejectors accurately.
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Nomenclature

B [m3/kg] Virial coefficients
C [m6/kg2] Virial coefficients
CP [J/(kg·K)] Isobaric heat capacity
E [J] Total energy
Er [-] Entrainment ratio
e [%] Relative error
F [N/m3] Source term
G [kg/s] Mass flow rate
h [J/kg] Specific enthalpy
hlv [J/kg] Latent heat of condensation
J [1/s] Nucleation rate
K [W/(m2·K)] Heat transfer coefficient
k [m2/s2] Turbulent kinetic energy
kB [-] Boltzmann constant
Ma [-] Mach number
P [Pa] Pressure
R [-] Gas-law constant
r [m] Droplet radius
S [-] Super-saturation ratio
s [J/(kg·mol·K)] Specific entropy
ST [kg·K/ (m3·s)] Viscous dissipative term
T [K] Temperatures
Greek letters
β [-] Liquid mass fraction
Г [kg/s] Liquid mass generation rate
ρ [kg/m3] Density
γ [-] Specific heat capacities ratio
μ [Pa/s] Dynamic viscosity
σ [N/m] Liquid surface tension
η [1/m3] Droplet number density
θ [-] Non-isothermal correction factor
ν [m2/s] Kinematic viscosity
ε [m2/s3] Turbulent dissipation rate
τ [N/m2] Stress tensor
v [m/s] Velocity
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Subscripts
sat Saturation
m Motive steam
s Suction steam
d Discharge steam
l Liquid
v Vapor
max Maximum
* Critical
- Average
eff Effective
i,j Space components
Abbreviations
D-B Density-based solver
P-B Pressure-based solver
RSM Reynolds Stress Model
SWF Standard Wall Function
NWF Non-equilibrium Wall Function
EWT Enhanced Wall Treatment
N-S Navier-Stokes
RANS Reynolds-Averaged Navier–Stokes
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Abstract: Photovoltaic solar energy has emerged as a vital solution in energy transition,
especially in buildings with building-integrated photovoltaic (BIPV) systems. This study
evaluated a BIPV system in João Pessoa, Brazil, using PVsyst 7.4 software for simulations in
2023 and experimental tests in 2024 to compare real and simulated energy values injected
into the grid. The experiments were conducted in April, June, July, and August, covering
seasonal variations. The east and west orientations showed the best performance, with
annual production of 65.5 and 81.6 kWh, respectively, due to the balanced solar irradiance.
Conversely, the north and south orientations generated less electricity, with 51.3 and
42.1 kWh, respectively, due to lower direct solar exposure. The average injected energy
was 0.2445 to 0.2530 kWh/day in April, 0.2851 to 0.2470 kWh/day in June, 0.2816 to
0.2400 kWh/day in July, and 0.1556 to 0.1700 kWh/day in August. Performance ratios
were 44.3% for the north, 44.4% for the south, 47.4% for the east, and 56.8% for the west,
highlighting the impact of orientation. It is concluded that the east and west facades are
more suitable for BIPV systems in João Pessoa, emphasizing the importance of local factors
in optimizing urban energy efficiency.

Keywords: BIPV; energy efficiency; photovoltaic energy

1. Introduction

Currently, photovoltaic technologies have gained global prominence because of in-
creasing awareness of environmental issues and the demand for sustainable energy so-
lutions. These technologies demonstrate significant competitiveness compared to other
renewable energy sources, particularly due to their unique ability to directly convert solar
energy into electricity through photovoltaic effects. These characteristics position solar
photovoltaic energy as one of the primary alternatives for diversifying the global energy
matrix and substantially contribute to sustainable energy transition [1,2].

However, the implementation of PV systems in urban environments presents signifi-
cant challenges, primarily due to the limited availability of space for installing solar panels.

Energies 2025, 18, 829 https://doi.org/10.3390/en18040829
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In densely built areas, rooftops and coverings are often the only available locations, thus
limiting the potential for energy generation. To overcome these restrictions, it is essential to
explore and maximize the use of other surfaces, such as building facades, by integrating
photovoltaic systems into architectural design [3].

The integration of photovoltaic modules into facades (building-integrated photovoltaic—
BIPV) is an innovative approach that transforms architectural elements into solar energy
generators, utilizing vertical surfaces that are traditionally not used for this purpose. These
modules can be applied in transparent or semi-transparent forms on glass, such as windows,
or integrated into cladding materials, such as tiles and metal panels. In addition to adding
a modern esthetic to buildings, local energy generation from these vertical surfaces can
significantly reduce long-term energy costs, thereby promoting sustainability and energy
self-sufficiency in buildings [4].

The field of photovoltaic integration in buildings is constantly evolving because of
advances in photovoltaic materials, energy storage systems, and integration technologies.
These developments can make BIPV systems more accessible, efficient, and applicable to
a wide range of architectural projects, from small constructions to large urban develop-
ments [5].

The performance of PV systems on windows and facades is affected by factors such as
geographic location and climatic conditions. Parameters such as solar irradiance, ambient
temperature, and dirt accumulation on the surface of the modules play crucial roles in
the efficiency and longevity of photovoltaic conversion. Therefore, a detailed analysis
of these factors is essential for the planning and optimization of integrated photovoltaic
systems in buildings, especially in urban contexts where environmental variables can vary
significantly [6–9].

Although the analysis of these systems can be performed manually, the use of simula-
tion software allows for more detailed and precise evaluation. PVsyst, for example, is a
widely used tool for analyzing multiple performance parameters of photovoltaic systems.
The proposed software provides detailed estimates of electricity generation considering
local characteristics and climate patterns throughout the year [10].

Recent studies have demonstrated the effectiveness of the PVsyst software in the
detailed analysis of building-integrated photovoltaic systems (BIPV). Essah et al. [11]
conducted PVsyst simulations to assess the performance, yield, and aging characteristics
of a polycrystalline silicon cell PV system integrated into the facade of the Engineering
Building at the University of Reading. Shakouri et al. [12] investigated the effects of a
double-skin photovoltaic facade on energy generation, cooling, and thermal load reduction.
They used PVsyst to evaluate energy generation and DesignBuilder to calculate the demand,
focusing on incorporating PV modules as a retrofit strategy.

Jeong et al. [13] compared the output power of a colored BIPV system simulated by
PVsyst using meteorological data from the Korea Meteorological Administration (KMA)
and measured irradiance data. Hamzah and Go [14] analyzed the performance of colored
BIPV systems in a building located in a tropical region of Malaysia, combining 3D modeling
in Building Information Modeling (BIM) software with detailed solar analysis in PVsyst to
obtain precise results. Yang et al. [15] modeled complex BIPV systems installed on roofs,
facades, and coverings of buildings in Zhuhai, China, using different simulation tools,
including PVsyst, to investigate the capabilities and limitations of these technologies.

Demir and Aktacir [16] investigated strategies to maximize the efficiency of building-
integrated photovoltaic (BIPV) systems under specific meteorological conditions in Şan-
lıurfa, Turkey. The study focused on comparing the performance of monofacial and bifacial
panels installed on different building surfaces using experimental methods and simulations
with the PVsyst software. Yu et al. [17] optimized the operation of BIPV systems and
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evaluated their environmental and economic benefits. The study used PVsyst to simulate
the energy performance of building-integrated photovoltaic systems and PV-BILD to assess
the environmental and economic impacts throughout the lifecycle of BIPV systems.

Zhang et al. [18] optimized building-integrated photovoltaic (BIPV) systems in a high-
rise building in Shenzhen, China, to improve its energy efficiency. The PVsyst software
was used to simulate the energy performance of the PV system in different scenarios,
considering the location, solar irradiance, and shading. The analysis involved optimizing
the panel layout and assessing its technical and economic feasibility.

In this context, this paper aims to analyze the electrical performance of a BIPV system
consisting of a monocrystalline silicon photovoltaic window installed on a facade in the city
of João Pessoa, Paraíba, Brazil, using PVsyst software. Additionally, the analysis involves
the design and construction of an experimental setup, focusing on evaluating efficiency
under specific climatic conditions, considering factors such as solar irradiance, ambient
temperature, and other critical parameters for optimizing energy performance.

This type of BIPV system is often referred to as a PV window. The adoption of semi-
transparent photovoltaic (PV) windows in buildings has emerged as a relevant trend in
sustainable design because they simultaneously combine thermal insulation, daylighting,
and energy generation. However, this application requires careful analysis to determine
the optimal window orientation.

Jamala et al. [19] performed computational modeling and simulation using Rhinoceros
and Grasshopper for a prototype building with a single semi-transparent monocrystalline
PV window, considering the climate of Gowa, Indonesia (5.2◦ S). They investigated the
uncertainty of weighting factors in optimizing the PV window orientation by considering
several annual daylight and energy performance metrics. The results indicated that the
south orientation was the most advantageous in 73% of the cases, followed by the east
(24%) and north (3%). When each group of metrics was given a single weight, the south
orientation remained the best in 62% of the cases.

Guo et al. [20] conducted experimental tests using naturally ventilated double-pane
PV windows and validated the model in EnergyPlus. Using the validated model, the
energy performance of the windows was analyzed in five typical climates in China. The
south-facing windows showed the lowest electricity consumption in the Harbin, Beijing,
Shanghai, and Lhasa climates. However, east-facing windows exhibited the lowest electric-
ity consumption in the Shenzhen climate.

This work’s main contribution is the identification of the optimal orientation of the
monocrystalline PV window that provides the best annual electrical performance for a BIPV
system. This study, the first of its kind in this city, offers important insights and establishes
a reliable criterion for optimizing the design of PV windows in the southern hemisphere.

2. Location Characterization

The present study was conducted at the Center for Alternative and Renewable Energies
(CEAR) at the Federal University of Paraíba (UFPB), located at the João Pessoa campus,
in the capital of the State of Paraíba, Brazil, at approximate coordinates of 7.12◦ south
and 34.86◦ west, near the Equator. This geographic location ensures high solar radiation
incidence throughout the year, thereby favoring the efficiency of photovoltaic systems. The
choice of João Pessoa for the installation of the building-integrated photovoltaic system was
made not only because of the favorable climatic conditions but also because of the scarcity
of regional studies on photovoltaic systems applied to vertical facades (90◦ orientation),
contributing to filling gaps in the scientific literature and promoting the development of
this technology under the typical climatic conditions of Northeast Brazil.
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The Paraíba state is located in the Northeast Region of Brazil and borders Rio Grande
do Norte to the north, Pernambuco to the south, Ceará to the west, and the Atlantic Ocean to
the east. It comprises 223 municipalities, according to the Brazilian Institute of Geography
and Statistics (IBGE) [21] and exhibits semi-arid and tropical humid climates. It is situated
in bioclimatic zone 8 according to the NBR 15220-3 standard [22]. This classification defines
climatic regions in Brazil based on average monthly maximum and minimum temperatures
and relative humidity.

Bioclimatic zone 8 covers 53.7% of Brazil’s territory, as shown in Figure 1, and is
concentrated in the northernmost areas, including humid equatorial climate zones such as
the Amazon. The main characteristics of this region include high year-round temperatures,
high relative humidity, and minimal daily temperature variation. These regions are located
between the Tropic of Capricorn and the Equator [23].

 
Figure 1. Brazilian bioclimatic zoning [22].

The rainfall regime in Paraíba exhibits two distinct rainy seasons that are influenced by
regional atmospheric systems. In the Sertão and Alto Sertão regions, which cover the west
and north of the Borborema Plateau, rainfall occurs between February and May. The rainy
season occurs from April to July on the coast and in adjacent areas to the east. This seasonal
variation is modulated by the trade wind circulation, the Intertropical Convergence Zone
(ZCIT), and other regional atmospheric systems and is influenced by the geographic
diversity across the Paraíba state [24].

Paraíba has high solar radiation levels, indicating its significant potential for renewable
energy use. In João Pessoa, the annual average solar radiation is 5.53 kWh/(m2day),
according to data from the Reference Center for Solar and Wind Energy Sérgio de S. Brito
(CRESESB) [25], which positioned the city as a strategic location for the application of
photovoltaic technologies. This scenario stimulates scientific research and promotes the
integration of PV systems, contributing to the diversification of the energy matrix and
strengthening sustainability in urban areas.

The levels of Horizontal Global Irradiance (GHI) in the territory of Paraíba, with a
focus on João Pessoa, are presented in Figure 2, which illustrates the spatial distribution of
solar radiation across the state. The graph was created using QGIS 3.34.12 software [26],
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a Geographic Information System (GIS) tool widely used for processing and visualizing
georeferenced data. QGIS allows for the integration and analysis of multiple information
layers to create thematic maps and precise geospatial models.

Figure 2. State of Paraíba—Horizontal Global Irradiance.

For the creation of Figure 2, data from the National Institute for Space Research
(INPE) [27] and the Brazilian Institute of Geography and Statistics (IBGE) [28] were used,
including information on altitude, slope, relief, and global radiation indexes across the
state. This integrated approach enabled the identification of areas with higher solar energy
potential, with an emphasis on the urban regions of João Pessoa.

3. Materials and Methods

3.1. BIPV System Characterization

The present study focuses on the electrical performance analysis of a BIPV system
composed of a 132 Wp photovoltaic module with monocrystalline silicon (Si-mono) cells
and 25% efficiency under standard test conditions (STC). The module, encapsulated be-
tween two 5 mm layers of translucent glass, was installed vertically at a 90◦ angle on the
facade of a container, functioning as a double-glazed window.

The installation was designed with a 50 mm gap between the module and the inner
glass, creating a stagnant air gap. The system, shown in Figure 3, is connected to the
Paraíba electrical grid via a 130 Wp microinverter with maximum power point tracking
(MPPT) and is currently oriented toward the north. Information about the key system
components is presented in Table 1.

 

Figure 3. BIPV system.
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Table 1. Photovoltaic module and microinverter specifications.

Photovoltaic Module Microinverter

Manufacturer Solid PV (São Paulo, Brazil) Manufacturer SunPV (Shenzhen, China)
Dimensions (mm) 990 × 990 Dimensions (mm) 203 × 76

Thickness (±0.5) (mm) 11 Thickness (mm) 35
Pmax. (Wp) 132 Pnom. (W) 130

Voc (V) 23.1 Vmppt(min) (V) 13
Isc (A) 7.1 Vmppt(max) (V) 25

Vmax. (V) 19.8 Vmax. (V) 30
Imax. (A) 6.7 Efficiency max. (%) 92.50

Call Efficiency (%) 25 Efficiency CEC (%) 90.50

This configuration was chosen to evaluate the performance of the system integrated
into buildings considering local environmental variables such as solar irradiance and am-
bient temperature through two complementary methods: simulation and experimental.
In the simulation method, simulations were performed to estimate energy production
throughout 2023, considering the orientations north, south, east, and west, aiming to iden-
tify the most efficient orientation for 90◦ photovoltaic modules on vertical facades in João
Pessoa, as well as to assess the influence of climatic variations on electrical performance.

The experimental method involved collecting energy production data on specific days
in 2024 to improve the understanding of the real operational conditions of the system.
This combined approach will allow for a detailed analysis of the electrical performance
of the BIPV system, considering both simulations based on annual climatic models and
field-observed results.

The methodological flow of this study is schematically represented in the flowchart
shown in Figure 4.

Figure 4. Performance analysis method for BIPV system.
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3.2. Experimental Method

In the experimental method, data on temperature, wind speed, and solar radiation
on the surface of the photovoltaic module were collected to ensure greater accuracy in
the results. Temperatures were measured using 13 type K thermocouples strategically
positioned and connected to Novus dataloggers. Three thermocouples were installed on
the external surface of the module, three on the internal surface, four on the internal and
external surfaces of the window glass, and three others to monitor the air temperatures
inside and outside the container, as well as in the cavity air gap.

The thermocouples were calibrated using a high-resolution thermometer with an
accuracy of 0.1 ◦C. The thermometer was stabilized at ambient temperature, and the
thermocouples were immersed in water until they reached thermal equilibrium with the
thermometer. The water temperature was gradually increased using a magnetic stirrer
with a heating function (Figure 5) until reaching values close to 100 ◦C.

 

Figure 5. Thermocouple calibration in thermal stirrer.

Wind speeds were measured at 1.5 m above the ground using a digital anemometer
(MDA-20), while global direct (Hor.Global) and diffuse (Hor.Diffuse) horizontal solar
radiation was recorded by a digital radiometer positioned in front of the module, ensuring
measurement accuracy. Finally, the amount of energy injected into the power distribution
grid was recorded using a smart plug, which collected data on the produced power, current,
and voltage.

Figure 6 shows the arrangement of the thermocouples and the instruments. Figure 7
shows a smart plug for recording energy injected into the grid. Table 2 shows the instru-
ment’s precision in detail.

Table 2. Technical details of instruments used.

Instrument Manufacturer Technical Data Precision

Temperature sensor Type K thermocouple (São Paulo, Brazil) −50 ◦C to 204 ◦C ±2.5 ◦C

Digital radiometer Instrutherm (São Paulo, Brazil) Measuring range: 2000 W/m2

Spectral Response: 400 nm to 1000 nm ±10 W/m2

Digital anemometer
MDA-20 Minipa (Belo Horizonte, Brazil) 0.8 m/s to 40 m/s ±2%
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Figure 6. Schematic diagram of thermocouple arrangements and measurement instruments.

 

Figure 7. Smart plug for recording energy injected into grid.

Data collection took place in 2024 on 23–25 April; 21, 26, and 28 June; 17–19 July; and
23, 26, and 27 August, between 8:00 AM and 4:00 PM, with measurements taken every
20 min, which can be consulted in Table 3.

Table 3. Weather data for João Pessoa.

Experimental (2024) Simulated (2023)

Period
Hor.

Global
(kWh/(m2day))

Hor. Global
(W/m2)

Ambient
Temperature

(◦C)

Wind
Speed
(m/s)

Hor.
Global

(kWh/(m2day))

Hor.
Global
(W/m2)

Ambient
Temperature

(◦C)

Wind
Speed
(m/s)

23 April 10.37 432.19 33.9 1.50 14.72 613.30 31.0 2.63
24 April 11.75 489.60 33.7 1.76 12.91 537.90 30.2 2.67
25 April 10.94 445.80 34.0 1.49 12.98 540.80 30.0 2.51
21 June 12.81 533.80 30.1 2.02 11.51 479.60 27.6 2.96
26 June 10.99 457.90 30.1 2.19 12.18 508.50 28.1 3.32
28 June 10.43 434.60 30.3 2.02 11.80 491.70 28.2 3.16
17 July 12.03 501.30 30.3 2.36 13.92 580.00 27.8 4.17
18 July 10.73 447.10 29.1 2.27 12.09 503.80 27.4 4.08
19 July 9.04 376.70 29.1 2.26 12.20 508.30 27.2 3.84

23 August 7.04 293.30 29.0 2.14 11.02 459.20 27.3 4.12
24 August 8.99 374.60 29.9 2.68 14.24 593.30 27.6 4.20
25 August 6.89 287.10 30.4 2.18 12.36 515.00 27.5 3.38
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3.3. Simulation Method

For the simulation method, an electrical simulation was performed using PVsyst
software to analyze the performance of a PV system under different orientations (north,
south, east, and west), considering the amount of energy produced and injected into the
grid under these conditions. Pvsyst was selected because of its wide recognition in the
solar energy industry and its established application in academic studies, as discussed in
the first section of this article. Although it is commercial software, it was used during the
30-day free trial period, enabling analysis without additional costs.

Pvsyst allows for the consideration of essential variables such as geographic location,
module tilt, the technical specifications of the system components, and local climatic varia-
tions, making the simulation highly representative of real operating conditions. Figure 8
shows a diagram of the simulation steps performed.

 

Figure 8. Pvsyst simulation diagram.

The location was defined using the software’s interactive map, and its interface is
presented in Figure 9. Based on the selected location, Pvsyst automatically imports the
meteorological data required for the simulation into its monthly meteorological database.
These data were sourced from reliable internal databases, including NASA, Meteonorm,
and SAM, as well as external databases such as those provided by INPE and field measure-
ments.

 

Figure 9. Pvsyst interactive map interface.
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For this analysis, meteorological data collected in 2023 from the Solarimetric Station
of the Federal University of Paraíba were used. These data include measurements of
direct (Hor.Global) and diffuse horizontal irradiation (Hor.Diffuse) (kWh/m2), ambient
temperature (◦C), and wind speed (m/s), which are essential for the software simulation.
Data were collected at 10 min intervals throughout the year, ensuring adequate temporal
resolution for analyzing climatic variations and their impact on the photovoltaic system’s
performance, and are presented in Table 4.

Table 4. Weather data for João Pessoa, year 2023.

Period
Hor. Global

(kWh/(m2day))
Hor. Diffuse

(kWh/(m2day))
Ambient

Temperature (◦C)
Wind

Speed (m/s)

January 2023 6.13 2.80 27.3 2.2
February 2023 5.73 2.86 26.8 2.4

March 2023 5.44 2.82 27.3 2.1
April 2023 5.59 2.37 27.4 1.8
May 2023 5.24 2.23 27.1 2.0
June 2023 4.29 1.96 24.7 2.1
July 2023 4.88 2.19 25.4 2.4

August 2023 5.35 2.57 25.5 2.3
September 2023 5.79 2,85 25.9 2.6

October 2023 6.56 2.52 26.8 2.6
November 2023 6.54 2.61 27.3 2.5
December 2023 6.08 2.77 27.6 2.3

Year 2023 5.64 2.54 26.6 2.3

After inputting the meteorological data, Pvsyst enables the configuration of module
orientations, specification of system components (such as inverters and photovoltaic mod-
ules), and calculation of system losses during operation. These losses are determined based
on factors such as shading, inverter efficiency, thermal losses, and electrical losses, thereby
allowing for a precise estimation of energy production and system performance under
various operating conditions.

The performance evaluation of a photovoltaic system considers several factors, such
as pollution, ohmic losses, variations in the angle of incidence, and temperature, which
affect the energy conversion efficiency. These factors contribute to the system’s annual
losses and are essential for accurately estimating solar yield.

The calculation begins with the global irradiance on the horizontal plane, which is
obtained by summing the monthly local irradiance values throughout the year. When
directed toward the photovoltaic module plane, losses such as shading and soiling are
considered, which reduce the conversion efficiency. In this study, the soiling loss over a
year was set at 3%, as determined using the Pvsyst software.

Pvsyst also considers a 3D model of the system, accounting for the system’s geometry,
the sun’s varying position throughout the year, and the potential shading caused by
surrounding obstacles, which allows for precise tracking of the solar movement and its
impact on the photovoltaic system’s performance.

Losses related to the angle of incidence reflect how the inclination of the photovoltaic
module affects its absorption capacity, with this relationship being inversely proportional.
In other words, when sunlight strikes the module at a steep angle, the absorption efficiency
decreases. According to Abella et al. [29], the Pvsyst software calculates these losses
using the ASHRAE (American Society of Heating, Refrigerating, and Air-Conditioning
Engineers) [30] parameterization, as shown in Equation (1).

FIAM = 1 − b0·
(

1
cos i − 1

)
(1)
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where b0 = 0.05 for crystalline modules, and I corresponds to the angle of incidence.
Furthermore, the photovoltaic process involves losses due to fluctuations in solar

irradiance and increased temperature, which reduce the open-circuit voltage and decrease
the energy conversion efficiency. Additional losses occur in the wiring due to the electrical
resistance of the conductors and connectors, causing heat dissipation and further reducing
the efficiency.

The system efficiency is also influenced by the module temperature, as higher temper-
atures reduce the open-circuit voltage and energy conversion. The heat transfer coefficient,
U, which depends on the wind conditions, was set at 15 W/m2·K for modules with an
insulated rear side, which is common in BIPV systems. Thermal losses were evaluated
using Faiman’s [31] heat transfer model, as shown in Equation (2).

Tcell = Tamb +
1
U
(α·Ginc·(1 − η0)) (2)

where Ginc is the irradiance of the panel [W/m2]; U is the heat transfer coefficient
[W/(m2K)]; α is the absorptivity of the photovoltaic panel, adopted as 0.90; η0 is the
efficiency of the photovoltaic panel; and ant is the ambient temperature [◦C].

The ohmic losses were calculated based on the resistances of the direct current (DC)
and alternating current (AC) cables. Under standard test conditions (STC), the software
estimated an ohmic loss of 1.5%. When the conditions differ from the STC, the resistance is
adjusted according to the length and cross-section of the cables, resulting in resistive losses
of approximately 60% of the STC value. These losses vary quadratically with the current in
the circuit, as shown in Equation (3).

Pohm = RI2 (3)

Losses in the microinverters were calculated based on their efficiency in converting
direct current (DC) to alternating current (AC) using the efficiency curve of the devices,
represented by Equation (4). The nighttime consumption was estimated at 700 mW, which
is necessary to keep the system operational overnight. This energy loss is particularly
relevant for systems with microinverters, as they continue to consume energy even without
solar generation.

ηinv =
Pout

Pin
(4)

where Pout is the output power [W], and Pin is the input power [W].
With all the losses identified, the system’s performance index is calculated using the

performance ratio (PR), as shown in Equation (5), which measures the efficiency of the
photovoltaic system relative to its theoretical capacity. PR reflects the impact of factors
such as temperature, shading, module technology, and tilt angle. It is crucial for assessing
the system’s quality, as it indicates the total losses during the conversion from direct
current (DC) to alternating current (AC). PR allows for evaluating the amount of energy
injected into the grid (E_Grid) and making comparisons between photovoltaic systems,
regardless of location or installed capacity, and assesses how close the system is to its
ideal performance, considering module temperature and the efficiency of incident solar
radiation [32].

PR =
γ f

γr
=

γ f

Ginc·Pnom
(5)

where γ f is the available energy for use [kWp/kWp/day], γr is the energy produced in the
STC power, Ginc is the incident irradiance [kWp/m2/day], and Pnom is the STC installed
power [kWp].
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The equivalent units are explained by the fact that with the STC, 1 kWh/kWp of
electricity should be generated for every kWh/m2 of irradiation.

Several challenges were identified during the study. One notable issue was the high
variability of solar radiation in tropical regions, such as João Pessoa, which can be attributed
to the frequent presence of clouds and rapid climatic changes. This variability significantly
affected the consistency of data collection over time because it directly impacted both
direct and diffuse solar radiation, consequently influencing the electrical performance of
the system. The fixed 90◦ inclination of the PV module further constrained the system’s
energy efficiency, limiting its performance and precluding direct comparisons with other
inclination angles commonly studied in BIPV research.

Additionally, shading conditions posed a significant challenge, as shadows cast by
architectural elements, vegetation, and nearby structures caused fluctuations in the solar
radiation reaching the module. These variations introduced complexities in accurately
assessing the system’s electrical performance under real-life conditions. Finally, ensuring
instrumentation accuracy, including solar radiation, current, and voltage sensors, was
difficult due to their exposure to adverse environmental conditions, further highlighting
the need for robust methodologies and more precise sensors in similar studies.

4. Results and Discussion

To assess the electrical performance of the designed system, it is essential to consider
the losses calculated by Pvsyst, which are detailed in Table 5.

Table 5. Loss accounted for in Pvsyst.

North South East West

Horiz. Irradiation total (kWh/m2) 2057 2057 2057 2057

Loss due to nearby shadows (%) 18.1 10.9 23.5 6.9

Global IAM loss (%) 9.6 11.3 5.0 4.3

Loss due to dirt (%) 3.0 3.0 3.0 3.0

Loss due to low irradiance level (%) 3.3 4.0 2.4 2.1

Loss due to temperature (%) 6.1 5.3 9.0 9.8

Ohmic loss 0.2 0.1 0.3 0.3

Loss of microinverter efficiency (%) 28.3 32.4 23.80 21.60

Energy injected into the grid (kWh/year) 51.3 42.1 65.5 81.6

Considering the losses described in Table 5, it is possible to evaluate the performance
ratio (PR). Figure 10 shows some variations in the performance of photovoltaic systems
throughout the year. The average yield recorded was 44.3% for the north façade, 44.4% for
the south, 47.4% for the east, and 56.8% for the west.

In the study by Lauffer et al. [33], a simulation of energy generation in vertical resi-
dential photovoltaic façades was presented for the cities of Recife and Porto Alegre, also
located in Brazil, with different types of photovoltaic modules and climatic conditions,
taking into account the city of Recife, as it has climatic aspects much closer to the city of
João Pessoa; the research data were used as a comparative effect for the applicability of the
model in João Pessoa.

The system installed on the north façade (Figure 10a) achieved its best performance
between April and July, during the winter solstice in the southern hemisphere, when the
sun is positioned to the north, directly over the Tropic of Capricorn, benefiting the north
façade of João Pessoa. During this period, a low irradiance loss of 3.3% and temperature
loss of approximately 6.6% were observed.
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(a) North direction (b) South direction 

  
(c) East direction (d) West direction 

Figure 10. Performance index for north orientation.

For south orientation (Figure 10b), the best performance occurred between November
and February, during the summer solstice, when the sun shines directly over the Tropic of
Cancer. However, the lower solar altitude created longer shadows, reducing the incident
radiation and the system’s efficiency. The south facade exhibited the highest irradiance loss
among the four directions analyzed (4.0%) but the lowest temperature loss (5.3%).

The east and west facades, as shown in Figure 10c,d, demonstrated more consistent
performance throughout the year, receiving solar radiation primarily during specific times,
such as mornings and afternoons. In these orientations, the irradiance losses were 2.4%
and 2.1%, respectively. However, these façades also experienced higher temperature losses
(9.0% on the east and 9.8% on the west) due to greater solar exposure, which led to increased
module heating and a reduction in photovoltaic conversion efficiency.

For the city of João Pessoa, it was initially estimated that the north-facing façade
would exhibit the highest performance ratio (PR) throughout the year. However, the east
and west façades demonstrated superior performances. This behavior, as observed in
Lauffer et al. [33], can be explained by the higher and more consistent solar radiation
incidence during the afternoon period, particularly between 2 p.m. and 4 p.m. This result is
directly related to the solar trajectory, which, due to steeper angles during this time interval,
enhances energy generation in these orientations.

The PR value showed subtle variations, which is expected in tropical regions, where
the losses are primarily associated with the BIPV system and local climatic conditions. The
performance ratio (PR) is directly related to the amount of energy injected into the grid
(E_Grid) [34], with facades having higher PR values generating more energy, as shown by
the values presented in Table 6.
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Table 6. The energy injected into the grid according to the performance of the system.

North South East West

Period PR
E_Grid

(kWh/day)
PR

E_Grid
(kWh/day)

PR
E_Grid

(kWh/day)
PR

E_Grid
(kWh/day)

January 2023 25.40% 1.626 54.00% 7.025 50.00% 6.404 56.20% 7.122

February 2023 63.00% 1.475 43.00% 3.589 47.80% 4.907 56.70% 6.421

March 2023 29.20% 2.217 38.00% 2.369 47.40% 5.484 55.00% 6.430

April 2023 47.10% 5.498 35.50% 1.949 46.00% 5.127 56.90% 7.026

May 2023 58.10% 8.847 34.40% 1.859 45.00% 4.942 55.80% 6.808

June 2023 60.30% 8.066 32.40% 1.472 41.40% 3.558 53.80% 5.053

July 2023 60.00% 8.932 34.50% 1.812 43.60% 4.414 56.00% 6.225

September 2023 36.10% 3.289 39.40% 2.382 48.70% 5.718 56.90% 6.882

October 2023 21.60% 1.363 36.90% 3.021 49.50% 6.792 58.00% 8.454

November 2023 22.90% 1.392 51.50% 6.389 51.90% 7.213 56.60% 7.367

December 2023 25.20% 1.607 57.20% 8.098 48.60% 5.967 56.50% 7.533

Year 2023 44.30% 51.254 44.40% 42.173 47.50% 65.493 56.80% 82.268

Figure 11 shows the relationship between the energy injected into the grid as a function
of the global irradiance on the plane of the system for the north, south, east, and west
orientations, respectively.

  
(a) North direction (b) South direction 

  
(c) East direction (d) West direction 

Figure 11. Daily input/output diagram.
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For orientations with higher performance indexes, the injected energy curves appear
more linear and upward-trending, reflecting a proportional increase in the radiation re-
ceived and greater efficiency in photovoltaic conversion. A detailed analysis of these graphs
shows that the west (Figure 11d) and east (Figure 11c) orientations produce more energy,
as their curves are more linear and with more agglutination of points for greater radiation,
reinforcing the importance of the correct orientation and tilt of photovoltaic modules to
maximize the system’s energy efficiency.

An experimental study was conducted to provide a solid basis for validating the
simulations. In the case of a photovoltaic window, real environmental conditions (such
as temperature, solar radiation, and incidence angles) can be complex and vary signifi-
cantly. The experimentation allows the simulations to be compared with the observed data,
ensuring that the model is accurate and applicable to local reality.

When comparing the grid-injected energy values obtained through the simulation
method with the experimental method for the days 23–25 April; 21, 26, and 28 June; 17,
18, and 19 July; and 23, 26, and 27 August, a substantial correlation between the results is
observed, as shown in Figure 12. It is important to note that the comparisons are made for
the north orientation, which is the actual orientation of the study object.

Figure 12. Comparison of energy injected into grid between experimental and simulation methods.

For the analyzed days in April, there was practically no discrepancy between the
simulated and experimental values. The experimental values were 0.2400, 0.2400, and
0.2600 kWh/day, resulting in an average of 0.2530 kWh/day. The simulated values obtained
through the simulation method were 0.2912, 0.2820, and 0.2851 kWh/day, with an average
of 0.2445 kWh/day. This slight difference can be attributed to the typical climatic conditions
of April in João Pessoa, which, despite the beginning of winter, offer good availability of
direct solar radiation and low climatic variability, favoring greater agreement between the
calculation methods.

In contrast, during June, a more significant difference was observed between the
energy injected into the grid obtained from the simulation and experimental methods.
On 21, 26, and 28 June, the simulated values were 0.2820, 0.2912, and 0.2820 kWh/day,
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resulting in an average of 0.2851 kWh/day, while the experimental values were 0.2300,
0.2400, and 0.2700 kWh/day, with an average of 0.2467 kWh/day.

In the days analyzed in July 2024, the discrepancy between the simulated and experi-
mental results became more pronounced. The experimental energy injected into the grid
was 0.2700, 0.2500, and 0.2000 kWh/day, resulting in an average of 0.2400 kWh/day. In
contrast, the simulated values obtained through the simulation method were 0.3197, 0.2656,
and 0.2596 kWh/day, with an average of 0.2816 kWh/day.

This June–July discrepancy can be explained by the seasonal climatic conditions of
João Pessoa during winter, which is characterized by increased cloud cover and reduced
direct solar irradiance. These conditions negatively affect the module’s performance, which
relies heavily on direct radiation to achieve high efficiency levels. Although robust, the
PVsyst simulation model may underestimate these variations because it uses average
climatic data as the basis for its estimates.

However, in August, a greater alignment between the simulated and experimen-
tal values was observed. On 23, 26, and 27 August, the simulated values were 0.1357,
0.1788, and 0.1525 kWh/day, resulting in an average of 0.1556 kWh/day. In comparison,
the experimental values were 0.1600, 0.2000, and 0.1500 kWh/day, with an average of
0.1700 kWh/day. This realignment can be attributed to the stabilization of the climatic
conditions typical of late winter, when cloudiness begins to decrease and solar radiation
levels become more consistent.

João Pessoa is located in Northeastern Brazil. It has a tropical climate with a high solar
incidence. However, during the winter period (April to July), rainfall and cloudiness are
common. These factors reduce the efficiency of the photovoltaic system because of the
decrease in direct incident radiation and the increase in thermal losses caused by higher
module temperatures under low ventilation conditions.

Overall, the results demonstrate the consistency of the simulation model in estimating
the energy injected into the grid, especially during periods of greater climatic stability.
However, the analysis also highlights the importance of considering regional and seasonal
specificity when adjusting the simulations and improving the accuracy of the results.

The robust experimental data collection also serves as a basis for future research. This
validated data set can serve as a starting point for other researchers who wish to expand or
adapt the study to other regions or contexts.

5. Conclusions

This study fills a gap in the literature by providing detailed experimental model
data on the electrical performance of monocrystalline silicon BIPV systems in a tropical
climate, such as João Pessoa, Brazil. The location has specific characteristics, such as high
solar radiation throughout the year, mainly diffuse, and rapid climate changes. However,
by investigating the photovoltaic module on a vertical façade with a fixed angle of 90
degrees, this article contributes to a better assessment of the impact of this system on
energy efficiency, as it has challenges related to interference from nearby structures and
less direct solar incidence, which are key points for systems integrated into buildings due
to the predominance of vertical facades.

The orientation of the photovoltaic module significantly influences the amount of solar
radiation and energy generation. In 2023, the south-facing facade recorded the highest
irradiance losses, which were attributed to the lower solar altitude during the southern
hemisphere’s winter, resulting in reduced solar radiation intensity. Conversely, the east
and west facades experienced lower irradiance losses throughout the year, benefiting from
a more balanced distribution of solar radiation during the day. However, these facades also

110



Energies 2025, 18, 829

faced higher thermal losses due to prolonged direct sunlight exposure, which increased
module temperatures and reduced the photovoltaic conversion efficiency.

The performance ratio (PR) of the modules showed slight variations throughout the
year, reflecting the interaction between solar radiation and local climatic conditions. The
north-facing facade exhibited the best performance between April and August during
the winter solstice, with irradiance and thermal losses of 3.3% and thermal losses of 6.6%.
On the south-facing facade, optimal performance was observed between November and
February during the summer solstice, with irradiance losses of 4.0% and thermal losses
of 5.3%. The east and west facades maintained more consistent performance, with lower
irradiance losses (2.4% and 2.1%, respectively) but higher thermal losses (9.0% and 9.8%)
due to increased solar exposure.

An analysis of the energy injected into the grid in 2023 revealed that the east and west
facades displayed more stable and consistent performance. Although the north-facing
facade generated higher amounts of energy in certain months, its values were more variable,
reducing the predictability of energy generation in BIPV systems with modules installed at
a 90◦ tilt.

A comparison of the simulated values with the experimental data from 2024 revealed
minor discrepancies due to differences in the data collection methods. The experimental
data were collected directly from the photovoltaic module, while the meteorological data
were obtained from a solarimetric station located at different heights and distances from
the study object. Despite these limitations, the results confirmed the accuracy of the PVsyst
model under stable climatic conditions but also highlighted the challenges of simulating
scenarios with seasonal variability and adverse atmospheric conditions.

These findings underscore the impact of seasonal climatic conditions on the perfor-
mance of photovoltaic systems and emphasize the need to improve simulation models to
better account for extreme atmospheric variations. Furthermore, they highlight the impor-
tance of appropriate module orientation and tilt to optimize energy production throughout
the year.

It was concluded that in the tropical climate of João Pessoa, east- and west-facing
facades are more advantageous for installing monocrystalline silicon photovoltaic modules
with a 90◦ tilt, as these orientations provide a more balanced capture of solar radiation
throughout the day.

This approach provides real data collected under practical conditions, increasing
its applicability. The article’s contribution goes beyond a one-off analysis, as it includes
important information for urban planners, architects, and engineers interested in applying
sustainable technologies in tropical regions.

Although the data presented are significant, several questions remain unanswered,
highlighting the need for further research into the impact of orientation on the electrical
performance of building-integrated photovoltaic (BIPV) façades in predominantly tropical
climates, such as that of João Pessoa, Brazil. Such research should include investiga-
tions into varying the inclination angle of photovoltaic windows beyond the traditional
90◦ configuration.

Additionally, future studies could delve deeper into seasonal variations in solar radia-
tion, considering both direct and diffuse components, as well as the shading effects caused
by architectural elements. The exploration of advanced photovoltaic technologies, such as
hybrid modules that integrate energy generation with thermal insulation properties, offers
promising potential for enhancing the efficiency of such systems. In this context, combining
sophisticated computational models with empirical experiments in diverse urban scenarios
can significantly improve our understanding of the performance of BIPV systems across
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different configurations. This approach strengthens their applicability in regions with
varied climatic conditions, paving the way for optimized and context-specific solutions.
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Abstract: Integrated energy systems (IESs) are essential for enabling the energy transition
in communities and reducing CO2 emissions. This paper proposes a novel IES that com-
bines photovoltaic (PV) and solar thermal energy with coordinated electrical and thermal
energy storage to meet the energy demands of residential communities. The system also
incorporates hydrogen production for fuel cell vehicles. A dual-objective optimization
model was developed, minimizing both economic costs and CO2 emissions. The system’s
performance was evaluated using data from a case study in Dalian, which showed that the
IES successfully reduced the annual total cost and CO2 emissions compared to conventional
systems. The key findings showed that PV electrolysis for hydrogen production provides
both economic and environmental advantages. The system’s integration of solar thermal
energy offers higher economic efficiency, while PV energy supplies enhance coordination.
Additionally, carbon trading prices effectively reduce emissions, but excessively high prices
do not always lead to better emission outcomes. This study introduces a comprehensive,
multi-energy approach for optimizing the energy supply, contributing novel insights to the
field of sustainable energy systems.

Keywords: integrated energy system; solar thermal energy; photovoltaic energy; hydrogen
production; energy storage; dual-objective optimization

1. Introduction

The transition to renewable energy sources is critical for addressing energy shortages
and reducing environmental pollution, especially in urbanization and industrialization.
Integrated Energy Systems (IESs) have emerged as a promising solution to facilitate this
transition by optimizing the use of local energy resources by combining renewable energy
technologies with energy storage and management systems [1–4]. IESs provide a compre-
hensive approach to meeting the diverse energy demands of communities while reducing
dependence on fossil fuels and lowering carbon emissions. However, implementing IESs
faces several challenges, including high initial costs, integration with existing infrastructure,
and policy and regulatory barriers [5–9].

Recent studies have focused on optimizing IESs to enhance energy efficiency and
reduce carbon emissions. For example, Liu et al. [10] proposed an optimal scheduling model
to minimize operational costs, while Zhao et al. [11] improved the dynamic energy efficiency
of IESs by optimizing system capacity configurations. Babaei et al. [12] demonstrated the
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feasibility and optimization of hybrid energy systems by focusing on sustainable electricity
and heat. Additionally, Wang et al. [13] developed scheduling methods based on the N-1
security criterion to ensure the reliability of system operations. Shu et al. [14] and Yang
et al. [15] also discussed multi-objective optimization frameworks, addressing operational
efficiency and environmental concerns such as carbon emissions and intensity. Despite these
advancements, many studies have primarily focused on optimizing specific components of
IESs, such as management of energy loads, optimization of equipment configurations, or
integration with renewable energy sources [16–20]. Limited work has been performed on
integrating multiple energy types within a unified system that can meet both electrical and
thermal demands.

A key research gap exists in integrating photovoltaic (PV) and solar thermal en-
ergy with energy storage systems, and hydrogen production for fuel cell vehicles [21,22].
While recent studies have explored hydrogen production from renewable energy sources
through electrolysis [23,24], its role in supporting community-based IESs has not been
fully addressed. Recent breakthroughs in hydrogen production have shown the potential
of hydrogen as an intermediate carrier in IES [25–30], but integrating this production
seamlessly into community-level energy systems remains underexplored. Furthermore,
coupling energy storage systems with multiple energy sources to optimize the electrical
and thermal energy supply, particularly across different seasons, remains an underexplored
area of research. Zhen et al. [31] proposed a framework for integrating photovoltaic–wind–
hydrogen systems with urban community energy storage, highlighting the potential of
combining renewable energy sources but failing to explore the full integration of energy
types in community energy applications. Other research, such as that by Liu et al. [32],
Tubussum et al. [33], and Bazdar et al. [34], focused on optimizing hybrid systems for
buildings or bridging gaps between renewable and thermal energy systems but lacked a
comprehensive community-scale integration approach.

The explosive growth of installed renewable energy capacity has emphasized the
importance of addressing intermittency issues, making energy storage a fundamental
solution [35–40]. Many studies have highlighted the critical role of energy storage in
optimizing renewable energy systems. Wang et al. [41] studied the stable multi-frequency
operation of IESs and proposed models to handle high-frequency fluctuations in renewable
energy generation. These systems help manage grid fluctuations and improve system
resilience, but they do not fully explore the operational relationship between electrical and
thermal storage across different seasons, as pointed out by Hao et al. [42]. Energy storage
systems, particularly when integrated with PV and thermal energy, have proven essential
in balancing supply and demand effectively, especially in regions with high penetration of
intermittent renewable energy [43–46].

One key gap in the existing research is the limited exploration of real-time hydrogen
production in community-based IESs, especially regarding fuel cell applications. While
several studies have investigated hydrogen production through renewable electricity, the
role of hydrogen in integrated community energy systems to support diverse energy
demands—such as cooling, heating, power, and hydrogen—has not been comprehensively
addressed. In particular, the coupling of photovoltaic, solar thermal, and energy storage
systems, which could optimize the electrical and thermal energy supply across different
seasons, has received little attention.

This study aimed to address these research gaps by proposing a novel IES that in-
tegrates photovoltaic and solar thermal energy with coordinated electrical and thermal
energy storage. The system was designed to meet various community energy demands,
including cooling, heating, power, and hydrogen, while minimizing economic costs and
carbon emissions. The key contributions of this study are as follows:
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1. We propose an innovative integrated energy system combining multiple renewable
energy sources with coordinated energy storage, addressing electrical and thermal
energy needs while incorporating hydrogen production for fuel cell vehicles.

2. We introduce a dual-objective optimization model that simultaneously minimizes
economic costs and carbon emissions, providing a more balanced and sustainable
solution than traditional models focused on only one of these factors.

The structure of this paper is organized as follows. Section 2 introduces the proposed
integrated energy system model, optimization objectives, and evaluation indicators. Sec-
tion 3 presents specific case studies detailing each component’s technical and economic
parameters. Section 4 analyzes the performance of the IES in terms of cost, CO2 emissions,
and energy consumption based on the optimization results. Section 5 summarizes the
findings and offers prospects for future research.

2. Methodology

2.1. System Model

The energy sources include solar energy, natural gas, and grid electricity. The energy
supply devices in the IES include PV panels, solar collectors (SC), power generation units
(PGU), heat recovery units (HRU), and gas boilers (GB). The storage devices comprise
batteries and thermal storage tanks (TST). The utilization devices include electrolyzers,
electric boilers (EB), absorption chillers (AC), electric chillers (EC), and heat exchangers
(HE). Additional supporting facilities include converters, hydrogen refueling stations, and
hydrogen storage tanks. The energy flow diagram of the integrated energy system is shown
in Figure 1.

Figure 1. Energy flow diagram of the integrated energy system.

The electricity generated by PV panels and PGU supplies the electrical devices in
the IES. When the electricity generated is insufficient, stored energy from the batteries
is released. If battery storage is inadequate, the system relies on power from the grid.
Conversely, when surplus electricity is available, the excess recharges the batteries. Sim-
ilarly, the thermal supply is managed by the SC, HRU, EB, and GB through HE to meet
the thermal load. When thermal output is insufficient, heat is released from the TST, while
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surplus heat replenishes the thermal storage when adequate. Both EC and AC meet the
cooling load. Electrolysis is employed to produce hydrogen to satisfy the hydrogen storage
requirements of the refueling stations. When hydrogen production is inadequate, external
hydrogen trailers supplement the supply.

The IES can be divided into a cooling system, a heating system, a power system, and a
hydrogen system according to the four types of energy demand. The systems coordinate
and function through the balance of energy supply and demand. Each system’s equipment
selection is crucial for a proper energy supply. Each component is described next in a
systematic order.

2.1.1. Power System

The electricity sources include PV panels, PGU, and the grid, supplying power to
residential demand, EB, EC, and electrolyzers. When the generated power exceeds the
consumption, the surplus electricity is directed to the batteries; conversely, when con-
sumption surpasses generation, the batteries provide power to the system. The electricity
supply–demand balance is expressed as follows:

EPV + EPGU + EGP + a · Eout = ELD + EEB + EEC + EEL + (1 − a) · Ein (1)

where EPV and EPGU represent the electricity generated by PV panels and PGU, respectively;
EGP denotes the amount of electricity purchased from the grid; ELD is the residential
electricity load; EEB, EEC, and EEL refer to the electricity consumption of EB, EC, and
electrolyzers, respectively; Eout and Ein indicate the amount of electricity released from and
charged into the batteries, respectively; and a is a Boolean variable.

(1) PV

The unit power output of photovoltaic panels is mainly influenced by the solar radia-
tion intensity and ambient temperature [47]. The rated power of the PV panels denoted as
CapPV, is determined by the installation area of the photovoltaic panels APV and the area
coefficient ηPV.

EPV = CapPV × fPV × Gamb
Gre f

[
1 + Kt

(
Tamb + 0.0256 × G − Tre f

)]
· ηCON (2)

CapPV = APV · ηPV (3)

where fPV is the degradation coefficient; Gamb and Tamb are the actual solar irradiance and
temperature, respectively; Gref and Tref are the irradiance and ambient temperature under
standard conditions; Kt is the power temperature coefficient; and ηCON and ηPV are the
efficiencies of the converter and PV panel, respectively.

(2) PGU

A gas turbine, known for its quick startup and responsive performance, was chosen
as the PGU to ensure a stable and coordinated power supply. Given the significant residual
heat in the high-temperature exhaust gases, a heat recovery unit was employed to capture
the waste energy [48].

EPGU = ηPGU · WPGU (4)

QHRU = WPGU · (1 − ηPGU) · ηHRU (5)

where ηPGU and ηHRU represent the power generation efficiency of the gas turbine and the
thermal recovery efficiency of the HRU, respectively.
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(3) Battery

Energy storage batteries can only either charge or discharge at any given moment,
necessitating the introduction of a Boolean variable a. When a = 0, the storage battery
absorbs surplus energy from the system; when a = 1, energy flows out to supply the system.
The energy in the battery at time t + 1 equals the energy stored at time t plus the energy
entering the battery at time t + 1 minus the energy flowing out at that time. The battery’s
maximum storage capacity corresponds to its rated capacity, while the maximum depth
of discharge is defined as N% of the battery capacity. The remaining capacity determines
the maximum energy input at time t + 1. In contrast, the maximum energy output is the
difference between the energy at time t and the allowable minimum energy of the battery.

EB,t+1 = EB,t − a · Eout,t+1/ηB + (1 − a) · Ein,t+1 · ηB (6)

(1 − N%)CapB = min(EB,t) (7)

max(EB,t) = CapB (8)

max(Ein,t+1 · ηB) = CapB − EB,t (9)

max(Eout,t+1/ηB) = EB,t − (1 − N%)CapB (10)

where EB, t and EB, t+1 are the energy levels in the battery at times t and t + 1, respectively;
CapB represents the capacity of the energy storage battery; and ηB is the battery’s efficiency
during charging or discharging.

2.1.2. Heating System

The heat sources include solar collectors, gas boilers, electric boilers, waste heat
recovery from gas turbines, and thermal storage tanks. Thermal demand is met through
heat exchangers, absorption chillers, and thermal storage tanks. The balance between heat
supply and demand within the system can be expressed as:

QSC + QGB + QEB + QHRU + bQout = QHE + QAC + (1 − b) · Qin (11)

where QSC is the heat output from the SC; QGB and QEB are the heat outputs from the
GB and EB, respectively; Qout and Qin are the heat released and charged into the thermal
storage tank, respectively; QHE represents the heat obtained by the heat exchanger; and b is
a Boolean variable.

(1) SC

Solar irradiance affects the solar collector’s heat output, depending on the collector’s
area and efficiency.

QSC = ASC · Gamb · ηSC (12)

where ASC is the area of the SC and ηSC is the collector’s efficiency.
The total solar irradiation area is the sum of the PV panel installation and SC areas.

A = ASC + APV (13)

(2) Boiler
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The gas boiler combusts natural gas to provide a stable heat supply, ensuring a reliable
thermal supply within the integrated energy system. The electric boiler enables the power
supply system to rapidly supplement the heating system through energy conversion, thus
increasing the contribution of electric heating as a heat source.

QGB = WGB · ηGB (14)

QEB = EEB · ηEB (15)

where WGB represents the natural gas consumption of the GB and ηGB and ηEB denote the
GB’s and EB’s heat exchange efficiencies, respectively.

(3) HE

Heat is transferred from the heat exchanger to residential buildings to meet
thermal demand.

QLD = QHE · ηHE (16)

where QLD is the thermal load of the residential buildings and ηHE is the efficiency of the
heat exchanger.

(4) TST

The principles governing the thermal storage tank are analogous to those of the energy
storage battery.

QTST,t+1 = QTST,t − b · Qout,t/ηTST + (1 − b) · Qin,t · ηTST (17)

(1 − M%)CapTST = min(QTST,t) (18)

max(QTST,t) = CapTST (19)

max(Qin,t+1 · ηTST) = CapTST − QTST,t (20)

max(Qout,t+1/ηTST) = QTST,t − (1 − M%)CapTST (21)

where QTST,t and QTST,t+1 are the thermal energy levels in the storage tank at times t and
t + 1, respectively; CapTST is the capacity of the thermal storage tank; ηTST is the efficiency
of charging or discharging thermal energy; and M% represents the maximum depth of
thermal discharge for the storage tank.

2.1.3. Hydrogen System

The on-site hydrogen production and refueling station comprises an electrolyzer,
hydrogen storage tanks, refueling compressors, and auxiliaries. To ensure the hydrogen
supply and meet the daily operation of the hydrogen refueling station, hydrogen produced
by steam methane reforming (SMR) is transported to the station in trailers. The amount of
hydrogen in the hydrogen storage tank at time t + 1 is calculated as the amount at time t
plus the hydrogen produced and procured at time t + 1 minus the amount of hydrogen
demand. The station has a daily hydrogen refueling capacity of L kg and a maximum
refueling depth of Y% of the hydrogen storage tank’s capacity.

HHST,t+1 = HHST,t − HLD,t+1 + HEL,t+1 + HPH,t+1 (22)
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24

∑
t
(HLD,t) = L (23)

where HEL is the hydrogen quantity produced by the electrolyzer; HHST,t and HHST,t+1 are
the amounts of hydrogen in the storage tank at times t and t + 1, respectively; and HLD and
HPH are the hydrogen load and the amount of purchased hydrogen, respectively.

For electrolytic hydrogen production, the converter changes alternating current to
direct current, which is electrolyzed in the electrolyzer to produce hydrogen. The compres-
sor subsequently fills the hydrogen storage tanks with the produced hydrogen. A proton
exchange membrane (PEM) electrolyzer was selected. This device is known for its effective
absorption of fluctuating electrical energy, small footprint, and environmental friendliness,
making it suitable for residential neighborhoods. The hydrogen production amount is the
product of the electricity consumption for hydrogen production, the converter efficiency,
and the electrolyzer’s hydrogen production efficiency. The hydrogen production by the
electrolyzer is calculated as follows.

HEL = EEL · ηCON · ηEL (24)

where ηCON and ηEL are the efficiencies of the converter and electrolyzer, respectively.

2.1.4. Cooling System

The cooling system operates on the power and heating systems, comprising both EC
and AC.

CGEC + CGAC = CGLD (25)

CGEC = EEC · ηEC (26)

CGAC = QAC · ηAC (27)

where CGLD is the total cooling load of the system; CGEC and CGAC are the cooling out-
puts of the EC and the AC, respectively; and ηEC and ηAC represent the coefficients of
performance for the EC and the AC, respectively.

2.1.5. Assumptions in the Model

The optimization model relies on the following assumptions:

1. The wind speed, solar radiation intensity, temperature, and load are assumed to
be deterministic.

2. The system operates in steady-state conditions throughout the year.
3. The system’s equipment is assumed to operate safely and reliably.
4. The equipment capacities are assumed to be continuously distributed.
5. There is no power loss in the system.

2.1.6. Optimization Objectives

A dual-objective optimization model was employed in this study to simultaneously
minimize both annual total cost (ATC) and carbon dioxide emission (CDE), addressing
both economic and environmental concerns. The optimization process prioritizes ATC as
the primary objective while ensuring that CDE remains minimized. CDE is treated as a
secondary objective to reduce carbon emissions while keeping costs within an acceptable
range. A priority-based approach was used in the optimization, allowing for the primary
objective (ATC) to be optimized first, followed by the minimization of the secondary
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objective (CDE). The theoretical framework for the optimization process is illustrated in
Figure 2.

The ATC encompasses various components, including equipment costs CCap, operating
and maintenance costs COM, natural gas costs CNG, the grid power costs CGP, costs for
purchased hydrogen CPH, and carbon trading costs CCT.

The equipment costs were calculated using the capital recovery method, while the
operating and maintenance costs were estimated at 5% of the annual equipment costs.

The emission factor method was used to calculate the CDE. These emissions encompass
the combustion of natural gas and those from purchased electricity and purchased hydrogen.

ATC = CCap + COM + CNG + CGP + CPH + CCT (28)

CDE =
T

∑
t

(
EGP,t

ηGP

)
× EFGP +

T

∑
t
(WGB,t + WPGU,t)× EFNG +

T

∑
t

HPH,t

ηSMR
× EFPH (29)

max(wi) = Capi (30)

CCap =
r · (1 + r)n

(1 + r)n − 1
· ∑ Capi · pi (31)

CNG = pNG ·
T

∑
t
(WGB,t + WPGU,t) (32)

CGP = pGP ·
T

∑
t

EGP,t (33)

CPH = pPH ·
T

∑
t

HPH,t (34)

CCT = pCT · CDE (35)

where EFGP, EFNG, and EFPH represent the emission factors for grid electricity, natural gas,
and hydrogen produced via SMR, respectively; ηGP and ηSMR denote the efficiencies of
grid power generation and SMR of hydrogen; wi denotes the energy or material output of
device i; Capi signifies the rated power or capacity of device i; r represents the bank interest
rate; n indicates the lifespan of the equipment; and pi refers to the unit price of device i.
The unit market prices for natural gas, grid electricity, purchased hydrogen, and carbon
trading are represented by pNG, pGP, pPH, and pCT, respectively.
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Figure 2. Theoretical framework for dual-objective optimization process.

2.1.7. Evaluation Indicators

ATC, CDE, and energy consumption were selected to evaluate the system benefits. The
energy consumption, F, includes the energy consumption from PV, solar thermal, natural
gas, purchased grid power, and hydrogen.

F =
T

∑
t
(EPV,t + QSC,t) +

T

∑
t
(WGB,t + WPGU,t) +

T

∑
t

(
EGP,t

ηGP

)
+

T

∑
t

HPH,t

ηSMR
(36)

3. Case Study

In the case study, the city of Dalian, located at approximately 38.91◦ N latitude and
121.61◦ E longitude, was selected as the subject of the study. Dalian is a coastal city on the
Liaodong Peninsula. It experiences a humid continental climate with warm, wet summers
and cold, dry winters. Dalian also has significant renewable energy resources, including
substantial wind energy potential along its coastline and favorable solar energy conditions,
making it a suitable location for the proposed integrated energy system.

This study focused on a residential community equipped with an onsite hydrogen
production and refueling station within a future scenario. The thermal and electrical loads
correspond to the community’s residential needs, while the hydrogen load pertains to a
refueling station with a daily hydrogen production capacity of 500 kg. Three typical days
were selected to facilitate the optimization calculation and analysis of hourly conditions in
each season: 156 days in winter, 119 days in the transitional season, and 90 days in summer.
Heat and electrical loads were derived from simulated residential building demand, while
the hydrogen load was converted from hourly refueling data from a small gas station. The
residential community’s heating, cooling, power, and hydrogen loads are shown in Figure 3,
illustrating the hourly energy demand for heating, cooling, electricity, and hydrogen over
typical days in winter, transition, and summer seasons. The hourly ambient temperature
and radiation intensity for Dalian city on typical days of the three seasons are shown in
Figure 4.
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Figure 3. Heating, cooling, power, and hydrogen loads.

Figure 4. Hourly ambient temperature and radiation intensity.

The direct specification of the initial storage levels for batteries, hydrogen tanks, and
thermal storage tanks can significantly influence the optimization results. Therefore, these
initial values are defined as variables, and their costs are incorporated into the overall
cost. The values of these variables are determined through the optimization process. This
research disregards influences within the same season, assuming that the storage levels at
the end of each typical day are equal to the initial values. The maximum energy release
depth for the battery, hydrogen storage tank, and thermal storage tank is 90%. Gas turbines
operate relatively inefficiently at low loads, so their start–stop operation factor is 20%. Each
device’s operational efficiencies and unit prices are detailed in Table 1. The area coefficient
for PV panels is taken as seven. The emission factor for grid electricity is referenced from
coal-fired power generation, and the electricity price is based on a time-of-use tiered pricing
model. The carbon trading price is set at 90 CNY/t. The energy parameters are shown in
Table 2. The electricity purchase price from the grid follows the peak and valley electricity
prices specified by Liaoning Province, with the hourly prices shown in Figure 5.
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Table 1. Economic and technical parameters of equipment.

Main Equipment Efficiency/COP Price

Power generation unit 36% 4200 CNY/kW
Photovoltaic panel / 2400 CNY/kW

Solar collector 50% 1500 CNY/kW
Electric chiller 4 950 CNY/kW

Absorption chiller 0.70 1500 CNY/kW
Heat exchanger 80% 200 CNY/kW
Electric boiler 92% 1200 CNY/kW

Gas boiler 92% 1200 CNY/kW
Thermal storage tank 95% 200 CNY/kW

Battery 98.5% 1600 CNY/kW
PEM electrolyzer and its auxiliaries 57.9 kWh/kg H2 9000 CNY/kW

Converter 98.5% 600 CNY/kW
H2 refueling station / 2 × 107 CNY

Figure 5. Hourly electricity price from the grid.

Table 2. Energy parameters.

Gas Price Carbon Dioxide Emission Factors

Grid power / 1.2 kg/kWh
Natural gas 4.18 CNY/Nm3 2.11 kg/Nm3

Purchased hydrogen 36.4 CNY/kg 36.8 kg/kg

A Python 3.9.7 program was developed based on the system model, utilizing the
Gurobi optimization solver to obtain solutions, followed by a multidimensional analysis of
the results.
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4. Results and Discussion

4.1. Comparison of Scenarios

Building upon the research in the above scenarios, three control systems—S1, S2,
and S3—were established. S1 excludes solar power generation and thermal energy, S2
removes the energy storage devices (batteries and thermal storage tank), and S3 focuses on
single-objective optimization with ATC as the only goal. S4 represents the entire proposed
system. The performance of these systems in terms of economy, carbon emissions, and
energy consumption is shown in Figure 6 and Table 3. The proposed system significantly
outperformed the control systems regarding energy consumption and CO2 emissions. At
the same time, its cost was only slightly higher than that of the S3 system, which is solely
focused on cost.

 
 

  

Figure 6. The performance of each system.

Table 3. Rated power of equipment configured for each system (kW).

System PGU GB EB EC AC EL B TST PV SC

S1 1450 4180 80 410 390 1280 20 4490 0 0
S2 2360 960 3280 230 2020 3780 0 0 12,460 0
S3 780 3200 1580 40 1860 2240 680 6530 8000 6320
S4 2290 610 4230 0 2020 2490 1230 7360 13,590 0

In all systems, a significant portion of the annual total costs is allocated to purchasing
natural gas, which remains the primary energy source. S1, which lacks solar power, relies
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heavily on natural gas and external hydrogen, resulting in high external energy dependency.
The S1 system also has the lowest-rated electrolyzer power, making it economically less
viable for hydrogen production without solar energy. The S2 system lacks energy storage
and has a higher-rated gas turbine and electrolyzer power, leading to higher grid electricity
purchases. Energy storage in S4 alleviates this pressure by balancing energy use and supply
across different times.

The S3 system utilizes solar collectors for thermal loads, demonstrating higher thermal
efficiency than photovoltaic panels when CO2 emissions are not considered. The S3 system
also uses absorption chillers that can work with various heat sources, including gas boilers
and electric boilers. In contrast, S4 prioritizes photovoltaic panels and electric boilers,
optimizing the energy supply by integrating storage devices. Despite no solar collectors
being used in S4, the system’s ability to generate electricity and convert it to thermal energy
via electric boilers makes it highly efficient and cost-effective.

The full utilization of photovoltaic and solar thermal energy can significantly reduce
carbon emissions. The development of green energy should not only focus on the energy
production sector but also emphasize the coordinated development of energy storage.
Compared to cost-based single-objective optimization, dual-objective optimization is bound
to increase costs. Therefore, the development of dual-objective optimization requires
appropriate policy incentives.

4.2. Energy Production and Consumption

The proposed system demonstrates the coordinated supply of thermal, cooling, elec-
trical, and hydrogen energy sources. The primary energy sources—electricity and thermal
energy—were analyzed in terms of production and consumption. Figure 7 illustrates the
hourly trends in power production and consumption by different devices across seasons.
Similarly, Figure 8 presents the hourly trends in heating production and consumption by
different devices across seasons. In both figures, the names in the legends correspond to
the abbreviations used earlier in the equations.

Seasonal variations primarily influence the operational behavior of the IES in terms of
solar radiation, ambient temperature, and energy demand. These factors affect the system’s
performance and operation at a physical level.

In winter, shorter daylight hours and lower solar angles reduce photovoltaic output.
During this period, the gas turbine plays a more dominant role in covering the electrical
load, while its waste heat is used to meet heating demands, reducing the need for additional
fuel consumption in the gas boiler. In the transition season, as solar irradiance improves, the
PV output increases, and electricity from the PV helps power the electrolyzers and electric
boilers. The system’s energy storage capacity is used more efficiently, helping to smooth
out peak demands. In summer, longer daylight hours and higher solar angles maximize PV
generation, significantly contributing to meeting electricity and cooling demands. Despite
some reduction in efficiency due to high ambient temperatures, surplus solar power is used
to meet cooling needs via electric or absorption chillers and to produce hydrogen.
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Figure 7. Hourly trends in power production and consumption by different devices across seasons.

 
Figure 8. Hourly trends in heating production and consumption by different devices across seasons.

The system also manages the interplay between electrical and thermal loads by con-
verting surplus electricity from PV generation into thermal energy through electric boilers
or storing it in batteries. This flexibility allows the system to dispatch electricity when
needed for cooling or heating. In winter, the gas turbine’s waste heat becomes particularly
valuable, providing thermal energy without additional fuel consumption. In summer, bat-
teries and thermal storage handle the electrical and cooling loads more effectively, reducing
dependence on the gas turbine.

Finally, hydrogen production via electrolysis is most efficient during high solar irradi-
ance periods, allowing the system to minimize its carbon footprint using clean PV power.
However, when solar resources are lower in winter, the system may rely more on the gas

127



Energies 2025, 18, 1151

turbine’s output to meet hydrogen demand, emphasizing the need for flexibility in the
system’s design.

The system optimally balances energy supply and demand by accounting for these
seasonal factors and the interaction between electricity, thermal loads, and hydrogen
production. This approach maximizes renewable energy utilization, reduces reliance on
fossil fuels, and enhances overall system flexibility, ensuring reliable and cost-effective
operation year-round.

4.3. Impact of Illumination Area

The available illumination area significantly impacts the energy output of both photo-
voltaic panels and collectors. Given the limited illumination area in residential communities,
analyzing the effects of varying area constraints is essential. The system is optimized with-
out area constraints, with the PV panels rated at 13,590 kW and 95,130 m2. The energy
system performance was calculated for restricted areas ranging from 0 to 90,000 m2, and
the results are shown in Figure 9. In the figure, UR represents the integrated energy system
with an unlimited light area.

 
Figure 9. Critical data on the impact of illumination area.

The calculated actual light areas are all closely approximated to the restricted area.
As the illumination area increases, the rated power of the PV panels increases steadily.
Initially, the solar collector’s rated power rises but then decreases, eventually reaching zero.
Meanwhile, the battery capacity increases with the PV power until a certain threshold,
after which the excess photovoltaic energy can be converted to heat through the electric
boiler and stored in the thermal storage tank, reducing the need for battery capacity. As
the illumination area expands, both the ATC and CO2 emissions decrease, indicating the
economic and emission reduction advantages of increased PV and solar collector use.
Under different light areas, an appropriate combination of PV and SC can significantly
reduce costs and carbon emissions. Operators should adapt to local conditions and adjust
the PV and SC installed capacity according to energy demand.
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4.4. Impact of Carbon Trading Prices

The carbon trading market is gradually maturing, but the price is still fluctuating,
and it is of great significance to study the potential impact of the price on the IES. China’s
carbon trading price fluctuates at 90 CNY/t, so the interval of 0–200 was selected for this
study. The primary data for that impact are shown in Figure 10. In the figure, Grid Power
indicates the electricity purchased from the grid.

 
Figure 10. Critical data on the impact of carbon trading prices.

As carbon trading prices gradually increase, the rated power of the battery initially
rises before declining, while the rated power of the collector transitions from zero to a
positive value. The rated power of the PV panels sharply increases to a fixed range before
dropping to another fixed range, and electricity consumption from the grid first decreases
and then increases. Introducing carbon trading prices increases the rated power of the
photovoltaic panels significantly, highlighting their strong correlation with these prices. As
carbon trading prices rise, the battery capacity gradually increases, resulting in a reduced
need for purchasing electricity from the grid. When the carbon trading price is 60 CNY/t,
the system’s cost and carbon emissions are relatively low.

When the carbon trading price reaches a certain threshold, the system’s optimization
favors the more efficient solar collector for thermal supply. Concurrently, the rated power
of the PV panels and batteries progressively diminishes. When the carbon trading price
hits 160 CNY/t, the rated power of all devices stabilizes. At this point, further increases in
carbon trading prices fail to enhance solar energy utilization and lead the system to opt for
more electricity purchases from the grid, thereby reducing natural gas usage. This finding
contradicts the traditional belief that higher carbon trading prices always lead to more
significant CO2 emissions reduction. Therefore, policymakers should be sufficiently aware
of the dual impact of carbon trading prices when formulating regulations.

5. Conclusions

This study proposes a novel integrated energy system that combines photovoltaic
and solar thermal energy generation with coordinated electrical and thermal energy stor-
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age, designed to meet the diverse energy demands of community residential buildings,
including heating, cooling, power, and hydrogen production. The system’s dual-objective
optimization minimizes economic costs and CO2 emissions, offering a sustainable and
efficient solution. The study concludes with the following:

1. The proposed integrated system, combining PV, solar thermal, and energy storage,
reduces reliance on fossil fuels and grid electricity, resulting in significant cost and
CO2 emission reductions.

2. Integrating green hydrogen production via photovoltaic energy presents a cost-
effective and environmentally beneficial alternative to conventional grid power and
gas turbines.

3. The effective coordination of electrical and thermal energy storage systems ensures
optimal energy management, especially during peak demand periods, reducing
dependency on external energy sources.

4. An appropriate carbon trading price positively influences emissions reduction; how-
ever, a higher price does not necessarily equate to more significant benefits for emis-
sions reduction. When the carbon trading price is 60 CNY/t, the system’s cost and
carbon emissions are relatively low.

Future research will build upon the integrated energy systems discussed in this study,
focusing on developing a comprehensive energy hub that incorporates hydrogen refueling,
gas refueling, and charging capabilities. This energy hub would enable the conversion and
storage of various energy resources, providing stable energy supplies to different sectors,
including transportation, residential communities, schools, hospitals, and factories. Further
work will explore optimizing the coordination among these energy sources to enhance
system resilience and efficiency.
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Nomenclature

IES Integrated energy system
PV Photovoltaic
SC Solar collector
PGU Power generation unit
HRU Heat recovery unit
B Battery
GB Gas boiler
EB Electric boiler
EL Electrolyzer
TST Thermal storage tank
HST Hydrogen storage tank
AC Absorption chille
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EC Electric chiller
CON Converter
HE Heat exchanger
SMR Steam methane reforming
PEM Proton exchange membrane
NG Natural gas
GP Grid power
PH Purchased hydrogen
LD Energy load of the system
CT Carbon trading
in\out Energy flow into or out of the energy storage device
ATC Annual total cost
CDE Carbon dioxide emission
Ei Electrical energy of device i
Qi Thermal energy of device i
Hi Hydrogen energy of device i
CGi Cooling energy of device i
ηi Efficiency of device i
Capi Capacity of device i
Wi Natural gas consumption of device i
a\b Boolean variable
A\APV\ASC Total area, PV panel area, and SC area
Tamb\Tref Actual and standard ambient temperature
Gamb\Gref Actual and standard solar irradiance
fPV Degradation coefficient
Kt Power temperature coefficient
Ci Cost of project i
CE Equipment cost
COM Operating and maintenance cost
EFi Carbon emission factor of i
wi Energy or material output of device i
r Bank interest rate
n Lifespan of the equipment
pi Unit price of device i or item i
F Energy consumption
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Abstract: Over the past few years, the combination of solar power with refrigeration tech-
nology has matured, providing a promising solution for sustainable cooling. However,
a key challenge remains, namely the inherent intermittency of solar energy. Due to its
uneven temporal distribution, it is difficult to ensure continuous 24 h operation when
relying solely on solar energy. To address this issue, thermal energy storage technology has
emerged as a viable solution. This paper presents a comprehensive systematic review of
phase-change material (PCM) applications in solar refrigeration systems. It systematically
categorizes solar energy conversion methodologies and refrigeration system configurations
while elucidating the fundamental operational principles of each solar refrigeration system.
A detailed examination of system components is provided, encompassing photovoltaic
panels, condensers, evaporators, solar collectors, absorbers, and generators. The analysis
further investigates PCM integration strategies with these components, evaluating inte-
gration effectiveness and criteria for PCM selection. The critical physical parameters of
PCMs are comparatively analyzed, including phase transition temperature, latent heat
capacity, specific heat, density, and thermal conductivity. Through conducting a criti-
cal analysis of existing studies, this review comprehensively evaluates current research
progress within PCM integration techniques, methodological classification frameworks,
performance enhancement approaches, and system-level implementation within solar
refrigeration systems. The investigation concludes by presenting strategic recommenda-
tions for future research priorities based on a comprehensive systematic evaluation of
technological challenges and knowledge gaps within the domain.

Keywords: phase-change materials; solar-powered refrigeration; renewable energy integration;
thermal energy storage; energy efficiency

1. Introduction

Energy is undoubtedly one of the most critical drivers for the advancement of na-
tions and human societies [1]. Currently, fossil fuels dominate the global energy supply,
accounting for 75% of total consumption [2]. However, their use has led to substantial
environmental pollution over the past several decades. In light of this, there has been
a significant shift in focus toward cleaner, renewable energy sources such as solar and
wind power. These energy alternatives are expected to play a crucial role in aligning
societal progress with ecological preservation. At present, renewable energy contributes to
approximately 30% of global energy consumption [3], and nations worldwide are actively
working toward reshaping their energy infrastructures to increase the share of renewables.

As societal aspirations for elevated quality of life continue to advance, refrigeration
systems have evolved from discretionary luxury goods to indispensable household ne-
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cessities [4]. Statistics reveal that 40% of global food production requires refrigeration or
freezing [5], making the food refrigeration sector a major consumer of energy, responsible
for around 15% of global electricity consumption [6]. However, nearly 800 million people
across the globe still lack reliable access to electricity [7], and many others experience
inconsistent power supply. For instance, in Bangladesh, unstable voltage levels and power
shortages can prevent the use of essential high-power devices, including refrigerators [8]. In
this context, solar-powered refrigeration systems present an ideal solution. These systems
are not only low-cost but also independent of traditional electrical grid infrastructures,
making them particularly suitable for regions with unreliable power supply. Furthermore,
they offer higher efficiency in utilizing renewable energy, effectively addressing these
challenges. However, the intermittent nature of solar energy—its uneven distribution over
time and space—poses a significant challenge, potentially leading to voltage fluctuations
that could damage electrical components. By integrating energy storage technologies,
such as phase-change materials (PCMs), with solar refrigeration systems, this issue can be
substantially mitigated. PCMs are a cost-effective and convenient energy storage solution,
making them a popular choice in the development of solar refrigeration technologies.

In recent years, the integration of PCMs into solar refrigeration systems has rapidly
progressed, with a growing body of the literature exploring the subject. Notably, a 2017
review by Khan et al. provided an in-depth evaluation of the suitable PCM types, integra-
tion techniques, performance-enhancing features, and the temperature-related challenges
faced by each component of a single-effect solar absorption system [9]. More recently,
Patil et al. [10], in their 2024 review, focused on the stability of PCMs used in solar thermal
storage systems for absorption refrigeration, offering a comprehensive overview of PCM
applications within these systems. While the literature on PCM integration in solar refriger-
ation systems is expanding, there is still a need for further research into the specific roles
and benefits of PCMs across different components of these systems.

This study endeavors to address this research deficiency through a systematic examina-
tion of contemporary solar-powered refrigeration systems and their corresponding phase-
change material (PCM) applications. The investigation methodologically examines PCM
integration protocols across multiple system architectures, with particular emphasis on
establishing selection criteria for optimal material specifications based on thermodynamic
requirements. Through comparative performance analysis, the research quantitatively eval-
uates energy conservation capabilities and operational efficiency metrics in PCM-enhanced
solar refrigeration configurations. Furthermore, the analytical framework systematically
identifies critical implementation barriers within current technological paradigms while
proposing targeted optimization strategies to improve thermodynamic performance and
mitigate operational constraints in practical applications.

2. Classification of Solar Refrigeration Systems

Solar refrigeration systems leverage solar energy, transforming it into thermal or
electrical energy to power refrigeration processes, thereby providing cooling services to end
users. System configurations are determined by the specific power input requirements and
target temperature parameters of the particular cooling application. This section presents
a comprehensive classification of solar refrigeration systems based on their operational
principles and energy conversion mechanisms.

From a functional perspective, solar refrigeration systems can be divided into three
main subsystems, which are solar energy conversion devices, refrigeration systems, and
cooling load endpoints. Notably, the type of cooling load endpoint (i.e., the end user)
does not have a fundamental impact on the core principles of solar refrigeration. There-
fore, this paper will present a detailed and systematic classification of solar refrigeration
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systems based on the principles governing both solar energy conversion devices and
refrigeration systems.

The solar energy conversion devices can be categorized into two primary types, namely
solar thermal conversion devices and solar electric conversion devices. Refrigeration sys-
tems can further be classified into two main types, which are thermally driven refrigeration
systems and electrically driven refrigeration systems. As depicted in Figure 1, the classifi-
cation of solar refrigeration systems is primarily determined by the type of solar energy
conversion device used, resulting in three key categories of solar thermal refrigeration
systems, solar electric refrigeration systems, and solar combined refrigeration systems.

Figure 1. Energy conversion options for solar refrigeration systems.

2.1. Solar Thermal Refrigeration

Solar thermal refrigeration systems function by absorbing solar energy through solar
thermal collectors and converting it into heat, which is then stored in a thermal storage tank.
The stored heat is used to power devices that require thermal energy, and these devices
utilize thermochemical or thermophysical methods to perform refrigeration. This in turn
drives the operation of the refrigeration system. Based on their operational principles,
solar thermal refrigeration systems can be classified into three main types, namely open
adsorption cycles, closed absorption cycles, and thermomechanical refrigeration cycles.

2.1.1. Open Adsorption Cycle

The open adsorption cycle refrigeration system operates by utilizing liquid or solid
desiccants to dehumidify or humidify air, effectively providing refrigeration. The system
operates via two fundamental processes that are integral to its functionality. The first
process, known as adsorption, involves the desiccant absorbing moisture from one airflow
to another by leveraging the vapor pressure differential between the humid air and the
desiccant material. When the desiccant material is dry and cold, its surface vapor pressure
is lower than that of the humid air, and moisture is adsorbed onto the desiccant. During
the adsorption phase, the latent heat of water vapor is released, causing an increase in
temperature. As a result, the desiccant becomes wet and progresses to the second phase.
The second phase, known as desorption or regeneration, involves raising the desiccant’s
temperature to release the absorbed moisture into the airflow. After cooling, the desiccant
material can absorb moisture again. These two processes form a continuous cycle, enabling
the system to transfer moisture effectively, as shown in Figure 2. The open-type adsorption
cycle refrigeration system utilizing liquid desiccant consists primarily of a regulator and
a regenerator. In the regulator, sprayed liquid desiccant absorbs atmospheric moisture,
reducing the hot–humid air’s dry-bulb temperature by 5–8 ◦C through dehumidification
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cooling. The diluted desiccant subsequently accumulates in the collection pit, correspond-
ing to the 1→2 process in Figure 2. The regeneration phase transports this solution to the
regenerator—structurally analogous to the regulator—where desiccant spraying facilitates
moisture transfer to ambient air (process 2→3 in Figure 2). Finally, the reconcentrated
desiccant undergoes temperature reduction via a cooling tower or heat exchanger (process
3→1), completing the thermodynamic cycle. To drive the cycle, external heat is required
during the moisture release phase (from point 2 to point 3 in the figure), with heating being
provided by solar energy.

Figure 2. Process of moisture transfer by desiccant.

2.1.2. Closed Absorption Cycle

The closed absorption cycle can be classified into two types based on the nature of the
absorption material, namely the liquid absorption cycle and solid adsorption cycle. The
liquid absorption cycle is the most widely used absorption refrigeration cycle, while the
solid adsorption cycle refers to the adsorption-based cycle.

In the liquid absorption refrigeration cycle, the system differs from traditional vapor
compression refrigeration. It employs water–lithium bromide or ammonia–water as the
working fluids. At low pressures, the vaporized refrigerant absorbs heat to enable cooling,
while the absorbent material captures the vaporized refrigerant. In the generator, external
heat sources (e.g., solar energy or industrial waste heat) drive desorption, releasing the
refrigerant and preparing it for subsequent condensation and reuse. The schematic of
absorption refrigeration cycle is shown in Figure 3.

Solid adsorption solar refrigeration cycles involve the use of solid adsorbents (such
as zeolite, activated carbon, silica gel, etc.) combined with suitable refrigerants to form
a functional refrigeration system. These adsorbents have a porous structure and, at low
temperatures, absorb (or adsorb) refrigerants like a sponge. When heated, the adsorbents
release (or desorb) the refrigerant. This makes the adsorption refrigeration cycle entirely
driven by thermal energy, meaning the system can be powered by solar energy [11]. A
comparison of solid adsorption refrigeration and liquid absorption refrigeration is shown
in Table 1.

137



Energies 2025, 18, 1547

Figure 3. Schematic of absorption refrigeration cycle.

Table 1. Comparison of solid adsorption refrigeration and liquid absorption refrigeration [11–16].

Comparison Dimension
Solid Adsorption

Refrigeration Systems
Liquid Absorption

Refrigeration Systems

Temperature of the heat source 20–90 ◦C 80–150 ◦C

COP 0.3–0.6 0.6–1.2

Structural complexity Simple (no pump) Complex (requires pump)

Operating mode Intermittent Contiguity

Applicable scenarios Small, decentralized Large-scale central air conditioning

Environmental
Using natural refrigerants such as water,
methanol, ammonia, etc., which are not

destructive to the ozone layer

Ammonia is environmentally friendly;
lithium bromide needs to be

corrosion resistant

Maintenance cost Lower Higher (pumps, corrosion maintenance)

Technology maturity In the pipeline Mature and standardized

2.1.3. Thermomechanical Refrigeration System

The thermomechanical refrigeration system, commonly termed the steam ejector
refrigeration system, harnesses solar energy as thermal energy using solar collectors. This
thermal energy is subsequently transformed into mechanical energy via a nozzle, ultimately
generating the desired cooling effect.

In a solar steam ejector refrigeration system, the solar collectors absorb solar radiation
and convert it into heat energy. This thermal energy is used to heat a low-boiling-point
working fluid, such as water or another suitable refrigerant, transforming it into high-
pressure steam. The high-pressure steam is then expanded adiabatically through the
ejector’s nozzle, causing the steam’s velocity to increase and its pressure to decrease.
This high-speed steam creates a low-pressure region in the intake chamber of the ejector,
which draws low-pressure steam from the evaporator into the ejector. The low-pressure
steam mixes with the high-speed steam in the mixing chamber. The resulting mixture of
gases enters the diffuser, where kinetic energy is gradually converted into pressure energy,
leading to an increase in pressure. Finally, the pressurized steam enters the condenser,
where it is cooled by the cooling medium and condensed back into liquid form. The liquid
is partially directed through a throttling valve into the evaporator, where it absorbs heat
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and vaporizes, completing the refrigeration cycle. The remaining liquid is pumped back to
the generator, where it is reheated and vaporized. The system is depicted in Figure 4 [17].

Figure 4. Schematic of steam ejector refrigeration cycle.

In an ejector refrigeration system, the circulating pump is the only moving component.
The system is simpler than absorption-based systems, operates more stably, and is highly
reliable. However, its main drawback is the lower refrigeration efficiency. The ejector,
which is the core of this system, was invented by Sir Charles Parsons around 1901 to
remove air from the condenser of a steam engine. In 1910, the ejector was used in the first
steam ejector refrigeration system [18].

2.2. Solar Electric Refrigeration

Solar electric refrigeration systems operate by using solar photovoltaic panels to cap-
ture solar energy and convert it into electrical energy, which is then stored in a battery
bank. The stored energy is subsequently utilized to operate refrigeration systems, includ-
ing thermoelectric cooling systems and vapor compression refrigeration systems. These
systems leverage the stored energy to achieve cooling through distinct thermodynamic
mechanisms. As a result, solar electric refrigeration systems can be categorized into solar
semiconductor refrigeration systems and solar vapor compression refrigeration systems.

Semiconductor refrigeration technology is based on the Peltier effect. When DC flows
through a thermocouple composed of N-type and P-type semiconductor materials, the
direction of the current entering the coupling varies, causing heat absorption and heat
generation. When the current flows from N to P, the end of the P side absorbs heat, making
it the cold end. Conversely, when the current flows from P to N, the end of the N side
generates heat, creating the hot end [19,20].

With the development of semiconductor cooling technologies, new materials, and
related advancements, scientists worldwide have been pushing for the adoption of so-
lar semiconductor refrigeration systems in fields such as defense, industry, agriculture,
and everyday life [21–23]. Ma et al. [24] designed an integrated solar semiconductor re-
frigeration unit for scenic areas to meet the demand for cold beverages in tourist spots.
Mirand et al. [25] applied solar semiconductor refrigeration technology to design an air
conditioning system for electric vehicles, achieving an efficiency of 0.5 in cooling mode and
1.72 in heating mode. Wahab et al. developed a solar semiconductor refrigeration system,
finding that in comparison with solar photovoltaic vapor compression air conditioning
systems, the solar semiconductor refrigeration system does not require intermediate circuits
for energy conversion, has no moving or rotating parts, and does not need refrigerants.
This makes it more stable, environmentally friendly, and nearly silent [26]. Song et al.
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developed a solar-powered dual-function container employing thermoelectric modules,
demonstrating effective temperature regulation capabilities suitable for pharmaceutical
preservation in disease-endemic regions like Africa. This system serves both electrified
and off-grid environments, with applications spanning automotive systems, tourism in-
frastructure, and medical cold chain management for vaccines and temperature-sensitive
medications [27]. Solar vapor compression refrigeration systems will be detailed in the
next sections.

2.3. Solar Combined Refrigeration

Solar combined refrigeration systems utilize solar energy to generate both electrical
and thermal energy, which are then harnessed to power refrigeration systems driven
by electricity and heat. This dual-source approach offers a more versatile solution for
refrigeration, combining the benefits of solar electricity with thermal energy conversion. For
instance, in 1996, Goswami introduced a novel combined system that integrates the Rankine
cycle with an absorption cooling cycle, using an NH3/H2O mixture as the working fluid.
In this system, the turbine replaces the traditional expansion valve found in absorption
cycles. By expanding highly concentrated ammonia vapor to a low temperature without
condensation, the turbine generates mechanical power. The low-temperature ammonia
then enters the evaporator, where it vaporizes and undergoes processing in a typical
absorption cycle. Despite its innovative design, the complexity of the system has limited its
widespread adoption and research in the field of solar combined cooling systems [28]. This
highlights the challenges faced in developing efficient, reliable, and economically viable
systems that combine both thermal and electrical energy sources for refrigeration.

3. PCMs

PCMs are innovative substances that store and release thermal energy through the
absorption or release of heat during phase changes. This ability to absorb or release
large quantities of heat makes PCMs ideal for regulating temperatures, reducing energy
consumption, and managing energy loads effectively [29]. Current energy storage tech-
nologies extend beyond PCMs to encompass electrochemical batteries, pumped hydro
storage (converting electrical energy into gravitational potential energy through water
elevation), flywheel systems (storing rotational kinetic energy in high-speed rotors), super-
capacitors (electrostatic energy storage through surface charge adsorption on electrodes),
and compressed air energy storage (CAES) (pressurized air containment in subterranean
reservoirs). These systems predominantly utilize mechanical or electrochemical energy
conversion mechanisms. Distinctively, PCM-based thermal energy storage employs re-
versible phase transitions to manage heat absorption/release cycles, characterized by
non-toxic composition, ecological compatibility, simplified operational architecture, and
exceptional recyclability. PCM technology remains unparalleled for thermal regulation
applications, demonstrating particular efficacy in scenarios requiring low-energy-density
storage, extended-duration operation, and stringent environmental compliance. The versa-
tility of PCMs allows them to be utilized in a wide range of applications, from improving
energy efficiency in buildings to enhancing cooling systems. PCMs are broadly categorized
into three types, namely inorganic, organic, and eutectic phase-change materials.

Inorganic PCMs include materials such as crystallized hydrated salts, molten salts,
and metals or alloys. Organic PCMs primarily consist of paraffin, acetic acid, and other
organic substances, which offer certain advantages in terms of safety and ease of handling.
Eutectic phase-change materials (PCMs) comprise composites of two or more organic or
inorganic constituents, which can be engineered to achieve precise thermal properties
through compositional adjustments. This tunability enables their application in diverse
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thermal management systems, ranging from energy storage to temperature regulation. This
flexibility allows for precise control over important properties such as phase-change latent
heat and phase-change temperature, making them highly adaptable to various energy
storage needs.

The development of thermal energy storage technologies can be traced back to the
Industrial Revolution, where early methods were based on relatively simple systems that
relied on storing sensible heat, typically using hot water or air. These methods were limited
in efficiency but provided a foundation for future advancements. Over time, as the demand
for energy increased and technology advanced, thermal energy storage systems evolved,
becoming more sophisticated and efficient. The introduction of PCM was a breakthrough,
transforming thermal storage from sensible heat storage to latent heat storage, which is far
more efficient.

Phase-change materials operate by absorbing or releasing latent heat during the phase-
change process, allowing for much higher energy density compared to sensible heat storage.
As a result, PCM-based thermal storage systems are capable of storing significantly more
energy in the same volume. By the end of the 20th century, significant research began to
explore both organic and inorganic PCMs, driven by the need for better, more efficient
materials for energy storage. For example, paraffin-based organic PCMs are well-regarded
for their excellent thermal stability, wide phase-change temperature range, and relatively
low cost, making them a popular choice for a variety of applications. On the other hand,
inorganic salts, such as nitrates, offer high latent heat capacity and are more cost-effective,
making them highly attractive for large-scale thermal storage applications [30].

In recent years, PCM research has gained significant momentum. A literature review
by Yataganbaba et al. found that between 1990 and 2015, there were 34,626 publications that
referenced “phase change material” and 1034 that discussed “encapsulation”. The research
trend has become increasingly focused on improving the performance and application
of PCM encapsulation, which has seen a sharp rise in the number of publications since
2000 [31]. Recent innovations in nanoparticle-enhanced phase-change materials (PCMs)
have achieved significant milestones, particularly in enhancing thermal conductivity, sta-
bility, and energy storage efficiency. For instance, the integration of high-conductivity
nanoparticles (e.g., silica or metal oxide nanoparticles) into PCM matrices has addressed
long-standing challenges in heat transfer lag and phase segregation. Shchegolkov et al.
demonstrated that incorporating carbon nanotubes and graphene into PCMs achieved over
30% thermal conductivity enhancement while enabling magnetic field-assisted thermal
flow regulation. This engineered composite exhibits superior thermal modulation in critical
applications, such as emergency cooling systems, effectively reducing temperatures from
100 ◦C to approximately 40 ◦C. Such innovations expand the frontiers of intelligent thermal
energy storage and precision thermal management technologies [32]. Shchegolkov et al.
developed a magnetically responsive thermal storage composite comprising paraffin, multi-
walled carbon nanotubes, and nickel–zinc ferrite. Through ultrasonic irradiation and
magnetic field processing, they systematically enhanced material properties while inves-
tigating temperature field dynamics during thermal cycling. Their experimental studies
elucidated mechanisms underlying thermal storage efficiency improvements and clarified
the interrelation between magnetic moment orientation and thermal transport behavior,
establishing a magnetization model for predictive control. This work advances functional
thermal management systems with field-programmable energy regulation capabilities [33].
Due to their high heat storage capacity—up to eight times greater than sensible heat
storage [34]—PCM-based systems are now being widely adopted in various cooling appli-
cations [35]. For instance, Elsayed et al. [36] conducted experiments combining PCM with
frozen products in both winter and summer. They found that under different environmen-
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tal conditions, the optimal energy-saving effect was achieved when the mass ratio of frozen
products to PCM was 5.0, leading to a 12.5% increase in energy saving in summer and
36.5% in winter. Rahimi et al. [37] also demonstrated that integrating phase-change cooling
materials into evaporators can significantly reduce power consumption, lower the compres-
sor’s start–stop frequency, and minimize temperature fluctuations inside refrigeration units.
These advancements highlight the growing potential of PCM-based systems in enhancing
energy efficiency and reducing the environmental impact of cooling technologies.

Solar vapor compression refrigeration systems and solar thermal absorption refrig-
eration systems are two of the most widely studied and utilized solar refrigeration tech-
nologies. Given the prevalence and significance of these systems, this study focuses on two
representative cases to examine the integration mechanisms of PCMs within key system
components, assessing their impacts on performance metrics, energy efficiency, and thermal
management optimization. This analysis aims to elucidate the role of PCMs in enhancing
operational stability and scalability across diverse thermal applications.

4. PCM-Integrated Solar Vapor Compression Refrigeration System

The solar-driven vapor compression refrigeration system is a high-efficiency technol-
ogy that synthesizes solar energy harvesting with conventional vapor compression cycles.
By utilizing dual solar energy inputs (thermal and photovoltaic), the system optimizes
renewable energy utilization for cooling and has seen substantial progress in experimental
research and industrial implementation, emerging as a sustainable alternative to fossil
fuel-dependent systems. For example, Wang et al. developed a thermodynamic model to
optimize solar vapor compression refrigeration system performance, including the selection
of suitable working fluids. They used Engineering Equation Solver (EES) software to model
a low-temperature solar organic Rankine vapor compression refrigeration cycle and found
that the refrigerant R123 demonstrated the best performance in terms of thermal efficiency
and coefficient of performance (COP) [38]. This highlights the importance of selecting the
right refrigerant to improve overall system efficiency.

In another innovative approach, Aung et al. proposed integrating solar energy di-
rectly with vapor compression systems. By using solar thermal energy to drive the vapor
compression air conditioning system and incorporating components such as vacuum col-
lectors and hot water storage tanks, the system’s COP was significantly enhanced [39].
This approach not only improves efficiency but also reduces overall power consumption,
making it more sustainable and cost-effective. Similarly, Hans et al. [40] designed a so-
lar photovoltaic-driven refrigeration system that can maintain an internal temperature
of 10–15 ◦C with a COP of 0.34, demonstrating the growing potential for solar-powered
refrigeration solutions in real-world applications. Today, solar vapor compression refrig-
eration systems have moved beyond theoretical research and are now being applied in
practical household refrigeration systems. For instance, Dhawan et al. [41] introduced a
solar thermoelectric refrigeration system that uses clean solar energy to drive the compres-
sor, resulting in a substantial reduction in power consumption—by 44–63%—for a 1.6 L
household refrigerator.

Typically, these systems include key components such as photovoltaic panels, com-
pressors, condensers, expansion valves, and evaporators. The operation follows the basic
vapor compression cycle, in which the refrigerant absorbs heat in the evaporator, turning
into low-temperature, low-pressure vapor, which is then compressed adiabatically in the
compressor. The compression process elevates the temperature and pressure of the refriger-
ant vapor. The high-pressure, high-temperature vapor enters the condenser, releasing heat
to the ambient environment and condensing into a high-pressure liquid state. This liquid
refrigerant is subsequently expanded through the throttling valve, causing its pressure and
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temperature to be significantly reduced prior to entering the evaporator. After expansion,
the refrigerant evaporates and absorbs heat, completing the cycle. The principle of the solar
vapor compression refrigeration cycle is shown in Figure 5. However, this idealized descrip-
tion of the cycle is based on the Carnot cycle. In real-world systems, various irreversible
factors, such as non-ideal compressor behavior and the inefficiencies associated with the
expansion valve, cause deviations from the ideal cycle. These factors lead to a decrease
in system efficiency. Reducing these irreversible losses is a key focus for researchers and
engineers working on improving the performance of solar vapor compression refrigeration
systems. By minimizing inefficiencies, we can move closer to optimizing the system for both
practical and large-scale applications, making solar refrigeration systems an increasingly
viable solution for sustainable cooling [42].

Figure 5. Schematic of solar vapor compression refrigeration cycle.

4.1. Photovoltaic Panels

Photovoltaic (PV) panels lie at the heart of modern renewable energy solutions, di-
rectly converting sunlight into electricity through the photovoltaic effect. Structurally, a
PV panel consists of multiple interconnected solar cells, often made from high-efficiency
materials such as monocrystalline silicon, polycrystalline silicon, or thin-film semiconduc-
tors like cadmium telluride (CdTe) and copper indium gallium selenide (CIGS). When
photons in sunlight possess enough energy to surpass the bandgap of these semiconductor
materials, electrons are excited from the valence band to the conduction band, resulting in
the generation of direct current (DC) in an external circuit. As PV technology evolved, it
became common to classify these panels into three generations based on core materials and
production techniques. The first generation features traditional silicon-based solar cells;
the second generation includes thin-film technologies; and the third generation encom-
passes emerging innovations such as organic photovoltaics, perovskite photovoltaics, and
dye-sensitized solar cells. Each generation aims to enhance conversion efficiency, reduce
manufacturing costs, and broaden the range of practical applications [43].

Although photovoltaic efficiency has steadily improved over the past few decades,
thermal management remains a pivotal challenge. High operating temperatures can
degrade cell performance, shorten component lifespans, and lower overall energy output.
During the 1990s and early 2000s, researchers began paying closer attention to managing
heat within PV systems [44]. As efficiency targets rose, the need to regulate temperature
became even more pressing. Around the 2000s, integrating PCMs into PV panels emerged
as a promising solution; by absorbing and storing excess heat when solar irradiance is high,
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PCMs can help stabilize cell temperature. These efforts primarily focused on placing PCMs
at the back or even within the layers of the PV panel, aiming to maintain optimal operating
conditions and further boost overall energy conversion performance [45,46].

4.1.1. Effect of Photovoltaic Panel Temperature on COP

The performance of photovoltaic panels is highly temperature-sensitive, with effi-
ciency decreasing as the surface temperature increases. This phenomenon is primarily
driven by the impact on the open-circuit voltage of the panel. In practice, current pho-
tovoltaic panels only manage to convert about 10–16% of incident solar radiation into
usable electrical energy. The remainder of the radiation that is not converted into electric-
ity is absorbed by the panel, which heats it up and reduces overall efficiency [47]. On a
sunny day, the surface temperature of photovoltaic panels can be as much as 40 ◦C higher
than the surrounding ambient temperature [48]. Research has shown that for crystalline
silicon photovoltaic cells, every 1 ◦C increase in panel temperature above 25 ◦C results
in a 0.4–0.65% drop in efficiency [49–52]. Boudhina et al. (2019) systematically analyzed
PV module performance across varying ambient temperatures, establishing comparative
temperature coefficient benchmarks. Their findings confirm that PV cells exhibit a negative
temperature coefficient—quantifying a percentage power loss per 1 ◦C rise—typically rang-
ing from −0.2% to −0.5%. This parameter indicates that the PV module output decreases
by 0.2–0.5% per 1 ◦C temperature elevation, critically informing photovoltaic system effi-
ciency optimization under thermal stress conditions [53]. Given that solar panels typically
operate at temperatures between 60 and 80 ◦C, this results in a power generation efficiency
of only about 10% [54].

These factors highlight the critical need for effective temperature management strate-
gies to enhance the efficiency of photovoltaic systems. As the photovoltaic industry con-
tinues to evolve, managing heat within solar panels has become a priority. Cooling tech-
nologies engineered to mitigate these challenges are broadly classified into active and
passive cooling systems. In contrast to active systems—which depend on external energy
inputs and typically incorporate mechanical components—passive cooling systems operate
without auxiliary energy input and require minimal maintenance. This distinction under-
scores the growing preference for passive systems in sustainable thermal management
applications. Among passive cooling methods, the integration of PCMs into photovoltaic
systems—known as PV-PCM systems—has proven to offer superior cooling performance
and more stable temperature regulation. Xiao et al. (2022) demonstrated that a stearic
acid–lauric acid composite (phase-change temperature: 42.9 ◦C) applied as a PCM to photo-
voltaic panels reduced peak operational temperatures from 61.6 ◦C to 48.9 ◦C, significantly
enhancing thermal regulation efficiency [55]. The most significant advantage of PV-PCM
systems lies in the latent heat storage capabilities of PCMs. These materials can absorb
large amounts of heat without experiencing a significant increase in temperature, making it
possible to maintain the photovoltaic panel at an optimal operational temperature range for
extended periods. This passive method of cooling ensures that the panel operates efficiently
without requiring external energy or mechanical components, which not only improves the
longevity and performance of the system but also makes it more environmentally friendly
and cost-effective.

4.1.2. Methods of Integrating PCM with Photovoltaic Panels

Phase-change material (PCM)-integrated photovoltaic panels leverage latent heat
absorption to stabilize module temperatures within the 25–40 ◦C high-efficiency conver-
sion range, effectively curbing power loss from thermal degradation. This integration
achieves 20–30% peak temperature reduction, mitigating encapsulant aging while ex-
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tending module lifespan by 10–15%. The system’s passive thermal regulation operates
energy-autonomously via solid–liquid phase transitions, providing diurnal thermal buffer-
ing that suppresses microcrack propagation induced by thermal cycling. Such thermal
stress management enhances operational stability and reliability under extreme tempera-
ture differentials. Efficiently managing the heat generated by PV panels is a key challenge
in maintaining high energy output and prolonging panel lifespan. One promising approach
involves incorporating PCMs directly onto the back surface of PV panels, enabling a more
effective transfer of heat away from the solar cells. One of the methods is where the PCM
is encapsulated and placed between the PV cells and the collection back panel. In this
arrangement, the PCM absorbs excess heat during periods of high solar irradiance, pre-
venting the PV panel from reaching excessively high temperatures that would otherwise
reduce conversion efficiency [56,57].

A distinctive feature of the PCM-PV setup is its ability to maintain a near-constant
temperature at the phase-change point while the material melts. As soon as the PV panel’s
temperature drops below the melting point, the PCM begins to solidify, gradually releasing
stored heat in the process. The phase transition thermal inertia of PCM maintains near-
constant thermal equilibrium during solidification exothermic processes, preserving its
characteristic phase-change temperature plateau. This thermal stabilization mechanism
prevents the photovoltaic efficiency losses typically associated with temperature fluctu-
ations, as the PCM’s phase transition plateau avoids detrimental temperature elevation
during energy discharge. This cyclical absorption and release of heat helps stabilize the
panel temperature, ultimately boosting the system’s overall power output [58]. Beyond
that, the stored latent heat can be harnessed for other thermal management purposes within
the system, offering additional flexibility in design [59–61].

Recent studies have further validated the benefits of integrating PCMs into PV sys-
tems. Hasan et al. [62] performed a parametric investigation examining the influence of
various PCM types and thicknesses on temperature regulation. Their findings revealed
that this technique could reduce the panel’s temperature by up to 18 ◦C within just 30 min.
In a more recent study, Ahmadi et al. embedded PCMs within a thermally conductive
foam layer attached to a PV panel. This design successfully lowered panel tempera-
tures by 6.8%, resulting in a 14% increase in energy conversion efficiency [63]. Similarly,
Fayaz et al. [61] demonstrated—using both numerical simulations and experiments—that
a PVT system employing polyethylene glycol as its phase-change material exhibited a
12.91% and 12.75% performance improvement over a conventional PVT setup without
PCM. Refaey et al. (2024) demonstrated that integrating aluminum fins into phase-change
material (PCM) encapsulation significantly improves photovoltaic thermal management.
Their experimental framework evaluated three PCM compositions and fin geometries,
identifying RT42 (a Rubitherm Technologies organic phase-change material) paired with
triangular fin arrays as the optimal configuration. This combination reduced PV mod-
ule peak operating temperatures by 14.5 ◦C (from 74.7 ◦C to 60.2 ◦C) while elevating
power conversion efficiency from 17.1% to 18.5%. The triangular fin design enhanced
heat dissipation through an increased surface-area-to-volume ratio, facilitating efficient
thermal energy transfer from PV modules to the PCM during phase transition cycles [64].
Al Arni et al. (2024) engineered a gradient concentration three-layer PCM system incor-
porating graphene nanoparticles, where particle density decreased progressively from
the photovoltaic interface layer to the base substrate. Encapsulated within high-thermal-
conductivity aluminum shells, this configuration achieved a 5 ◦C operational temperature
reduction (46 ◦C to 41 ◦C) in photovoltaic modules alongside a 0.4% efficiency enhance-
ment (16.2% to 16.6%). Experimental validation demonstrated that the graded nanoparticle
distribution optimized interfacial heat flux while maintaining material stability during
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phase transition cycles [65]. Collectively, these approaches highlight the growing appeal
of PCM-based heat management strategies in PV technology. By effectively flattening
temperature spikes and leveraging latent heat storage, PCM integration contributes not
only to enhanced efficiency but also to improved system stability and a potentially longer
operational life for photovoltaic installations.

4.1.3. Selection of PCM

Selecting an appropriate PCM is crucial for effective thermal management, particularly
in solar-powered applications such as photovoltaic (PV) cooling. Broadly, PCMs fall into
three categories, namely organic, inorganic, and eutectic. Organic PCMs, like paraffin,
typically offer stable chemical properties and a flexible range of melting points but can
have lower latent heat capacities and undergo significant volume changes during phase
transitions [58]. Inorganic PCMs, often in the form of salt hydrates (e.g., CaCl2·6H2O), boast
higher thermal conductivity and greater latent heat but can suffer from stability issues,
including incongruent melting and supercooling. Eutectic PCMs combine two or more
substances, aiming to fine-tune phase-change temperatures and latent heats; however, their
application in PV panel cooling remains relatively unexplored [66,67]. Table 2 summarizes
and compares the typical thermophysical properties of the three types of PCMs.

Table 2. Comparison of thermal properties of three types of PCMs [68,69].

Thermophysical Parameters Organic PCMs Inorganic PCMs Eutectic PCMs

Latent heat (kJ/kg) 120–250 150–400 100–300

Thermal conductivity (W/m·K) 0.1–0.3 0.5–1.5 0.5–8.5

Phase transition temperature (◦C) −20–150 20–800 Can be adjusted by changing
the ratio of components

Historically, researchers have focused on two key properties when selecting a PCM,
namely phase-change temperature and latent heat. The phase-change temperature must
align with the operating range of the system—60–80 ◦C for typical solar PV panels [54]—to
ensure that the PCM effectively stores and releases energy under real-world conditions.
Latent heat capacity determines how much thermal energy can be stored or released during
the phase transition, directly influencing the effectiveness of temperature regulation. In
laboratory settings, differential scanning calorimetry (DSC) is commonly used to evaluate
these parameters, providing insights into a material’s suitability for integration into thermal
storage systems.

Inorganic PCMs, particularly those involving water and salts, offer high latent heat
and robust thermal conductivity but face two persistent challenges. First, incongruent
melting can lead to irreversible melt–freeze cycles if the salt hydrate lacks sufficient water
of crystallization. Thickeners can mitigate this to some extent, but complete prevention is
difficult [70]. Second, pronounced supercooling occurs when nucleation during freezing is
hindered. Although adding nucleating agents alleviates this, the phenomenon is not fully
eliminated [71]. These issues have largely deterred researchers from incorporating inorganic
salts into PV-PCM systems, with most investigations focusing only on fundamental melting–
freezing behaviors rather than practical integration.

In contrast, organic PCMs—notably paraffin-based compounds—have gained widespread
adoption in photovoltaic cooling applications owing to their chemical inertness, negligible
supercooling tendencies, and design flexibility. These attributes enable reliable thermal regulation
while maintaining long-term operational consistency in solar energy systems. Paraffin is a
petroleum-derived mixture of saturated hydrocarbons with phase-change temperatures that can

146



Energies 2025, 18, 1547

be tailored by varying chain length. Studies have consistently shown paraffin’s effectiveness
in cooling PV panels and boosting efficiency. For example, Ahmadi et al. integrated paraffin
(melting at 37 ◦C) into a PV system, reducing the panel’s temperature by 6.8% and improving
power output by 14% [63]. Table 3 compares the stability of the three types of PCMs.

Table 3. Stability comparison of three types of PCMs [72,73].

Parameters Organic PCMs Inorganic PCMs Eutectic PCMs

Cycling stability Latent heat decay <5%
after 500 cycles

Susceptible to phase separation
and subcooling, up to 20%

degradation after 100 cycles

Phase separation inhibited by
encapsulation or thickening agents,

<10% decay over 300 cycles

Chemical stability Non-corrosive, acid-
and alkali-resistant

Partially hydrated salts tend to
corrode metal containers

Reduced corrosion risk
through cladding

Thermal stability Decomposition
temperature >200 ◦C

Decompose easily at
high temperatures

Can be adjusted by changing the
ratio of components

Nonetheless, paraffin’s low thermal conductivity remains a notable limitation, prompt-
ing extensive research into thermal conductivity enhancements. Wu et al. [74,75] inves-
tigated the addition of copper nanoparticles at various weight percentages, finding im-
provements of up to 14.2% (solid phase) and 18.1% (liquid phase) in thermal conductivity
at 2 wt% copper. A subsequent study comparing copper and aluminum nanoparticles
identified copper as more effective; a 1 wt% copper addition reduced heating and cooling
times by over 30%, with negligible impacts on latent heat or phase-change temperature.
These findings underscore the potential for nanoparticle doping to address paraffin’s in-
herent conductivity shortcomings, making organic PCMs an even more viable option for
real-world, large-scale PV cooling applications. Table 4 summarizes and compares the
PCM types, compositions, and their thermophysical parameters used in the above articles.

4.2. Condenser

The condenser is a critical component in vapor compression refrigeration systems, de-
signed to transform a high-temperature, high-pressure refrigerant vapor into a high-pressure
liquid while releasing heat to the surroundings. In most setups, air serves as the cooling
medium. Without forced convection, the rising air temperature around the condenser lowers
the available temperature gradient, diminishing overall heat exchange efficiency. Further-
more, lowering the condensing temperature can significantly improve the system’s COP,
as a reduced discharge temperature and pressure translate into lower compressor power
consumption. Studies show that each 1 ◦C reduction in condenser inlet water temperature
can lift a chiller’s COP by about 2–5% [76]. By integrating PCMs into the condenser, the re-
frigerant exchanges heat with a substance capable of absorbing and releasing thermal energy
at a (relatively) fixed temperature, thereby stabilizing the heat absorption side and helping
maintain a beneficial temperature differential for condensation.

One challenge, however, is that embedding PCMs within a heat exchanger inherently
adds thermal resistance, initially hindering heat transfer. Yet, a PCM with a suitably low
phase-change temperature can offset these losses by creating a larger temperature differ-
ence, and any accumulated heat can dissipate when the compressor is idle. However,
to solve the problem of additional thermal resistance caused by PCMs, the most direct
and effective way is to improve the thermal conductivity of PCMs and PCM packaging
or to combine heat pipe technology to improve the heat transfer rate and also to reduce
the thermal resistance by changing the PCM integration method. In practice, combining
PCMs with the condenser often leads to marked gains in system performance. For instance,
Wang et al. [77–79] conducted comprehensive optimization studies on PCM integration
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in a vapor compression system. In their initial phase, they compared the placement of
the PCM (latent heat of 220 kJ/kg, phase-change temperature of 21 ◦C) between the com-
pressor and condenser versus between the condenser and expansion valve. The latter
arrangement raised the system’s COP by 8% and delivered a 10 ◦C temperature drop at
the expansion valve—superior to the 5 ◦C cooling achieved in the former setup. Building
on these insights, they developed a dynamic model featuring a liquid refrigerant flash
mechanism to predict COP gains, which correlated well with experimental data but showed
limited accuracy when significant subcooling or superheating occurred. To augment ther-
mal stability, the researchers integrated a PCM-based storage tank strategically positioned
between the evaporator and compressor units, thereby enhancing operational reliability.
By carefully regulating refrigerant inlet temperatures, this configuration reduced overall
operating temperatures and shaved peak heat loads. Notably, employing a composite
PCM arrangement (linking heat exchangers in both the main and bypass loops) enabled
the active control of condenser pressure/temperature, even in low-ambience conditions.
This strategy effectively maintained minimal condensing temperatures, significantly im-
proving operational stability and achieving meaningful energy savings—a testament to the
importance of PCM spatial optimization in dynamic load scenarios. Cheng et al. took a
different approach by engineering a PCM that blends paraffin/high-density polyethylene
with graphite powder (GP) or expanded graphite (EG). The addition of EG multiplied the
material’s thermal conductivity fourfold [80]. Incorporating this PCM into a household
refrigerator condenser allowed it to absorb heat during compressor operation and release
that heat when the compressor was off [81]. Experimental measurements recorded a 6.3 ◦C
drop in outlet temperature and a 2.3 ◦C reduction at the condenser’s center, boosting the
COP by 12%. However, the system’s compressor start–stop frequency increased, rais-
ing concerns about potential compressor wear. A subsequent dynamic numerical model
validated these observations, predicting up to a 19% improvement in the COP [82]. Ab-
dulaziz et al. (2025) demonstrated that integrating a phase-change material (PCM) unit
as a pre-cooling module upstream of air conditioning condensers significantly enhances
system efficiency. Their hybrid methodology combining numerical simulations and ex-
perimental validation under varied summer conditions revealed an 8.6% annual energy
consumption reduction and a peak coefficient of performance (COP) of 5.63 compared
to conventional configurations. This innovation leverages the PCM’s thermal buffering
capacity to precondition condenser inlet air, thereby optimizing heat rejection processes
in HVAC systems [83]. Ismail et al. (2024) developed a dual-PCM configuration incor-
porating distinct phase-change materials on air conditioning evaporator and condenser
components. Their methodology combined ANSYS (ANSYS fluent 2020 R2)-based 2D tran-
sient numerical modeling with experimental validation, revealing seasonal energy savings
of 11.8% (summer) and 12.8% (winter) compared to conventional systems. This hybrid
thermal management approach optimized heat exchange dynamics through targeted PCM
deployment at critical refrigeration cycle interfaces [84]. While this condenser–PCM inte-
gration has already been practically applied in small domestic refrigerators, its scalability
to larger systems remains uncertain. Recent research on larger-scale implementations is
sparse, likely due to the risk of intensified compressor cycling. Moving forward, deeper
investigations into modeling, PCM property enhancement, and full-scale system validation
are essential to unlock the potential of PCM-integrated condensers in diverse refriger-
ation environments, ensuring both efficiency gains and operational reliability. Table 5
systematically presents a comprehensive summary of the PCM types incorporated into
condenser components, detailing their key thermophysical characteristics along with their
corresponding thermophysical properties documented in existing studies.
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4.3. Evaporator

The evaporator plays a central role in refrigeration systems, where it serves as the
primary site for heat absorption. As low-pressure liquid refrigerant flows through the
evaporator, it transitions into a vapor phase, extracting heat from the surrounding environ-
ment and thus lowering the ambient temperature to achieve cooling [88]. The evaporation
temperature is a key determinant of both the system’s power consumption and its COP.
If the evaporator runs at excessively high temperatures, the cooling effect diminishes.
Conversely, if it runs at too low a temperature, the compressor’s pressure ratio increases,
heightening energy consumption and undermining efficiency. Crucially, small increases in
the evaporation temperature can enhance the COP by reducing the compressor’s workload
and boosting the refrigerant’s heat absorption capacity—studies indicate that each 1 ◦C
rise in evaporator outlet temperature can raise a chiller’s COP by 1.5–3% [76]. Moreover,
in applications like cold cabinets, the evaporation temperature can significantly influence
both temperature gradients and fluctuations within the cabinet itself.

A viable strategy for stabilizing evaporator operation entails the integration of phase-
change materials (PCMs). These materials absorb and release latent heat during phase
transitions, effectively mitigating thermal fluctuations. Researchers have investigated
diverse PCM configurations—including plates, granular beds, and tubular geometries—to
optimize interfacial surface area and enhance effective heat exchange. Such innovations
aim to balance energy storage capacity with thermal responsiveness in dynamic operating
conditions. Bista et al. [89] found that adding PCMs to the evaporator steadied temperature
fluctuations and provided a buffer against changing thermal loads, leading to improved
operational stability. By slowing the rate at which heat is transferred to the refrigerant,
the PCM also tempers the evaporator’s temperature, allowing for a steadier and more
continuous evaporation process. This, in turn, reduces temperature swings throughout the
system, enhancing response time and increasing control precision [90].

From the viewpoint of solar-driven refrigeration, using PCMs in the evaporator can help
capture and store more heat consistently, thus supplying greater cooling potential. An experi-
mental study by Maiorino et al. [91] demonstrated that introducing PCMs into an evaporator
significantly reduced internal temperature gradients and product temperature fluctuations in a
cooled cabinet while extending the compressor’s off cycle. In various conditions—ranging from
ambient temperatures and heat loads to differing PCMs—household refrigerators equipped with
PCM-based evaporators have shown COP improvements between 2% and 74% [92]. Msell et al.
integrated a PCM with a phase-change temperature of 2–4 degrees Celsius into an evaporator
and experimentally tested the performance of the evaporator in charging and discharging modes
of operation, which showed that the evaporator was able to efficiently store and release the
cooling capacity in the PCM, which significantly improved the performance of the system and
resulted in energy savings [93]. Table 6 summarizes information including the types of PCMs
used in the literature mentioned above and their thermophysical parameters.
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As a rule of thumb, the PCM’s phase-change temperature should be set 5–10 ◦C above
the evaporation temperature, especially in sub-zero applications where solid–liquid PCMs
are favored for their high latent heat, minimal supercooling, adequate thermal conductivity,
and stable chemistry. Li et al. offered a comparative analysis of several PCMs suitable
for air conditioning systems; the graph compares four common phase-change materials
(PCMs) across six critical parameters, namely thermal conductivity, volumetric latent heat,
density, corrosion potential, supercooling tendency, and phase separation behavior. Salt
hydrates and co-crystals exhibit superior volumetric energy storage capacity, enhanced
thermal transfer properties, inherent flame resistance, and cost-effectiveness. However,
these materials demonstrate the three following significant limitations: pronounced phase
separation during thermal cycling, substantial supercooling effects, and corrosive inter-
actions with metallic containment systems, collectively resulting in compromised cyclic
stability. Paraffin waxes and fatty acids represent organic phase-change materials that
demonstrate distinct advantages over inorganic counterparts, including high chemical
inertness, structural stability, and recyclability. These organic compounds exhibit minimal
supercooling tendency while maintaining freedom from phase separation and corrosive
behavior. However, their practical application is constrained by relatively low thermal
conductivity and reduced phase-change enthalpy. Refrigerant-based hydrates present
unique thermodynamic characteristics, existing in gaseous states under atmospheric condi-
tions and requiring pressurized containment for hydrate formation. Notably, their fusion
enthalpy significantly exceeds that of low-temperature eutectic salts, paraffinic compounds,
and fatty acid systems. (refer to Figure 6) [98].

Figure 6. Comparison of thermal properties of different PCMs [98].

Despite these gains, PCM integration in evaporators faces some hurdles. Chief among
them is the slow charging and discharging inherent to many PCMs, largely due to their
low thermal conductivity, which can lead to delayed system responses. Proposed solutions
involve the incorporation of microchannel arrays or porous architectures to augment the
effective heat transfer surface area, as well as the integration of thermally conductive
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nanostructured additives (e.g., metallic nanoparticles or graphene) into the PCM matrix.
Recent findings suggest that composite PCM/metal systems can markedly enhance thermal
conductivity and expedite heat transfer [99,100]. Another concern is the volumetric change
that occurs during phase transitions, potentially causing structural stress or deformation
over extended operation. Advanced encapsulation—utilizing metallic encapsulation shells
or polymeric enclosures—effectively mitigates leakage and thermal stress, whereas tai-
loring the PCM’s intrinsic material properties to minimize volume expansion provides a
foundational solution. Looking ahead, refining these approaches and exploring new PCM
formulations will be pivotal to harnessing the full potential of PCM-enhanced evapora-
tors, particularly in the context of dynamic load environments and solar-driven cooling
applications [101,102].

5. PCM-Integrated Solar Thermal Absorption Refrigeration System

Absorption refrigeration cycles hinge on four key components—an evaporator, an
absorber, a generator, and a condenser—and typically unfold in five distinct stages. First,
in the evaporator, the refrigerant (often water or ammonia) absorbs heat and evaporates,
thereby cooling the surrounding environment. The resultant refrigerant vapor is then
drawn into the absorber, where it is taken up by a weaker solution—commonly water–
lithium bromide or ammonia–water—raising the system pressure. This diluted solution
is subsequently pumped to the generator, where external heat (which may be waste heat
or solar-derived) drives out the refrigerant, forming high-pressure vapor. That vapor
progresses to the condenser, where it discharges its latent heat and liquefies, and finally,
the liquid refrigerant undergoes throttling through an expansion valve before returning to
the evaporator to repeat the cycle [103,104].

Among the strengths of absorption refrigeration systems is a relatively high COP,
spurring considerable research interest. Xu et al. [105] devised a solar absorption refrig-
eration system that employed variable mass energy transformation and storage (VMETS)
technology, attaining COPs of 0.7525 (air-cooled condenser) and 0.7555 (water-cooled con-
denser). Others have compared the fundamental performance of vapor compression and
absorption cycles. One notable advantage of photovoltaic vapor compression systems lies
in their reduced land footprint, cutting initial capital investment. By contrast, solar thermal
absorption systems rely on solar collectors, whose required area is shaped by collector
efficiency and attainable high temperatures. If concentrated solar collectors are adopted,
higher collector outlet temperatures become feasible, minimizing the physical footprint and
boosting practicality. Moreover, absorption refrigeration often pairs well with solar energy,
and single-effect solar absorption systems have attracted growing attention in recent years
for their relatively high efficiency and cost-effectiveness [16,106].

In such setups, the generator’s external heat source can stem from waste heat or
solar-heated fluids. Once heated, the low-pressure refrigerant solution frees high-pressure
refrigerant vapor that passes to the condenser [107]. Notably, each component in a solar
absorption refrigeration system—the solar collector, generator, absorber, condenser, and
evaporator—stands to benefit from PCM integration. By absorbing and releasing latent heat,
PCMs can buffer thermal fluctuations and elevate system performance. In the following
sections, we explore how PCMs can be integrated with each component, discuss suitable
material selections, detail the impact on individual component efficiency, and evaluate the
overall effect on system performance.

5.1. Solar Collector

Within solar-driven absorption refrigeration systems, the solar collector constitutes the
critical component, distinguishing the system through its unique energy conversion role.
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The collector harnesses incident solar radiation, converting it into usable thermal energy
that subsequently powers the generator to initiate the refrigeration cycle. Because solar
energy supply fluctuates throughout the day, it is difficult to provide a continuous stable
heat source for the generator solely from direct sunlight. Consequently, integrating thermal
storage is imperative. By embedding PCMs into the collector, any surplus thermal energy
can be stored during periods of strong sunlight. Later, when solar irradiance weakens
or after sunset, the PCM can release the stored heat to sustain the generator’s operation.
This strategy not only improves system performance but also maximizes the utilization of
available solar energy. As previously discussed, we will not repeat the basic principles and
classifications of solar collectors here.

The concept of combining PCMs with solar thermal collectors dates back to the late
1980s. Serale et al. [108] investigated a flat-plate collector enhanced with a PCM, reporting
an 8% gain in efficiency compared to traditional heat storage methods and a 20–40% rise in
annual average thermal conversion efficiency. As with other PCM-integrated systems, a
careful selection of phase-change temperature and latent heat is key. The solar collector’s
working temperature range dictates which PCM is most suitable, and references often
provide typical output temperatures for different collector types [109].

Brancato et al. [110] studied PCMs with melting points of 80–100 ◦C in solar thermal
absorption systems. Although these materials offered high latent heat, they also encoun-
tered issues like supercooling and incongruent melting. Agyenim et al. [111,112] explored
phase-change temperatures in the 100–130 ◦C range for use in a LiBr-H2O absorption
system operating at 120 ◦C. Erythritol, with a 117 ◦C phase-change temperature, emerged
as their choice due to its stable phase transition and high latent heat. Because its melting
point was 3 ◦C lower than the generator temperature, it provided a sufficient temperature
differential for heat exchange. Their subsequent tests, examining four container designs
(no fins, circular fins, longitudinal fins, multi-tube) and three different PCMs (erythritol,
RT100, and magnesium chloride hexahydrate), highlighted that a high latent heat and a
phase-change temperature aligned with the system requirements, which were the primary
selection criteria—supercooling concerns were secondary if latent heat was sufficiently
high. Chopra, K. et al. integrated phase-change materials (PCMs) into heat pipe evac-
uated tube solar collectors (ETCs) by charging each tube with 2.25 kg of SA-67. Their
experimental results demonstrated a 32.73–37.56% increase in daily thermal efficiency for
PCM-enhanced ETCs, along with sustained high water temperature maintenance during
nocturnal periods or low solar radiation intervals [113]. Naghavi et al. and Abokersh et al.
incorporated phase-change materials (PCMs) into evacuated tube collector (ETC) arrays,
demonstrating significant heat loss reduction, elevated system thermal efficiency, and
enhanced operational stability under fluctuating irradiance conditions [114,115].

Currently, one key limitation for PCM-integrated solar collectors is limited adaptabil-
ity to diverse or rapidly changing weather conditions. Researchers recommend several
optimization strategies. For example, advanced thermal regulation strategies and adaptive
control systems enable coordinated heat collection and storage, ensuring stable system
operation. Innovative heat exchanger configurations enhance thermal coupling between
the PCM and solar collector, thereby improving overall energy conversion efficiency. These
advancements collectively address transient thermal mismatches and elevate system relia-
bility under variable solar irradiance conditions. Additionally, modular system designs
allow for easier adaptation and scaling in different climates, ensuring that the solar collec-
tor’s integration with PCMs remains robust and practical [116–118]. Table 7 summarizes
the information including the types of PCMs integrated on solar collectors and their ther-
mophysical parameters used in the literature mentioned above.
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5.2. Absorber

Absorption refrigeration systems rely on external heat sources to drive the cooling
process, utilizing the interaction between the absorbent and refrigerant to achieve the
desired cooling effect. However, because these systems often operate with fluctuating heat
inputs, incorporating PCMs can help buffer these variations, significantly improving both
thermal storage and release efficiency. The absorber plays a critical role in the absorption
refrigeration cycle, with the falling film absorber being the most widely used design. In
this type of absorber, refrigerant vapor is absorbed by a thin film of solution flowing over
horizontal tubes [119], and the heat transfer rate is directly proportional to the flow rate of
the solution [120,121].

The absorption process in the absorber is a combination of chemical and physical
heat exchange, and it is an exothermic process. As the refrigerant vapor is absorbed, the
temperature of the absorber increases. Therefore, to prevent overheating, heat must be
released to the environment. In the early designs of absorbers, this heat dissipation was
addressed by using cooling water to absorb the excess heat. However, PCM integration
within the absorber enables the capture and storage of surplus thermal energy, which
can subsequently be redirected to auxiliary heat-dependent equipment, thereby enhanc-
ing overall solar energy utilization efficiency. This approach aligns with circular energy
management principles, reducing waste and maximizing renewable resource exploitation.

Given the inherent instability of the heat source in absorption refrigeration systems,
integrating PCMs allows the system to better cope with fluctuations in thermal load.
The PCM helps to absorb the excess heat when the system experiences high load and
releases stored heat when the load decreases, ensuring the system remains stable and
operational [122]. Ji et al. [123] found that by incorporating PCMs into the absorber,
temperature fluctuations in the absorbent are significantly reduced, allowing the system to
operate efficiently across a wider temperature range and improving the overall reliability
of the system.

5.3. Generator

In an absorption refrigeration system, the generator’s principal job is to heat the
absorbent solution so that refrigerant vapor can be separated. In a LiBr-H2O absorption
refrigeration cycle, for instance, hot water or steam elevates the temperature of the di-
luted lithium bromide solution, progressively vaporizing the aqueous refrigerant. This
phase-change process is critical for regenerating the concentrated absorbent solution and
sustaining the refrigeration cycle. This process must also build up enough pressure for
the vapor to flow into the condenser, functioning similarly to a compressor in traditional
vapor compression systems. With advances in solar thermal technology, more efficient heat
exchangers are now employed to drive this step in solar absorption systems. Common
strategies for supplying heat include using thermal storage tanks, which store the necessary
heat and release it as needed.

As the generator functions inherently as a heat exchanger, integrating PCMs can offer
distinct advantages for thermal energy storage in solar-driven absorption systems. This
integration facilitates load shifting and stabilizes thermal output during intermittent solar
availability, enhancing system reliability. For instance, Ponshanmugakumar et al. [124]
designed a vertically oriented generator with an integrated PCM section for an NH3-H2O
solar absorption refrigeration system, facilitating forced convective boiling. They built
a TRNSYS model to simulate a 1 m long coaxial generator, interlinked with a hot water
storage tank and a boiler. Their research showed that when cooling loads are high or solar
irradiance is low, the PCM substantially reduces the reliance on auxiliary heat sources. In
a separate study, Lorente et al. conducted numerical simulations of a cylindrical storage
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tank filled with a paraffin PCM, featuring a vertically arranged spiral heating tube. By
adjusting the spiral’s radius, they assessed how geometry affected the melting fraction
and temperature distribution. Lorente et al. [125] underscored the value of combining
numerical modeling with experimental work to advance generator design.

Although the concept of using PCMs in heat exchangers is not new [126], applying it
specifically to the generator in solar absorption systems remains relatively novel. In theory,
selecting a phase-change material (PCM) with a phase-change temperature and latent heat
capacity well aligned with the generator’s operational parameters enables the PCM to act
as an auxiliary thermal buffer, thereby stabilizing the generator’s thermal output. Prior
investigations have primarily focused on structural innovations; going forward, researchers
should also seek or develop new PCMs and explore ways to enhance the thermal properties
of existing ones. This dual approach—combining structural optimization with material
innovation—promises further improvements in the overall efficiency and reliability of solar
absorption refrigeration systems. Table 8 summarizes the information including the types
of PCMs integrated on the generator and their thermophysical parameters used in the
literature mentioned above.
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6. Conclusions

This paper has thoroughly surveyed the use of PCMs in solar refrigeration systems,
discussing the criteria for selecting PCMs, techniques for integrating PCMs with various
system components, and the resulting effects on overall performance. By highlighting both
the hurdles and promising avenues in this field, it provides a roadmap for future research
and practical solutions to enhance system reliability, efficiency, and cost-effectiveness. From
the analysis presented, the following primary conclusions emerge:

• Phase-change temperature and latent heat are the most critical parameters for PCM
selection. Ideally, the PCM should have a phase-change temperature that aligns with
the system’s operating range and a high latent heat to maximize energy storage.

• Choosing the right PCM depends on whether a component is intended to absorb or
release heat. For evaporators, using a PCM with a phase-change temperature above the
evaporation temperature ensures sufficient heat absorption; for condensers, a phase-
change temperature below the condensation temperature aids effective heat release.

• In addition to phase-change temperature and latent heat, supercooling can signifi-
cantly affect a system’s performance and must be considered during PCM selection
and design.

• Microencapsulation technology enhances the heat transfer surface area of inorganic
phase-change materials (PCMs) while mitigating their inherent phase separation
challenges. Concurrently, the incorporation of nucleating agents effectively addresses
the pronounced supercooling phenomenon in these materials by promoting controlled
crystallization during phase transition processes.

• Organic PCMs, often chosen for their low supercooling, remain prevalent despite
lower thermal conductivity. Inorganic PCMs feature higher thermal conductivity but
may suffer from more pronounced supercooling. Currently, organic PCMs are still
predominant in practical applications.

• Much of the existing literature focuses on improving the thermal conductivity of PCMs
by introducing nanoparticles or employing microencapsulation techniques. However,
these methods can be expensive, limiting their economic feasibility.

• PCMs experience volumetric changes during phase transitions, potentially causing
deformation or structural stress on storage tanks and containers, thereby reducing
their service life.

• Although a direct contact integration of PCMs is broadly validated in research, actual
integration strategies remain relatively narrow, suggesting the need for innovative
designs to optimize heat transfer and encapsulation.

• While adding PCMs raises initial costs, it confers significant advantages, including
enhanced energy efficiency, better performance under fluctuating weather conditions,
and partial mitigation of the inherent intermittency of solar energy.

• Experimental and numerical investigations on phase-change material integration
across multiple components within the same solar cooling system remain insufficiently
explored in the current literature.

• Although integrating PCMs in both the condenser and evaporator enhances the
temperature gradient for heat transfer and elevates system performance, inherent
limitations in existing integration approaches frequently amplify thermal resistance,
leading to significant energy dissipation.

• The integration of phase-change materials with solar collectors remains relatively
uncommon in current practice, with existing implementations often necessitating
solution pump operation that introduces additional electrical power consumption.
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• The incorporation of phase-change materials (PCMs) in generator units presents signif-
icant theoretical advantages, as their superior thermal exchange properties effectively
mitigate energy losses, thereby enhancing overall system efficiency.

7. Outlook

• While organic PCMs dominate current applications, their widespread use stems largely
from the stability challenges that plague inorganic counterparts—particularly phase
separation. Nonetheless, many inorganic salt solutions outshine organics in terms
of thermal performance, thanks to their higher thermal conductivity. Bridging the
gap in phase separation and other drawbacks could unlock significant potential for
inorganic PCMs.

• Research on eutectic materials remains comparatively sparse, presenting a promis-
ing area for innovation. Further investigation into eutectic mixtures could broaden
the range of operating temperatures and provide specialized solutions for diverse
refrigeration and thermal storage needs.

• Embedding nanoparticles in PCMs can markedly boost thermal conductivity but often
at a high cost. Future studies should aim to develop more cost-effective additives,
balancing affordability with the desired performance gains.

• Current PCM integration methods across various systems are relatively limited and
uniform. Exploring novel designs—potentially involving new heat exchanger geometries
or hybrid approaches—could further improve heat transfer efficiency and reliability.

• The existing one-size-fits-all integration strategies may not accommodate varying
operational or climatic demands. Modular or detachable PCM systems could adapt
to shifting loads or seasonal changes, enhancing both system resilience and practical
utility. A representative application involves integrating phase-change material (PCM)
behind photovoltaic panels, where automated regulation enables heat absorption
during peak operating temperatures, followed by detachment upon complete phase
transition to facilitate thermal dissipation.

• Phase transition in PCMs is typically accompanied by volumetric changes that can
induce mechanical stress on storage containers, shortening their lifespan. Ongoing
research should focus on reducing or managing this expansion, whether through
advanced encapsulation techniques or by modifying the PCM’s intrinsic properties.

• The majority of current experimental and modeling efforts address small-scale solar
refrigeration units, such as household refrigerators or commercial freezers. Extending
PCM integration to large-scale or industrial refrigeration systems represents an impor-
tant frontier with the potential to substantially increase energy savings and system
stability on a bigger stage.

• Future research should prioritize experimental and numerical investigations into concurrent
PCM integration across multiple system components to enhance integration methodology
flexibility while simultaneously advancing solar cooling system performance.
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Abstract: This paper reports the improved thermal and drying performance of a solar
air heater powered by real solar irradiance and equipped with a tree-like fractal-based
cylindrical pin (SAH-TFCP) as a turbulator for drying applications. The main purpose of
this work is to demonstrate the SAH-TFCP’s improvement potential based on its thermal
and drying performance as compared with a conventional solar air heater based on a
flat-plate absorber (SAH-FP). The test was implemented based on solar time from 8:30 to
17:30 under Thailand’s climatic conditions at a latitude angle of 14◦ and a longitude angle
of 100◦. Turmeric slices were used to evaluate the SAH’s drying performance. The thermal
efficiency, moisture content wet basis (MCwb), drying rate (DR), and drying efficiency were
measured as parameters of interest to assess the improvement potential of the SAH-TFCP
over the SAH-FP. The results indicate that the SAH-TFCP provides better thermal and
drying performance than the SAH-FP. A higher flow rate yields a higher thermal efficiency
and a greater improvement potential. The improvement potential is around 44–85%. The
drying efficiency of the SAH-TFCP is always higher than that of the SAH-FP and has an
improvement potential of 32–44%, depending on the airflow rate.

Keywords: solar air heater; tree-like fractal; cylindrical pin; solar dryer; improvement potential

1. Introduction

Utilizing renewable energy sources is an efficient way to address the fossil fuel short-
age in the near future. At the same time, it can also mitigate the environmental impacts of
burning fossil fuels to generate useful thermal energy or electricity [1]. The most widely
used renewable source is solar energy because of its abundance, especially in tropical coun-
tries. Hence, many researchers have focused on methods for converting solar irradiance
into useful energy, such as wall-mounted solar heating for houses [2]; heating through
stored thermal energy via solar power [3]; and drying applications via solar air heaters,
indirect solar air dryers [4], hybrid SAHs [5], and forced convection solar dryers [6].

In the food preservation and herb production industry, drying is an important process
for removing water from products (moisture content). This process mainly requires thermal
energy to perform the water removal process via evaporation. In large-scale agricultural
drying, the thermal energy used in the drying process mostly comes from electrical air
heaters and heat pumps. Winans et al. [7] focused on the drying process via an electrical
heater, while Cop et al. [8] and Hu et al. [9] discussed the drying of agricultural products
via heat pumps. Their drying machines require quite high electrical energy per unit mass
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of dried product. This means that the increasing need for drying comes with an increased
energy demand, which leads to problems such as primary energy shortages and environ-
mental impacts. Therefore, many researchers have proposed alternative technologies to
reduce the energy consumption of agricultural drying. One of the most suitable technolo-
gies is the solar air heater (SAH). The SAH can convert solar irradiance into useful thermal
energy (hot air supplied for the drying process). This has encouraged many researchers
to design and propose the development of solar air heaters for agricultural drying appli-
cations, as proposed by Afzal et al. [10], Karwa et al. [11], and Singh, V.P et al. [12]. They
aimed to make energy usage more sustainable and to mitigate the environmental impacts
of using fossil energy.

Jongpluempiti et al. [13] developed and tested a solar air heater with a conventional
flat-plate absorber and investigated the thermal performance and hot air supplied when
drying tofu with the spray-drying method. Their prototype solar air heater was tested
using real solar irradiance. Y. He et al. [14] performed a numerical investigation of a solar
air heater with a flat-plate absorber. Their main focus was on its convective heat transfer
performance. They concluded that the key performance parameter in producing hot air is
the convective heat transfer mechanism, which is significantly dependent on the Nusselt
number, Reynolds number, and Pranthl number. Boulemtafes-Boukadoum et al. [15] also
investigated the performance of a solar air heater based on heat transfer and aimed to
demonstrate the influence of the convective heat transfer coefficient on energy conversion
efficiency. Their findings indicated that the energy conversion of the solar air heater
significantly depends on the airflow rate, the gap between the absorber plate and glass
cover (aspect ratio), and its ability to generate a turbulent flow (or recirculation) of the air
stream flowing through the absorber plate. The solar air heater based on the conventional
flat-plate absorber had relatively low energy efficiency due to the lower turbulent flow of
the air stream (laminar boundary layer flow) because the air stream flows over a smooth
surface. This results in poor heat transfer performance and consequently results in poor
drying performance, as supported by [16]. This has encouraged some researchers to
propose an alternative design technique to enhance the heat transfer performance by means
of installing a turbulator in the absorber plate. Previous research that focused on solar air
heaters equipped with a turbulator is summarized in Table 1.

Table 1. Summary of research focusing on the turbulator-enhanced performance of SAHs.

Research
Purpose

References
(Authors)

System
Details

Operating
Condition

Significant
Findings
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an
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pe
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or
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ce

of
SA

H

M.T. Baissi
et al., 2020

[17]

Experiments with LCD
baffles

Re = 2500–12,000
e/H = 0.8

Pl/e = 3, 4, 5
Pt/e = 0.6, 0.8, 1

Nu/Nu0 = 5.13–6.94
f /f 0 = 29–43.41
TEF = 1.46–2.26
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A. Saravanan
et al., 2021

[18]

Experiment with C-finned

Re = 3000–24,000
h/H = 0.3–3.8
h/dp = 1.5–3
P/g = 3.2–3.8

Max enhancement
Nu = 2.67

f = 5.34
TEF = 1.64

R.K. Ravi
et al., 2018

[19]

Multi-V-shaped rib-roughness-based simulation

Re = 2000–20,000
p/e = 10

e/D = 0.043
W/w = 5–8

Max improvement
Nu = 4.52
f = 3.13

TPP = 3.2–3.8

Tabish Alam
et al., 2001 [20]

Conical protrusion rib roughness

Re = 13,520–21,780
e/D = 0.020–0.044

p/e = 6–12
I = 600–1000 W/m2

ηth = 70.92%
at e/D = 0.0289

p/e = 10

A.S. Yadav
et al., 2022 [21]

Numerical with semicircular ribs

(RNG)k-ε model
Re = 3800–18,000

RRP = 5–16.67
RRH = 0.03–0.06

Pr = 0.71

MaxTHPP = 1.98 at
Re = 15,000
RRP = 10

RRH = 0.06
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P. J. Bezbaruah et al.,
2020 [22]

Plus-shaped perforated baffles

Mass flow rate =
0.009, 0.011 kg/s

Highest ηth = 84.3% in
PPSCDB condition

Drying efficiency: 21.6%

A. Hassan
et al., 2022 [23]

V-groove absorber

Mass flow rate =
0.021–0.061 kg/s

Maximum thermal
efficiency : 88.8%

.
m = 0.041 kg/s higher

moisture removal
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E. Tefera
et al., 2023 [24]

SAH with aluminum can for red pepper drying

Blowing
rate = 0.0383

Drying time/day = 9 h
Crop = red pepper

ηc = 79%
ηd = 46%

(greenhouse drying
system)

S.A. Mohammed
et al., 2024 [25]

Fin on absorber plate

Free Convection
Drying time per day = 10 h

Sample: orange slice

Maximum
ηc = 65% is coating 15%

silicon model
and 18%

moisture content

R. Rani
et al., 2023 [26]

Semicircular loop solar collector (SLSC)

Simulation was used for
FE approach

Compared with FPSC
and SLSC

Sample: Apple slice

SLSC time used to dry
(10% wb) was less than

FPSC: 2.5 h.

Em
pi

ri
ca

lt
es

ts
of

so
la

r
dr

yi
ng

E.K. Akpinar.
2010 [27]

The thin-layer open sun drying

Sample: mint leaves
Tambient = 30 − 46.4 ◦C
I = 561.5 − 939 W/m2

Moisture content
Open sun drying

MR = 0.09,
time 23,400 s

V. Patel
et al., 2023 [28]

Gooseberry slice, open sun-dried

Sample: gooseberry
Drying time:

10:00 a.m.–5:00 p.m.

Mw: 87.81% to 5.72%-
Time taken: 23 h

Effective diffusivity:
5.406 × 10−11 m2s−1

C. Prajapati et al.,
2023 [29]

Cabinet-type solar dryer

Sample: gooseberry
Drying time:

9.00–17.00
Total time:

35 h of drying

Drying efficiency for
open sun is 12.09%
MR = 0.06 open sun

The surveyed literature listed in Table 1 shows that the thermal and drying efficiency
of solar air heaters for drying applications can be increased by installing a turbulator.
Hence, energy usage becomes more efficient. A key way to improve performance is to
intensify the turbulent flow of the air stream as it flows through the absorber plate. A
higher turbulence intensity can promote better convective heat transfer. Previous research
that supports this was conducted by Naef A.A. Qasem et al. [30] and N. Jayranaiwachira
et al. [31]. Their experiments showed that a higher convective heat transfer coefficient
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is obtained when a turbulator is installed on a smooth surface; however, it comes with
a larger pressure drop across the absorber, which increases the energy consumption of
an air blower or fan [32]. Therefore, the trade-off between enhanced heat transfer and a
higher pressure drop has been studied in detail by researchers to investigate the value of
using a turbulator [33]. Similarly, Sureandhar et al. [34] studied the arc-rib fin turbulator
arrangement installed in an absorber plate with a fixed arc-rib fin configuration (e/De =
0.0422) and one with varying sizes (e/De = 0.0422–0.0541). The results showed that the
varied arc-rib fin significantly improved the heat transfer process and provided better
thermo-hydraulic characteristics than the fixed arc-rib fin. The friction factors of the varied
arc-rib and fixed arc-rib are not much different; hence, the thermal enhancement factor of
the varied arc-rib fin is higher than that of the fixed one.

Some researchers have applied fractal theory to formulate specific turbulator shapes to
enhance heat transfer. Zhang [35] studied heat transfer augmentation with novel truncated
ribs designed using fractal theory. Their aim was to propose new turbulator shapes
(coral, elliptical, cylindrical, etc.) with sizes that could be varied. This resulted in heat
transfer enhancement, which they investigated in detail. They found numerically and
experimentally that the fractal turbulator could increase the Nusselt number and the
convective heat transfer coefficient with the same flow Reynolds number. A slight increase
in the pressure drop was found when using the fractal turbulator, which resulted in a
higher thermal enhancement factor as compared with other turbulators [36]. However, the
available literature has few studies investigating a fractal installed in a solar air heater. Yu
et al. [37] proposed a fractal technique to improve an energy storage system with tree-like
fractal fins. Zhang et al. [38] employed fractal theory to create a tree-like fractal formation,
the aim of which was to improve heat transfer performance. They concluded that the fractal
can be used as a tool for heat transfer enhancement due to its shape. The fractal technique
makes the large-scale design of a heat exchanger easier and more efficient [39].

However, to the best of the authors’ knowledge, fractal theory applied to a solar air
heater for drying applications has not been reported in the available literature. This is a
major research gap that is addressed in this work. It is expected that a solar air heater
equipped with a fractal working as a turbulator will have significant improvements in both
thermal and drying performance. This is because it can improve convective heat transfer
between the air stream and absorber, which results in better energy conversion (converting
solar radiation into thermal energy). However, a reasonably accurate case study must first
be performed based on solar time to assess the performance improvement potential. This
will be useful as a base case for designing further SAHs equipped with fractal-shaped pins
for larger-scale solar drying.

As explained earlier, this work investigates the performance of a solar air heater
equipped with a tree-like fractal-based cylindrical pin (SAH-TFCP) with the aim of demon-
strating the improvement potential of the thermal and drying performance as compared
with the conventional solar air heater based on a flat-plate absorber (SAH-FP). The test was
implemented based on solar time from 8:30 to 17:30 under Thailand’s climatic conditions
at a latitude angle of 14◦ and a longitude angle of 100◦. Turmeric slices were used as
samples to evaluate the drying performance. The thermal efficiency, moisture content wet
basis (MCwb), drying rate (DR), and drying efficiency were measured as the parameters
of interest for analyzing the improvement potential of the SAH-TFCP over the SAH-FP.
The test results demonstrate the feasibility of using the TFCP to improve the thermal and
drying performance. The major contribution of this work is that it provides a reference case
for improving solar drying performance. The novelty of this work is characterized below:
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• A tree-like fractal-based cylindrical pin was designed and constructed to be installed
in the absorber plate of the solar air heater and work as a turbulator. This has not been
reported in the available literature for solar drying applications.

• The improvement potential of the SAH-TFCP over the conventional SAH was demon-
strated in tests under real climatic conditions.

• The performance of the two systems under real solar irradiance is detailed and evaluated.
• Thermal and drying performance is discussed and compared to indicate the advan-

tages of using a tree-like fractal.

This work is composed of four sections. The research problem and literature review
demonstrating the research gap are presented in Section 1. The test setup and the construc-
tion details of the SAH equipped with/without the tree-like fractal-based cylindrical pin
(SAH-TFCP) are provided in Section 2, which also describes the data collected and the
details of system control. Section 3 provides a discussion of the results based on thermal
and drying performance to demonstrate the improvement potential of the SAH-TFCP over
the conventional SAH. Concluding remarks on the significant findings of this work are
summarized in Section 4.

2. Test Setup of Solar Air Heater

This research aims to investigate the thermal and drying performance enhancement of
a solar air heater for drying applications by installing a tree-like fractal-based cylindrical
pin in the absorber plate (SAH-TFCP). The thermal and drying performance indicators of
the SAH-TFCP are compared with those of the conventional flat-plate solar air heater (SAH-
FP). An empirical test of the solar-driven air heater under Thailand’s climatic conditions
was implemented to analyze the improvement potential of the SAH-TFCP over the SAH-FP.
Turmeric was used as the sample product to demonstrate the drying performance. The test
was implemented based on real solar time, as this demonstrates the real thermal and drying
performance of the solar-driven SAH. The test stand unit was located at a latitude angle
of 14◦ and a longitude angle of 100◦ (Lopburi province, Thailand). During the test, the
airflow rate and solar irradiance were measured as the variable parameters to investigate
the thermal performance and drying efficiency. This section provides the details of the test
setup of the SAH (Section 2.1) and the detailed development of the tree-like fractal-based
cylindrical pin, which was installed in the absorber of the SAH (Section 2.2). The data
collected during empirical tests are described in Section 2.3.

2.1. Construction and Test Setup of Solar Air Heater for Drying Applications

Figure 1 shows the solar-driven air heater test unit, which is mainly composed of an
absorber plate, a drying chamber, and measuring devices. The absorber plate was designed
to be easily exchanged so that the performance of the SAH with and without the TFCP
can be fairly compared using the same major hardware. The airflow through the absorber
was supplied using an air blower, in which the flow rate can be precisely regulated by
an inverter.

The operation of the SAH for drying turmeric begins when solar irradiance falls on
the absorber plate. At the same time, ambient air can enter the absorber (point 1) via the air
blower. As the air stream flows through the absorber, convective heat transfer takes place,
resulting in hot air produced at the outlet of the absorber (point 2). This hot airflow then
enters the drying chambers to perform the drying process (points 4–6) of the agricultural
product (turmeric slices). The water contained within the turmeric slices (moisture content)
is evaporated from their surface as hot air flows through the drying chamber. Thereafter, air
with higher humidity (higher moisture) leaves the drying chamber at point 7 to complete
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the operation. The temperature at the points of interest, the airflow rate, and the weight
loss of the dried product are important parameters for this investigation.

Figure 1. Schematic of the experimental setup.

The absorber plate was constructed based on ASHARE 93-77 recommendations [40].
The dimensions (W × L × H) are 150 × 75 × 4 cm, as shown in Figure 2 and Table 2. The
absorber plate was fabricated from aluminum alloy (AA-1060) with a 3 mm thickness. This
aluminum alloy was commercially available in Thailand market. Smart wood was placed
behind the absorber plate to support the test stand. The absorber plate was painted matte
black to maximize its ability to absorb solar irradiance (high absorbability). A neoprene
foam insulator was used to prevent heat loss from the absorber plate to its surroundings,
and a polycarbonate plate was placed behind the insulator to support the test stand. A
glass cover with a 3 mm thickness was installed over the absorber plate to form an airflow
gap to generate hot air via a convective heat transfer mechanism. The gap height is 40 mm,
which corresponds to an aspect ratio (r, W/H) of around 19; this r value optimizes the
trade-off between the pressure drop and heat transfer performance, as supported by [41].

Figure 2. The geometrical drawing of the absorber plate of the SAH. (a) The sectional view of the
absorber (b) Photograph of the test unit.
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Table 2. Dimensions of the SAH.

Parameters Values Units

Heat absorber plate

Length (L) 1500 mm
Width (W) 750 mm
Height (H) 40 mm
Thickness 1.5 mm
Emissivity 0.05

Absorptivity 0.95

Drying Chamber

Length 1000 mm
width 300 mm
Height 270 mm

Drying tray

Length 600 mm
Width 250 mm

Thickness 1.5 mm

Based on the criteria recommended in [42], the drying chamber was designed so that
the agricultural products can be dried by supplied hot air. This makes agricultural products
and herbs more economical. The dimensions are shown in Table 2. The hot air from the
absorber enters the drying chamber at point (3) by means of an air blower and discharges
to the ambient environment at point (7). In this work, turmeric slices were selected to
demonstrate the drying performance of the SAH. They were prepared with approximately
3 mm thickness, as shown in Figure 3.

Figure 3. The drying chamber and trays. (a) Drying samples on the dryer tray, (b) Turmeric slices
as samples.

The air blower is electrically driven by an AC motor (220 V, 0.35 kW), and its flow rate
can be regulated precisely by an inverter. This allows the airflow rate to remain constant at
the desired point. An empirical test was implemented at three different mass flow rates:
0.016, 0.034, and 0.05 kg/s. The mass flow rate was the only parameter that varied during
the tests. These mass flow rates were proven to provide acceptable performance for this
particular absorber size in previous work by the authors of [43], where it was proven that
an acceptable thermal enhancement factor (trade-off between heat transfer enhancement
and the increased pressure drop (higher energy consumption)) can be obtained with mass
flow rates of 0.016–0.05 kg/s. In addition, the investigated range of mass flow rates is
consistent with the published work by Abushanab et al. [44].
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To maintain the mass flow rate at a certain value, a hot-wire anemometer was used
to measure the air velocity within a constant-area duct installed at the absorber inlet. The
constant-area duct has a diameter of 45 mm and a length of 600 mm. The air velocity can
be varied by fine-tuning the inverter frequency until the air flowing through the constant-
area duct reaches a constant velocity, and hence, the mass flow rate can be calculated via
Equation (4). Solar irradiance, ambient temperature, and relative humidity vary with the
daytime period, which is a common manner of field testing of solar drying. Such parameters
are beyond the control of the researcher. Therefore, in this work, the performance of the
SAH was evaluated using a practical solar drying application.

Uncertainty Analysis

During the test, temperatures at the points of interest (points 1–7) were measured
using a thermocouple probe (K-type) with an uncertainty of ±0.25 ◦C, and the real-time
temperature was recorded using a data logger (Hioki-LR8431). The air velocity was detected
using a hot-wire anemometer with an uncertainty of 2.0% of the read value. The solar
irradiance falling on the absorber plate was monitored via a pyrometer. The weight of the
sample was recorded using a digital load cell (uncertainty of 1.0%). All measuring devices
and their uncertainties are listed in Table 3.

Table 3. List of instruments applied during experiments. (a) The measuring devices with their
uncertainties; (b) the uncertainties of the parameters of interest (during the test).

(a)

Parameters Uncertainty

Solar irradiance ±2.50%

Air mass flow rate ±2.75%

Air temperature ±0.52%

Moisture content ±2.25%

Thermal efficiency ±1.75%

Drying efficiency ±1.85%

(b)

Parameter Equipment/Instrument Model Accuracy

Solar intensity Pyrometer Lutron, model
SPM-116SD ±2.5%

Air velocity Hot wire anemometer Fluke 925 ±2.0%
Relative humidity Hygrometer Climomaster, model 6501 ±2.0%

Data collector Data logger Hioki-LR8431 ±1.5 ◦C
Temperature Thermocouples K-Type ±0.5%

Weight Load cell Strain gauge ±1.0%

The uncertainty of the experimental setup was analyzed based on the method de-
scribed in [45]. Let the independent variables be a1 a2, . . ., an and let the dependent variable
be Y. Thus,

Y = f (a1, a2, . . . an) (1)

The uncertainty is calculated as

δY =

√(
δY
δa1

δa1

)2
+

(
δY
δa2

δa2

)2
+ . . . +

(
δY
δan

δan

)2
(2)
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where δY is the uncertainty in the function Y, δY
δan

is the partial derivative of the correspond-
ing ai, and δai is the uncertainty in the parameter.

The results for the uncertainties in the parameters of interest are tabulated in
Table 3—(b).

2.2. Construction of Tree-like Fractal-Based Cylindrical Pin (TFCP)

The major purpose of this work is to compare the thermal and drying performance
of the solar-driven air heater equipped with/without a tree-like fractal (TFCP). The con-
ventional absorber plate (flat plate) and that equipped with the TFCP (SAH-TFCP) were
constructed for empirical solar drying tests. The dimensions of the conventional flat plate
are 1.5 × 0.75 m2, and its thickness is 1.5 mm. It was fabricated from aluminum alloy
AA-1060. The absorber plate of the SAH-TFCP was designed to have similar dimensions to
the conventional plate, but the tree-like fractal-based cylindrical pin is placed on the top of
the absorber plate, as shown in Figure 4. As a result of installing the fractal in the absorber
plate, heat transfer enhancement is made possible by the fractal working as a turbulator
to facilitate the heat transfer mechanism. Its improvement potential will be addressed in
Section 3.

Figure 4. The construction of the SAH-TFCP. (a) Details of SAH-TFCP, (b) The formulation of the
TFCP with an increase in branching order.

To indicate the location for installing the tree-like fractal and the diameter of the
cylindrical pin, the fractal formula is used, which is stated in a tree-like fractal equation.
This formula was previously proposed by C. Xia et al. [46]:

Lk = L0N
−k
ΔL (3)
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where L0 is the length of the initial branches of the fractal.

Dk = D0N
−k
ΔD (4)

Here, D0 is the length of the initial diameter of the pin. According to Murray’s law,
the optimal values of parameters ΔD and ΔL provide the minimum flow resistance.

In constructing the TFCP, a bifurcation angle of 90◦ was used to create the cylindrical
pin fractal (pin diameter and position), as shown in Figure 4b. The branching order (k) of
the fractal is key to identifying the cylindrical pin’s installation location and dimensions,
calculated using Equations (3) and (4). A branching order of 5 (k = 5) was used to construct
the fractal [47]. In the initial design, the absorber was separated into three zones, as shown
in Figure 2. An initial length of 250 mm (L0 = 250 mm) and an initial diameter of 50 mm
(D0 = 50 mm) were used to calculate the fractal TFCP for each zone. The branching order is
key to generating the fractal TFCP. The formulation of the TFCP with increasing branching
order (k = 1–5) is indicated in Figure 4b.

In this work, the height ratio (e/H) was fixed at 0.5 throughout the experiment
(the cylindrical pin fractal height is 20 mm). The absorber equipped with the TFCP was
fabricated as shown in Figure 4a. The TFCP was made of aluminum alloy AA-1060, which
is similar to the absorber plate.

The installation of a tree-like fractal can enhance heat transfer performance because
the air stream flowing through the fractal becomes more turbulent. This can improve heat
transfer performance by eliminating the boundary layer flow (laminar sub-layer flow). The
authors implemented CFD simulations to visualize the flow pathline with/without the
TFCP and determine whether the TFCP could provide a more turbulent flow, as described
in [48]. The simulation was implemented at an airflow velocity of 5 m/s as the inlet bound-
ary condition. The velocity contour representing the flow physics with/without the TFCP
is schematically shown in Figure 5. It is clearly seen that the air stream flowing through the
absorber equipped with the TFCP is much more turbulent, and the recirculation zone of
the air stream is established. This can enhance the convective heat transfer performance
due to an increased Nusselt number [49]. In other words, the fractal (TFCP) works as a
turbulator to increase the turbulence of the air stream flow. The use of a tree-like fractal
based on a cylindrical shape for solar drying applications has not been reported in the
available literature. This is proposed and discussed in this work.

2.3. Data Collected and Determination of Performance Parameters
2.3.1. Thermal Performance Parameter

During the test, solar irradiance is absorbed by the absorber plate (via short-wave
radiation), and then, the absorbed heat is transferred to the air as it flows through the air
gap between the absorber plate and the glass cover. The heat transfer rate can be calculated
using Equation (3) [50]:

Q =
.

mCp(Tout − Tin) (5)

where
.

m = ρAV (6)

Meanwhile, the absorbed heat from the solar irradiance falling on the absorber with a
certain surface area can be estimated using Equation (6):

Qsolar = Isolar Aabsorb (7)
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Therefore, the thermal efficiency [51] of the SAH can be determined by

ηth =

(
Qout

Qin

)
× 100% (8)

where Qout is the useful energy generated by the SAH, and Qin is the solar irradiance falling
on the absorber plate.

Figure 5. Comparison of typical flow physics of the air stream flowing through SAH-FP and SAH-
TFCP. (a) Flow contour of air stream at various sections, (b) Velocity contours in transverse plane of x
(different sections), (c) Velocity streamline on absorber plate of SAH.

Since this paper reports thermal performance based on the real-time operation of the
SAH, thermal efficiency is key to demonstrating the improvement in the performance of
the SAH equipped with/without the TFCP.

2.3.2. Drying Performance Parameters

The objective of the drying process is to remove water from the product (mois-
ture content). This can be indicated by the moisture content’s wet basis, as stated in
Equation (9) [52]:

MCw =

(
mi − md

mi

)
× 100% (9)

where MCw is the moisture content (wet basis), mi is the initial product weight (g) (before
drying), and md is the weight of the dried product (g).
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The drying rate is recognized as a significant parameter for indicating drying perfor-
mance improvement and can be determined using Equation (10) [53]:

DR =

(m0 − m f

Δt

)
(10)

where m0 is the initial mass of the product (before drying), m f is the final mass of the
product (after drying), and Δt is the time interval for drying (hour).

The parameter that indicates the overall energy efficiency for solar drying applications
is the drying efficiency. It can be determined using Equation (11) [54].

ηdry =
Qdry

Qsolar + Wblower
=

.
mwh f g

(Isolar Aabs) + Wblower
(11)

Additionally,

mw = mm

(
MCi − MCf

)
(100 − MCi)

(12)

The aforementioned parameters were determined to analyze the performance improve-
ment of the solar air heater equipped with the TFCP (SAH-TFCP) for drying applications.
This is discussed in the next section.

3. Test Results and Discussion

This paper aims to demonstrate the thermal and drying performance of a solar air
heater equipped with/without a TFCP when the system is driven by real solar irradiance
under Thailand’s climatic conditions. The main purpose is to demonstrate the improvement
potential of a solar air heater equipped with a tree-like fractal (SAH-TFCP) as compared
with the conventional flat-plate absorber (SAH-FP), which is not reported in the available
literature. The tests were implemented within a daytime period of 8.30–17.30 (drying time
of 9 h). The air temperature, humidity, and solar irradiance at the points of interest during
the operating time were measured so that the thermal and drying performance of the SAH
could be analyzed comprehensively. Moreover, the initial weight of the turmeric slices
and their real-time weight were recorded (every 15 min) to assess the drying performance.
Subsequently, the thermal and drying performance of the SAH-TFCP was compared
with that of the SAH-FP (conventional SAH) to determine the improvement potential of
the SAH-TFCP.

3.1. Comparison of Thermal Performance of SAH-TFCP and SAH-FP

In comparative experiments, the airflow rate of the SAH was held constant in each
test case (this was the only control variable parameter of the investigations) by carefully
adjusting the rotational speed of the blower. To determine the desired mass flow rate,
a hot-wire anemometer installed at the inlet of the absorber was used to measure the
air velocity within the constant-area duct. The air mass flow rate was then determined
using Equation (6). The initial weight of turmeric was recorded, and real-time weight
was monitored via a digital load cell and recorded using a data acquisition unit. The test
started at 8.30 and finished at 17.30 (9 h) under clear-sky test conditions. The environmental
conditions during the test periods are depicted in Figure 6. The parameters of interest were
recorded every 15 min via the data acquisition unit. Additionally, comparative tests were
implemented using different airflow rates ranging from 0.016 to 0.05 kg/s. The test results
of the SAH are depicted in Figure 7.
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Figure 6. Environmental conditions during the test period.

Figure 7a–f show the ambient air temperatures at the absorber inlet (or Tamb), the ab-
sorber outlet (Thot-air), the inlet/outlet of the drying chamber, and variations in solar irradi-
ance with time. These results are also depicted for different airflow rates (0.016–0.050 kg/s).
It can be seen that for a mass flow rate of 0.016 kg/s (Figure 7a,b), the SAH-TFCP can
produce a much higher air temperature at the outlet of the absorber than the SAH-FP.
The highest possible Thot-air produced by the SAH-TFCP is 57.3 ◦C with solar irradiance
of around 985 W/m2. Meanwhile, that produced by the SAH-FP is 48.5 ◦C with solar
irradiance of around 980 W/m2. This indicates that a higher hot-air temperature (Thot-air)
is made possible by the SAH-TFCP. This results in a better drying process (discussed later
in the next section).
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Figure 7. (a,b) Test results at the airflow rate of 0.016 kg/s; (c,d) Test results at the airflow rate of
0.034 kg/s; (e,f). Test results at the airflow rate of 0.05 kg/s.

The results for mass flow rates of 0.034 and 0.05 kg/s, as shown in Figure 7c,d and
Figure 7e,f, respectively, show that the air temperature at the absorber outlet increases
significantly with increasing solar irradiance and vice versa. In other words, a higher
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Thot-air is produced when solar irradiance increases and vice versa. Increasing Thot-air

leads to a higher drying rate and better drying performance (which will be discussed in
the next section). A higher Thot-air is the result of better heat transfer via the convection
process due to the working absorber temperature being increased with solar irradiance.
It is interesting to see that the Thot-air produced by the SAH-TFCP is always higher than
that produced by the SAH-FP. Since the air velocity is fixed for a particular test case, a
larger temperature differential between the absorber surface and the air is the result of an
increased heat transfer rate. As a result, a higher air temperature at the absorber outlet is
produced. However, the test was conducted at different solar times (day-by-day variations),
and hence, fair comparisons of the thermal efficiency of the two absorbers (demonstrating
the trade-off between useful thermal energy and solar irradiance) must be employed for
accurate results. Comparisons of the thermal efficiency of the two systems and the percent
improvement are shown in Figure 8.

Figure 8. Thermal efficiency of the SAH-TFCP compared with the SAH-FP at different air flow rates
of (a) 0.016 kg/s (b) 0.034 kg/s (c) 0.05 kg/s (d) Improvement potential of thermal efficiency of SAH.
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It is clearly seen in Figure 8a–c that, for a given airflow rate, the thermal efficiency
of the SAH-TFCP is higher than that of the SAH-FP throughout the test period. The
improvement potential (%IMP) is found to vary with the airflow rate and solar time, and
a higher improvement potential is found when the airflow rate is increased, as shown in
Figure 8d.

As previously shown in Figure 7a–f, the air temperature at the absorber outlet (Thot-air)
produced by the SAH-TFCP is much higher than that produced by the SAH-FP throughout
the test period. Notably, the two systems were tested with the same airflow rate (same flow
Reynolds number), and thermal efficiency was used as a key parameter for comparison.
This shows that heat transfer performance is significantly enhanced after the cylindrical
fractal (TFCP) is installed in the absorber plate. The key to the heat transfer enhancement
is that the TFCP can generate more turbulence in the air stream that flows through the
absorber plate (as previously shown in Figure 5). A higher turbulence intensity can
enhance the convective heat transfer mechanism, in which the Nusselt number increases
(or the convective heat transfer coefficient increases) even when the flow Reynolds number
is identical.

It is also found that when the airflow rate increases (or the flow Reynolds number
increases), the improvement potential increases (please see Figure 8d). This is due to the
fact that the convective heat transfer coefficient increases with the flow Reynolds number,
as supported by [55]. In this case, a more turbulent air stream is achieved with a higher flow
velocity at the absorber plate. As a result, the SAH-TFCP can produce a higher improvement
potential when the airflow rate is increased. This analysis has demonstrated that installing
the TFCP in the absorber plate can greatly enhance the heat transfer mechanism of the solar
air heater, resulting in improved thermal performance.

It is also seen that the air temperature at the absorber outlet (Thot-air) decreases when
the airflow rate is increased (seen in Figure 7). This is because a higher convective heat
transfer coefficient is obtained due to being operated with a higher mass flow rate (or
higher air velocity). In this case, the Nusselt number (or convective heat transfer coefficient)
is increased due to an increase in the flow Reynolds number when the air mass flow rate is
increased. However, a lower temperature differential between the absorber surface and the
airflow causes Thot-air to decrease. This is a common convective heat transfer mechanism
that occurs when operating with a higher convective heat transfer coefficient, as supported
by [56].

The above analysis has shown that the thermal performance improvement of the
solar air heater is made possible by installing the tree-like fractal in the absorber. The key
to this heat transfer enhancement is the more turbulent flow of the airflow stream. The
results reported in this section were obtained under Thailand’s climatic conditions, and
the SAH was powered by real-time solar irradiance. This can serve as a reference case for
further improving and validating the design model of the SAH. This will benefit the drying
performance, which will be discussed in the next section.

3.2. Comparative Drying Performance of SAH-TFCP with SAH-FP

This section demonstrates the drying performance improvement of the SAH-TFCP
as compared with the SAH-FP. The impact of the airflow rate on the drying performance
is explored and discussed. In this test, the hot air produced at the absorber outlet was
supplied to the drying chamber to produce dried turmeric. In this case, drying samples
and turmeric slices were used to evaluate the drying performance. The percent decrease
in moisture content (wet basis), drying rate, and drying efficiency are used as drying
performance indicators to demonstrate the improvement potential of the SAH-TFCP in the
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drying process. The test was implemented based on real solar irradiance and carried out
from 8:30 to 17:30 (9 h drying time).

Figure 9 depicts the moisture content wet basis (MCw) over the drying period at
various airflow rates (Figure 9a–c). The results clearly show that for a given airflow rate,
the MCw with the SAH-TFCP is always lower than that with the SAH-FP for the same
drying time. This means that the sample dries faster when the SAH-TFCP is used. A lower
MCw with the same drying time reflects better water removal from the drying sample,
meaning that the water in the sample (moisture content) is removed faster when using
the SAH-TFCP. In the first four hours of the drying period, the MCw of both systems
drops sharply with the same trend. This is because the drying sample still contains quite
high moisture, resulting in a higher evaporation rate of water at the surface of the drying
sample. Notably, the MCw obtained with the SAH-TFCP is always higher than that with
the SAH-FP, which reflects a higher water evaporation rate. After four hours of drying, the
MCw decreased slightly with the drying time in all cases.

Figure 9. Moisture content produced by the SAH-TFCP compared with that produced by the SAH-FP
at different air mass flow rates of (a) 0.016 kg/s (b) 0.034 kg/s (c) 0.05 kg/s (d) Improvement potential
of the produced moisture content.
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Figure 9d shows that in the first four hours of drying, the percent improvement in
MCw increases with the drying time until it reaches its maximum value after 240 min of
drying. Then, the percent improvement of MCw decreases continuously until the drying
period ends. In addition, for the same drying time, a higher percent improvement in MCw

was found when the airflow rate was increased. From the test, the maximum percent
improvement of MCw is as follows: 54.03% at a flow rate of 0.05 kg/s, 40.29% at a flow rate
of 0.034 kg/s, and 34.52% at a flow rate of 0.016 kg/s.

For a given airflow rate, the faster water removal from the drying sample is caused by
enhanced heat transfer via the SAH-TFCP (by producing a higher Thot-air), as discussed in
the previous section. In this case, a higher air temperature yields a higher water evaporation
rate at the surface of the sample (due to a larger temperature differential between the hot
air and the sample surface). This causes a sharp decrease in MCw with the same drying
time. It is noticeable in Figure 9d that operating the SAH at a higher airflow rate increases
the improvement potential. However, the previous section has shown that Thot-air (seen in
Figure 7) decreases significantly when the airflow rate is increased. Hence, the airflow rate
seems to have a greater impact on the moisture removal rate than the drying temperature
(Tdry = Thot-air). A possible reason for this is that a higher airflow rate can accelerate the
water evaporation rate more than a higher drying temperature can because the water in the
sample (turmeric slice) is dehydrated by the evaporation process. Hence, a higher velocity
of air flowing over the sample surface can yield a higher water evaporation rate at the
sample surface, resulting in a lower MCw with the same drying time. This is because the
airflow has a relatively low relative humidity.

The above results demonstrate the benefit of using a tree-like fractal as the turbulator
for performance enhancement in drying applications based on the moisture removal rate.
However, to provide a different perspective on drying performance, the drying rate and
drying efficiency during the drying period are demonstrated in Figures 10 and 11. The
drying rate involves latent heat transfer based on the evaporation of water in the drying
sample. A higher latent heat transfer rate yields a higher drying rate. The drying efficiency
represents the efficiency of energy usage, and hence, a higher drying efficiency is preferable.

Figure 10. Comparisons of the drying rate at different flow rates.
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Figure 11. The drying efficiency and improvement potential at different airflow rates. (a) The drying
efficiency at different airflow rates, (b) The improvement potential at different airflow rates.

It is seen in Figure 10 that at a fixed airflow rate, the drying rate of the SAH-TFCP is
much higher than that of the SAH-FP in the first two hours. This is due to a higher moisture
removal rate, as discussed earlier for MCw. However, after three hours, the drying rate of
the SAH-TFCP becomes lower than that of the SAH-FP. The reason is that the moisture
content of the product (after three hours) dried by the SAH-TFCP is lower than that dried
by the SAH-FP, and the surface area of the dried product for water evaporation is reduced
significantly (seen in Table 4). These are the reasons that the drying rate of the SAH-TFCP
is lower than that of the SAH-FP after three hours.
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Table 4. The drying process of turmeric slices using the SAH-TFCP at a 0.05 kg/s mass flow rate.

Time of the Drying Process

Start Drying 2 h 4 h 6 h 9 h

Figure 11a shows that at a fixed airflow rate, the drying efficiency obtained using
the SAH-TFCP is much higher than that using the SAH-FP. It also shows that the drying
efficiency of the two systems increases with an increase in the airflow rate. The SAH-TFCP
always has a higher drying efficiency throughout the investigated range of mass flow
rates. The improvement potential (or percent improvement) is depicted in Figure 11b. The
improvement in drying efficiency is the result of heat transfer performance enhancement
by the TFCP, which works as a turbulator to increase the turbulence of the air stream
flowing through the absorber plate, which results in a higher Thot-air at a fixed flow rate.
In addition, when increasing the airflow rate, the turbulent flow of the air stream is more
intense because the air velocity is increased as it flows through the fractal. This results in a
higher heat transfer rate, which results in better energy conversion. As a result, it has a high
potential to have better drying performance, which is indicated by the drying efficiency
improvement shown in Figure 11b.

The results in this section show that the drying performance, in terms of the drying
rate and drying efficiency, can be improved by installing the tree-like fractal-based cylin-
drical pin in the absorber plate of the solar air heater. A significant drying performance
improvement is obtained with solar energy radiation under Thailand’s climatic conditions.
Hence, the results reported in this section can be used as a base reference case for further
developing a more accurate mathematical model to predict the drying performance of the
SAH operating with a turbulator.

4. Conclusions

The improvement potential of a solar air heater equipped with a TFCP was inves-
tigated under Thailand’s climatic conditions. The thermal and drying performance of
the SAH-TFCP was compared with that of the SAH-FP (conventional one) for analysis.
Turmeric slices were used as drying samples for the drying performance assessment. The
tests were conducted at different airflow rates ranging from 0.016 to 0.050 kg/s under real
solar irradiance. The findings of this work can be summarized as follows:

• At a fixed airflow rate, the temperature of hot air (Thot-air) produced by the SAH-TFCP
is much higher than that produced by the SAH-FP. This is due to convective heat
transfer enhancement via the tree-like fractal-based cylindrical pin.

• The temperature of hot air from both systems decreases when increasing the airflow
rate; however, the Thot-air produced by the SAH-TFCP is always higher than that
produced by the SAH-FP.

• The thermal efficiency of the two systems varies significantly with solar irradiance.
The thermal efficiency of the SAH-TFCP is higher than that of the SAH-FP. The percent
improvement in thermal efficiency is 44–85%, depending on the airflow rate. A higher
improvement potential is found when increasing the airflow rate.
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• The moisture content wet basis (MCw) of the SAH-TFCP is lower than that of the
SAH-FP with the same drying time. This indicates that the turmeric slices are dried
faster via the SAH-TFCP. A lower MCw with the same drying time is made possible
by increasing the mass flow rate.

• The drying efficiency of the SAH-TFCP is much higher than that of the SAH-FP
throughout the test period. The improvement potential is 32–44%. An increase in the
airflow rate yields a higher improvement potential.

Hopefully, the test results of the solar air heater for drying applications proposed in this
work are useful for researchers who are interested in developing high-performance SAHs
for drying applications. The test results show that installing the tree-like fractal cylindrical
pin is an efficient way to improve the thermal and drying performance of the SAH. This is
evidence that solar drying applications can be made more sustainable with lower energy
usage. Since the thermal and drying performance of the SAH was acceptable under
hot and humid conditions (Thailand’s climatic conditions), the improvement technique
proposed in this work is expected to further increase thermal and drying efficiency in
low-humidity conditions.
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Abbreviations

SAH Solar air heater
TFCP Tree-like fractal cylindrical pins
FP Flat plate
IP Improvement potential
Nomenclature
A Cross-sectional area of the duct, m2

Aabsorb Surface area of collector plate, m2

Cp Specific heat of air at constant pressure, kJ/(kg K)
Dh Hydraulic diameter of the air passage, m
Dk Diameter of the kth branching level
DR Drying rate
e Roughness height, mm
e/D Height ratio
H Height of air channel, m
h Heat transfer coefficient, W m−2 K−1

I Solar irradiance, W/m2

k Thermal conductivity of air, W m−2 K−1
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L Duct length, m
Lk Length of the kth branching level
MC Moisture content
Mt Total moisture content
m Mass flow rate of air, kg/s
mi Initial product weight, kg
md Weight of the dried product, kg
mw Mass of evaporated water, kg
Qin The solar irradiance falling on absorber plate, W
Qout Useful heat gain, W
Tamb Ambient air temperature
Thot-air Air temperature of solar air heater outlet
V Velocity of air through the duct
W Duct width, m
Greek letters
ηth Thermal efficiency, %
ηd Drying efficiency, %
ρ Air density, kg/m3

Δ Diameter exponent
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Abstract: The environmental challenges posed by global warming have significantly in-
creased the global pursuit of renewable and clean energy sources. Among these, solar
energy stands out due to its abundance, renewability, low environmental impact, and fa-
vorable long-term economic viability. However, its intermittent nature and dependence on
weather conditions hinder consistent and efficient utilization. To address these limitations,
nanoparticle-enhanced phase change materials (NPCMs) have emerged as a promising
solution for enhancing thermal energy storage in solar thermal systems. NPCMs incorpo-
rate superior-performance nanoparticles within traditional phase change material matrices,
resulting in improved thermal conductivity, energy storage density, and phase change
efficiency. This review systematically examines the recent advances in NPCMs for solar
energy applications, covering their classification, structural characteristics, advantages, and
limitations. It also explores in-depth analytical approaches, including mechanism-oriented
analysis, simulation-based modelling, and algorithm-driven optimization, that explain
the behavior of NPCMs at micro and macro scales. Furthermore, the techno-economic
implications of NPCM integration are evaluated, with particular attention to cost-benefit
analysis, policy incentives, and market growth potential, which collectively support broader
adoption. Overall, the findings highlight NPCMs as a frontier in materials innovation
and enabling technology for achieving low-carbon, environmentally responsible energy
solutions, contributing significantly to global sustainable development goals.

Keywords: phase change material; solar energy; nanoparticle-enhanced; NPCM

1. Introduction

Traditional fossil fuel combustion releases substantial carbon dioxide emissions, con-
stituting the dominant source of greenhouse gases. These emissions drive global warming,
ecosystem disruptions [1], and extreme weather events [2]. Simultaneously, in accordance

Energies 2025, 18, 4516 https://doi.org/10.3390/en18174516
192



Energies 2025, 18, 4516

with the 2024 United Nations World Population Prospects, the global population is pro-
jected to reach 10.1 billion by 2061 and continue its growth trajectory, which directly causes
a relentless increase in energy demand [3]. Due to the dual pressures of rapid population
growth and surging energy demands, the adoption of abundant, clean, and eco-friendly
renewable energy has become imperative.

Solar energy, which possesses notable advantages in terms of its environmental friend-
liness, abundant supply, and high degree of independence, has been widely used in energy
systems such as photovoltaic (PV) power generation [4], solar thermal conversion [5,6],
solar cooling [7,8], and solar still [9], thereby offering tremendous potential for sustainable
energy systems. In the domain of solar energy utilization, the intermittent and non-stable
nature of solar energy poses significant challenges, so high-efficiency heat storage tech-
nology has emerged as a pivotal breakthrough for enhancing the utilization efficiency
of solar energy [10]. In solar energy systems, solar radiant energy is first converted into
thermal energy via heat collection devices, so heat storage technology becomes essential
for the spatio-temporal transfer and stable output of this energy [11,12]. Among various
heat storage strategies, the latent heat storage technology founded upon phase change
material (PCM) has set itself apart due to its distinctive operational mechanism [13,14].
The PCM materials listed in Table 1 were selected for comparison due to their diverse
chemical structures (paraffins, salt hydrates, and eutectic mixtures), varied phase change
temperatures, and widespread use in thermal storage. This selection enables the systematic
evaluation of nanoparticle (NP) dispersion effects on key PCM parameters, such as thermal
conductivity and latent heat.

Table 1. Properties of some PCM.

PCM
Density of

Solids
Density of

Liquids
Specific Heat

Capacity
Latent
Heat

Thermal
Conductiv-

ity
(TC)

Temp. of
Solids

Temp. of
Liquids

Melting
Temp. Range

Ref.

Unit kg/m3 kg/m3 J/(kg·K) kJ/kg W/(m·K) ◦C ◦C ◦C

RT28 880 770 2000 179 0.2 25.98 29.6 3.63 [15]
RT28HC - - 2000 250 0.2 27 28 - [16]

RT35 860 - 2000 182 0.3 - - 1.5 [17]
RT42 880 760 2000 165 0.2 - - 4 [18]
RT50 876 710 2100 160 0.2 - - 7 [19]
RT55 880 770 2000 170 0.2 6 [20]
RT58 840 - 2100 180 0.2 321 335 [21]
60%

NaNO3 +
40% KNO3

1980 - 1575 140 0.59 495 519 - [22]

53%
NaNO3 +

40%KNO3
+

7%NaNO2

1800 at
400 ◦C - 1500 at

400 ◦C - - - - - [23]

KNO3 2109 - 953 95 0.5 - - - [24]
Dodecyl
sulfate - - - 200 - - - - [25]

Lauric acid 940 885 2285 - 0.15 40.48 42.48 2 [26]

HS 29 1681 1530 1510 (S)
2620 (L) 190 0.382 (L)

0.478 (S) - - - [27]

Coconut
Oil - - 2350 (S)

3230 (L) 70–100 - - - - [28]

Eicosane 810 770 1900 (S)
2200 (L) 241 0.4 (S)

0.157 (L) - - - [29]

C28H58 - 806 - 254 - - - - [30]

The incorporation of high-performance nanoparticles, such as Cu for reducing melting
time, Al2O3 for accelerating solidification, and graphite for enhancing thermal conductivity
(TC), into phase change materials to form nanocomposite phase change materials can sig-
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nificantly improve solar energy conversion efficiency and thermal storage capacity [31,32].
Their core advantages are mainly reflected in the following aspects. The high heat stor-
age density enables the efficient accumulation of thermal energy within confined spaces,
thereby maximizing the utilization of available volume [33,34]. The isothermal behavior
during the phase change process ensures the thermal stability of the heat storage system,
which is crucial for solar-thermal applications that require a consistent heat source [35,36].
Meanwhile, the minimal phase change temperature difference significantly mitigates heat
losses during the heat storage cycle, leading to enhanced energy utilization efficiency [37].

Based on the analysis above, NPCM materials have been widely and intensively
studied and analyzed in the scientific research community. However, the research gaps
lie in the lack of a review paper that summarizes the latest applications of NPCM in high-
temperature thermal energy storage systems, particularly in terms of energy performance
through mechanism analysis, simulation, and algorithm. Therefore, the general aim of this
review article is to systematically introduce various research and analysis methods from
the perspective of NPCM models.

This review is primarily divided into six sections. Section 1 covers the latest develop-
ments in NPCMs reported in recent literature. Section 2 focuses on introducing various
structural characteristics of NPCMs. Section 3 concentrates on the mechanisms and simula-
tion analysis methods of NPCMs, spanning from the material’s microscopic structure to its
comprehensive applications. Section 4 demonstrates the algorithm-driven optimization of
NPCMs, including machine learning methods and uncertainty analysis. Section 5 discusses
techno-economic analysis, including cost-benefit analysis, and policy incentives. Finally,
the conclusions and future research directions in the field of NPCMs are proposed in
Section 6.

2. Nano-Enhanced Phase Change Material (NPCM)

NPCM has high heat storage density for efficient limited space energy storage, isother-
mal phase change thermal stability, and a minimal phase—change temperature difference
that cuts heat storage cycle losses. These unique properties give PCM-based latent heat
storage technology extensive application potential across a wide range of fields, including
solar thermal power generation, building energy-efficiency improvements, and electronic
thermal management. As such, it represents a crucial technological pathway for addressing
the intermittent issue of solar energy and facilitating the efficient utilization of renew-
able energy resources. From a structural perspective, NPCM can be classified based on
the configuration of the nanomaterial within the composite: thermophysical NPCM (dis-
persed NPs), photonic NPCM (NPs with light-responsive surfaces), NPCM fluids (NP
suspensions), nano-encapsulated PCM (core-shell nanostructures), and phase-engineered
nanomaterials (NPs with designed phase interfaces).

2.1. Thermophysical NPCM

Thermophysical NPCM enhances PCM properties by incorporating nanoparticles
(NPs) like graphene and metal compounds, which strengthen thermal conductivity [38].
Abdolahimoghadam designed a bio-based NPCM composed of coconut oil, beeswax,
and graphene-Cu hybrid NPs. Research shows that the addition of graphene nanosheets
(GNP) to the material can significantly increase the melting rate by 5.05% [39]. Gopi
selected bismuth oxychloride, CuO, and their mixture (composite) as NPs and stearic
acid as the PCM. They found that the latent heats of NPCMs containing 0.5 wt% bismuth
oxychloride, CuO, and the composite were 204.6 kJ·kg−1, 198.3 kJ·kg−1, and 201.7 kJ·kg−1,
respectively, and the thermal conductivities increased to 0.19 W/(m·◦C), 0.22 W/(m·◦C),
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and 0.20 W/(m·◦C), respectively, which were 5.9%, 29.4%, and 17.6% higher than those of
the pure PCM [40].

2.2. Photonic NPCM

Photonic NPCM enhances photovoltaic-thermal system performance when combined
with nanofluids, improving light absorption [41]. Ahmed used 0.6% silicon carbide-
enhanced nanofluid and silicon carbide to enhance the PCM in photovoltaic systems,
thereby improving the photovoltaic-thermal efficiency. The research results show that
the maximum energy power increased from 17.512 W to 26 W [42]. Under the working
conditions of 47.94 ◦C and a flow rate of 5 L/min, Maseer studied a semi-circular absorber-
tube-type solar photovoltaic-thermal (PVT) system with combined cooling of nanofluid and
NPCM. The research results of this study show that the power-generation efficiency was
12.70%, the heat generation efficiency was 78.99%, and the total efficiency was 91.83% [43].
Máñez has developed a simple yet effective reconfigurable all-dielectric metasurface design
that enables full control of the electromagnetic response, including electrical, magnetic, and
electromagnetic coupling, by changing the refractive index of the PCM layer [44].

2.3. NPCM Fluids

NPCM fluids are liquid-phase composite materials formed by dispersing NPs, partic-
ularly molten salt compounds, within PCM or base fluids, demonstrating superior specific
heat capacity. Sathishkumar formed NPCM clusters by using the fatty-acid-based PCM
OM05 and a GNP suspension, which led to research results showing that for the Oleic-
acid-modified (OM) 05-based NPCM with 0.75 wt% GNP, its TC increased significantly at
30 ◦C, the total solidification time was shortened by 32%, and as a result, a more efficient
cooling and charging rate was achieved (Shown in Figure 1) [45]. Baiju devised a conical-
fin latent heat storage system utilizing HS-89 hydrated salt as the matrix, incorporating
0.5 wt% graphene nanoplatelets (GNP) and 0.5 wt% nano-alumina (nAl2O3), achieving a
56% reduction in charging time [46]. Wu added 5 wt% of OM and nanoAl (3:1) to binary
alkanes, which caused TC to increase to 0.31 W/(m·K) and the melting time to decrease by
38.3% [47].

 

Figure 1. The preparation process of the OM05-based NPCM. (Reproduced with permission from [45],
Elsevier, 2025).
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2.4. Encapsulated NPCM

Encapsulated NPCM is a composite PCM that combines NPs or nanomaterials with
PCM, which can effectively prevent liquid leakage during equipment operation. Shijina
added the developed GNE-PCM to an ethylene-glycol-water mixture to prepare a graphene
nano-encapsulated composite material, and the research showed that TC, specific heat
capacity, and cooling efficiency of the material were all improved [48]. To study the effect of
GNP on the thermal properties of NPCM for encapsulated heat sinks, Sivashankar added
different concentrations of GNP to the OM35 base to prepare NPCM. The research results
showed that 0.5 vol% of GNP led to a significant increase in both TC and thermal diffusivity
of NPCM [49]. Sutheesh encapsulated tetradecan-1-ol with polymethyl methacrylate to
form NPCM for thermal regulation of Lithium-ion Battery (LIB). The research results
showed that for LIB with added NPCM, heat generation was reduced, and both the
convective heat transfer coefficient and the discharge rate were improved [50].

2.5. Phase-Engineered Nanomaterials

Phase-Engineered Nanomaterials refer to the optimization of the physical and chemical
properties of materials themselves by designing the crystal-phase structure of nanomateri-
als [51,52]. Liu used palladium-selenide as a model system, which was then transformed
into Pd17Se15 and Pd4Se phases by thermally regulating the component ratio. Through
precise control of the electrode thickness and spacing, different phase-configuration ar-
rangements could be obtained, which enabled multiple in-situ functions and extended to
29 elemental combinations between metals and chalcogens, as reported in reference [53].
Zang developed an amorphous-crystalline CuxS–Ag2S composite with a significant temper-
ature gradient, which achieved a synergistic enhancement of optimal thermoelectric therapy
and multi-enzyme activity, as indicated in reference [54]. Yang developed a bismuth-doped
ruthenium oxide single-atom alloy oxide catalyst, which achieved a current density of
1.0 A cm−2 at only 1.59 V under industrial conditions, according to reference [55]. Some
NPCM performance improvements are listed in Table 2.

Table 2. Properties of some NPCM.

Reference Materials Set-Up Analysis of Performance Improvement

Abdolahimoghadam et al. [39]
Graphene-Cu NPs are added to the

bio-nano-based materials of coconut oil
and beeswax.

The melting time of the four-tube system with 2 wt%
Graphene-Cu hybrid NPs added is shortened by 80.25%,

and the solidification time is shortened by 74.28%.

Kannan et al.
[40] CuO NPs are added to stearic acid.

The enhanced TC of NPCM with 0.5 wt% CuO NPs is
29.4% higher than that of pure PCM, and the congruent

melting rate is increased by 31%.

Ahmed et al.
[42]

SiC NPs are added to water to prepare
nanofluids, and SiC NPs are added to paraffin

to prepare NPCM.

When nanofluid with 0.6 vol% and NPCM with 1 vol%
are added to the collector, the thermal efficiency

improves by 86.2%, the electrical energy increases by
11.24%, and the maximum photovoltaic power output

grows from 17.512 W to 26 W.

Maseer et al.
[43]

0.1% of Al2O3 NPs are introduced into water
to prepare nanofluids. Subsequently, 0.65% of
paraffin is introduced into the nanofluids to

prepare NPCM.

The PVT system with NPCM coolant achieves a
maximum power of 73.25 W, with a thermal efficiency of
70.5%, an electrical efficiency of 16.9% and a maximum

overall efficiency of 84.23%.

Máñez-Espina et al. [44] Ge, Ge2Sb2Te5, CaF2

Energy coupling efficiency, energy efficiency, and
unidirectional absorption asymmetry can all

be improved.

Sathishkumar et al.
[45]

0.75% of GNP is added to OM to
prepare NPCM.

TC of the cold-heat energy storage system has been
significantly increased by 54%, and the total freezing

time has been significantly reduced by 32%.

Baiju et al.
[46]

Hydrated salt is prepared with 0.5 wt% GNP
and 0.5 wt% nano-Al.

The charging time of the latent heat storage device that
uses conical fins and NPCM in combination is shortened

by 56%, and the annual life-cycle cost is
162.3 euros per year.

Wu et al.
[47]

Binary alkane containing 5 wt% modified
nano-Al2O3.

TC of NPCM with 5 wt% modified NPs is 0.31 W/m·K,
and the melting time is reduced by 38.3%.
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Table 2. Cont.

Reference Materials Set-Up Analysis of Performance Improvement

Shijina et al.
[48]

Graphene flakes are affixed to polystyrene
spherical balls encapsulated with a composite
PCM of 80% paraffin and 20% octadecane, and

then these are dispersed in an
ethylene-glycol-water mixture to

obtain nanofluid.

The subcooling degree of the coolant is reduced by 50%,
and TC and viscosity of the nanofluid increase by 14.7%

and 19%, respectively, and the heat capacity is
increased by 56.7%.

Sivashankar et al. [49] Organic PCM is prepared with 0.5 vol% GNP
and OM35.

TC of the solid phase has increased by 93%, the
conductivity of the liquid phase has increased by 78%,
the thermal diffusivity of the solid phase has increased
by 119%, the thermal diffusivity of the liquid phase has

increased by 124%, the starting temperature has
decreased to 31.21 ◦C, the peak temperature has

decreased to 37.46 ◦C, the viscosity has increased by 76%,
and the latent heat has increased by 19.82%.

Sutheesh et al.
[50]

Tetradecan-1-ol serves as the PCM, while
deionized water acts as the base fluid. The

shell is constituted by polymethyl
methacrylate, and MgO functions as the

filling material.

The lowest Reynolds number during the highest cell
discharge optimizes the phase transition of PCM. When
the Reynolds number is 121.09 and the discharge rate is

5C, the convective HTC increases by 4.53 times and
6.15 times for 1% and 4% NPCM, respectively.

Liu et al.
[53] Pd–Se

Through regulating the thickness and the distance
between electrodes on the apparatus, we bring about

emerging phases. These phases display superconducting
orders or can be manipulated to produce an ultralow
resistance contact for 2D semiconductor transistors.

Additionally, the phase engineering carried out on-device
enables in-situ and customized synthesis of outstanding

electrocatalysts, which has the ability to surpass the
traditional modulation limit of composition proportion.

Zang et al.
[54] CuxS-Ag

Abundant active sites are furnished for improving the
therapeutic activity by the dangling bonds on the

amorphous CuxS surface. Moreover, through
non-radiative relaxation, the amorphous state boosts the

photothermal effect.

Yang et al.
[55] Bi-RuO2

The Bi-RuO2 single-atom alloy oxide catalyst
demonstrates a relatively low overpotential of 192 mV. It

also shows excellent stability lasting over 650 h at a
current density of 10 mA cm−2. These properties make

possible a practical PEMWE which requires merely
1.59 V to achieve a current density of 1.0 A cm−2 under

industrial conditions.

3. Analytical Methods for NPCMs

In this section, we will concisely discuss the key methods pivotal for NPCM perfor-
mance analysis. These mainly include Mechanism-oriented Analysis, which delves into
fundamental interactions. Then there is Simulation-based Analysis, using computational
models to accurately predict properties. Finally, Algorithm-driven optimization leverages
algorithms to efficiently find optimal configurations for NPCM. Each method significantly
contributes to a comprehensive understanding and enhances NPCM performance.

3.1. Mechanism-Oriented Analysis

Mechanism-Oriented Analysis is a crucial approach in understanding the behavior of
NPCM in high-temperature thermal energy storage systems. This method delves deep into
the fundamental mechanisms underlying the material’s performance, aiming to establish
a clear connection between its microscopic structure and macroscopic properties. At the
microscopic level, NPCM consists of a base PCM embedded with NPs. These NPs can
significantly alter the properties of PCMs. For example, they may enhance heat transfer
by increasing the effective TC [56]. The mechanism-oriented analysis aims to explore how
the size, shape, and distribution of these NPs interact with the molecular structure of the
PCM, studying the interactions between NPs and the PCM which can affect the atomic
morphology, pore structure, and chemical bond interactions within the PCM, thereby
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influencing its heat storage and heat release capabilities [57,58]. By understanding these
mechanisms, researchers can predict and optimize the performance of relevant NPCM.
Commonly used mechanism-analysis methods for studying NPCM include molecular
dynamics (MD) simulation, density functional theory (DFT), and stochastic simulation
approaches, for which a review and analysis of the most recent relevant literature will be
conducted hereinafter.

3.1.1. Molecular Dynamics (MD) Simulation

MD simulation has become an important tool for studying NPCMs with excellent
performance. In research, MD enables researchers to delve deep into the complex atomic
and molecular-level behaviors underlying the macroscopic properties of materials [59]. As
shown in Figure 2, the corresponding atomic arrangement characteristics can be observed.
For composite materials that are typically composed of matrix PCMs embedded with NPs,
MD can accurately model the interactions between PCM molecules and NPs, which are of
crucial importance as they significantly influence the thermal, mechanical, and phase change
characteristics of the composite materials [60]. Additionally, MD assists in understanding
the phase change processes in NPCM, which involve the complex phenomenon of PCMs
transitioning from the solid to the liquid state or vice versa [61]. With the help of MD,
researchers can track the energy changes, atomic displacements, and intermolecular forces
during these phase transitions. The analysis of these principles is vital for optimizing the
design of NPCM-based thermal energy storage systems, as it enables the optimization and
regulation of phase change temperature, latent heat capacity, and other key parameters.
In conclusion, MD plays a key role in uncovering the change mechanisms of NPCM and
promoting the development of advanced thermal energy storage solutions. The following
is an overview of the research on the application of the latest MD analysis method to the
analysis of NPCM.

 

Figure 2. Schematic diagram of the atomic arrangement of SA-paraffin of CuO NPs. (Reproduced
with permission from [60], Elsevier, 2025). (a) front view; (b) side view.

Cu NPs are frequently added to PCMs with the aim of enhancing the latter’s thermal
properties. Cu NPs are frequently added to PCMs due to their balanced cost, thermal
conductivity, and chemical stability. Karimipour added Cu NPs to paraffin and analyzed
the trends of TC and energy-efficiency transformation of paraffin-Cu-NFs placed between
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parallel plates under the influence of different panel temperatures [59]. Liu also used the
same materials in his study, where it was found that when the concentration of Cu NPs
increased from 1% to 7%, the maximum density decreased by 1.62%, the maximum velocity
increased to 0.00493 Å/fs, the maximum temperature increased by 3.9%, the heat transfer
flux increased by 2.1%, the conductivity increased to 0.68 W/m·K, the charging time
decreased by approximately 1.42%, and the discharging time decreased by approximately
0.14%, yet as the concentration of Cu NPs continued to increase to 10%, these parameters
rebounded [62]. Singh’s research also confirmed that different concentrations of Cu NPs
had an impact on both TC and heat flux, but the turning-point concentration in the research
results was 3%, which differed to some extent from previous studies, a difference caused by
factors such as the setup of the simulation model and the force-field analysis method [63].
Cao carried out molecular-dynamics simulation and analysis using two types of PCM
(hydrocarbon-water composite and paraffin) and three wall-metals (Pt, Cu, and Al), and
found that the thermal performance of the combination of paraffin and Cu NPs was superior
to that of other combinations [64]. Huang added Cu NPs to Sodium sulfate decahydrate
and analyzed the heat and mass transfer process and phonon process [65].

CuO is also a high-quality NP. Gao analyzed the changing trends of the maximum
velocity, temperature, TC, and heat flux of the SA/PCM/CuO nanostructure within a
cylindrical pipe [66]. Yang considered the influence of the concentration of Cuo NPs on the
thermal-performance parameters of the composite material, including density, maximum
velocity, maximum temperature, heat flux, TC, charging time, and discharging time [67].
Ru discovered that when the atomic radius increased from 4 Å to 10 Å, the maximum
density decreased to 0.0825 atoms/Å3, the maximum velocity decreased, the maximum
temperature dropped, TC decreased by 1.57 W/m·K, the charging time shortened by
6.09 ns, and the discharging time decreased by 8.28 ns [68]. An analysis was also conducted
to evaluate the influence of the radius of NPs on these parameters. Notably, the charging
time increased to 6.28 ns, which was contrary to the previous research results, so the study
on the influence mechanism of the atomic radius on the charging time of the material still
warrants further in-depth analysis [69]. Yu analyzed the influence of CuO NPs on the
density, TC, and melting enthalpy of the lauric-acid PCM (as shown in Figure 3) [70]. Fang
added SiO2 NPs to the fundamental molten salt (a mixture of Na2CO3 and K2CO3) and
analyzed the thermal conductivity and shear viscosity using MD [71]. The main materials
and research contents of the above-mentioned study are listed in Table 3.

 

Figure 3. Schematic diagram of Lauric acid-CuO model (Reproduced with permission from [70],
Elsevier, 2024).
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Table 3. The main materials and research contents about MD.

Reference Materials Set-Up Analysis of Performance Improvement

Karimipour et al. [59] Cu/paraffin TC and energy-efficiency transformation

Liu et al. [62] Cu/paraffin 7% Cu NPs: density, velocity, temperature, heat
transfer flux, TC, charging time, discharging time

Singh et al. [63] Cu/paraffin 3% Cu NPs: density, velocity, temperature, heat
transfer flux, TC, charging time, discharging time

Cao et al. [64] hydrocarbon-water composite, and
paraffin/platinum, Cu, and Al)

The combination of paraffin and Cu NPs exhibits the
highest cost-performance ratio in terms of

thermal performance

Huang et al. [65] Cu, Sodium sulfate decahydrate TC, radius, diffusion coefficient, phonon density of
states, phonon resonance, Debye temperature

Gao et al. [66] Silica aerogel (SA)/PCM/CuO velocity, temperature, TC, and heat transfer flux

Yang et al. [67] SA/paraffin/CuO
The concentration of Cuo NPs: density, maximum

velocity, maximum temperature, heat transfer flux, TC,
charging time, and discharging time

Ru et al. [68] SA/paraffin/CuO The radius of Cuo NPs: density, velocity, temperature,
TC, charging time, discharging time

An et al. [69] SA/paraffin/CuO The charging time increased to 6.28 ns
Yu et al. [70] CuO/lauric-acid density, TC, and melting enthalpy

Fang et al. [71] a mixture of Na2CO3 and K2CO3, SiO2
Thermal conductivity, shear viscosity, test

factors, temperature

3.1.2. Density Functional Theory

In the research of NPCMs, DFT is an important quantum-mechanical method. At its
core, it takes the electron density as the fundamental variable, positing that the ground-state
energy of a system is a functional of the electron density [72]. Solving the relevant equations
to determine the electron density significantly simplifies the computational complexity of
multi-electron systems [73]. In the study of NPCM, DFT can precisely analyze the interac-
tions between the base PCM and NPs at the atomic scale [74]. This helps in understanding
how these interactions alter the heat transfer capabilities and other properties of NPCM.
Moreover, DFT can delve deep into its phase change processes, facilitating the optimization
of its applications in thermal energy storage and other aspects. Overall, DFT provides
crucial support for unlocking the potential of NPCM in various applications.

As shown in Figure 4, Liang employed DFT to reveal enhanced van der Waals interac-
tions and elevated non-covalent energy in acetylated lignin/fatty acid systems, achieving
40.8% particle yield, 57.2% fatty acid loading, and 70 ◦C phase transition temperature [75].
Zhang used DFT to demonstrate that graphitized carbon coating transforms non-uniform
electric fields around Ni0 NPs into spherical uniformity under solar irradiation [76]. Yao
applied DFT to confirm 8.9 nm mesopore concentration in NPCM skeletons, aligning with
scanning electron microscope (SEM) data [77]. Tan leveraged DFT-based quantum chem-
istry to prove modified lotus root starch enhances hydrogen bonding in sodium acetate
trihydrate–sodium thiosulfate pentahydrate clusters, boosting water retention and thermal
storage [78]. Yuan utilized DFT to characterize MIL-101(Fe) pore structures, identifying
dominant 1.19 nm micropores and 15.17 nm mesopores [79]. Additional DFT studies
include Wang’s pore distribution analysis of a Zeolitic Imidazolate Framework-8 based
biocompatible porous material of micron-size [80], Zeng’s calculation of higher formation
energy for C-substituted Sb7Se3 superlattices [81], and Xin’s electronic density of states
examination of Design and synthesize a composite PCM of Na2HPO4·12H2O (DHPD)—
vermiculite nanosheets (VMTNS) systems [82]. The main materials and research contents
of the above-mentioned study are listed in Table 4.
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Figure 4. Analysis diagram of the formation mechanism of lignin-stearic acid capsules (Reproduced
with permission from [75], Elsevier, 2025). (a) 31P NMR spectra of EHL and ACEHL; (b) acetylation
of GCA; (c–e) Isosurface and (f–h) scatter graph of independent gradient model based on Hirshfeld
partitioning (IGMH) of the unacetylated lignin (GCA) dimer (c,f), acetylated lignin (AGCA) dimer
(d,g), AGCA combined with stearic acid (e,h).

Table 4. The main materials and research contents about DFT.

References Materials Set-Up/References Research Methods Research Points

Liang et al. [75]

Lignin fatty-acid capsules were
prepared using an anti-solvent

method after lignin was modified
with a 6:4 ethanol-ethyl

acetate mixture.

Characterization: Transmission electron
microscope (TEM), Dynamic light

scattering, Fourier transform infrared
spectroscopy (FTIR), Nuclear magnetic

resonance, X–ray photoelectron
spectroscopy (XPS), Differential

scanning calorimetry (DSC),
Thermogravimetric analysis (TGA), DFT.

Model: MD, Independent gradient
model based on Hirshfeld Partitioning.

The solubility matching problem
between lignin and stearic acid.

The interaction relationship between
lignin and stearic acid.

A self-assembly mechanism for
acetylated lignin and stearic acid.

The heat storage performance,
supercooling degree, and thermal

stability of the modified lignin-stearic
acid nanocapsules
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Table 4. Cont.

References Materials Set-Up/References Research Methods Research Points

Zhang et al. [76]

Octadecanol (ODA) is encapsulated
into the hierarchically porous

carbon structure infiltrated with
Ni@graphite (Ni@C/C).

Characterization: SEM, nitrogen
adsorption-desorption isotherm, TEM,
Energy-Dispersive Spectroscop, X–ray
diffraction, raman spectroscopy XPS,

FTIR, TGA, DSC, UV-Vis-NIR
spectroscopy, DFT.

Models: Analytical method for phase
change kinetics, MD, Zhishen Mo

method, mean square displacement.

The crystallization characteristics of the
PCM and Ni@C/C.

The interaction energy, radius of
gyration, kinetic energy, and diffusion

coefficient between the PCM
and Ni@C/C.

The crystallization time and relative
crystallinity of the pristine ODA and

ODA/Ni@C/C.
The non-isothermal charging and

discharging performance, Localized
Surface Plasmon Resonance effect,

photothermal conversion ability, heat
release characteristics, and extreme
cold-heat management capacity of

ODA/Ni@C/C-4.

Yao et al. [77]

The radio-frequency polymer
framework (in-situ polymerized in
the presence of a sodium hydroxide

catalyst) and the phase change
component (resorcinol (R) and

furfural (F) are dissolved in molten
phase change component).

Characterization: FTIR, SEM, Nitrogen
adsorption-desorption isotherm,

Brunauer–Emmett–Teller (BET), DSC,
TC Test, Heat conductivity coefficient

test, Leakage rate analysis, DFT, Flexural
strength test, Temperature control test.

The adsorption effect between the RF
framework and phase

change component.
Analyzed the mesoporous

nanostructure characteristics of RF-PF.
The mass retention rate, shape stability,
TC, and contact thermal resistance of the

RF- composite PCM specimens.
The temperature and temperature

difference of the RF- composite
PCM plates

Tan et al. [78]

The composite PCM is prepared by
using high-density carbon-nanofiber

encapsulation of modified
broad-leaved root starch enhanced

with carbon nanofibers and
graphene nanosheets and choosing

sodium acetate trihydrate and
sodium thiosulfate pentahydrate.

Characterization: DSC, SEM, X–ray
diffractometer (XRD), TC analysis,

Viscosity analysis, DFT.

The pore structure characteristics,
interactions, solidification

characteristics, crystallization
characteristics, TC, melting enthalpy,

and molecular structure features of the
composite material.

Yuan et al. [79]
Tetradecanol is confined in the

micro-mesopores of the MIL-101(Fe)
nanoporous supporting matrix.

Characterization: BET, DFT, Porosity
analysis, SEM, XRD, FTIR, DSC, TGA,

Thermal cycling stability, Phase change
loading rate test.

The interaction between MIL-101(Fe)
and tetradecanol.

The pore characteristics, adsorption
characteristics, and crystallization

characteristics of the composite PCM.
The influence of different concentrations

of tetradecanol on the phase change
enthalpy transformation process of the

composite material, weight loss rate and
weight loss temperature, cycle stability,

melting process characteristics,
hydrothermal tolerance, and material

loss degree.

Wang et al. [80]

Porous Zeolitic Imidazolate
Framework-8

Microcrystal/Doxorubicin
Hydrochloride @

Tetraol-Polydopamine
Composite Material

Characterization: FTIR, TEM, XRD,
SEM, Thermal infrared imaging, BET,
DFT, Dynamic light scattering, Zeta

potential analysis, Nanodrop
one spectrophotometer

Drug release behaviors at different pH
values and temperatures.

The morphological characteristics, pore
size characteristics, drug-loading

capacity, and photothermal conversion
ability of the composite material.

Zeng et al. [81] Prepare C/Sb7Se3 thin film using
Sb7Se3 and C materials.

Characterization: Magnetron sputtering
instrument, XRD, Raman spectroscopy,
near-infrared spectrophotometer, XPS,

X–ray reflectometry, Atomic force
microscope, Ion thinning process,

Dual-beam focused ion beam
process, TEM,

Model: Utilize a signal system
constructed from an arbitrary waveform
generator, a digital source meter, and a

micro-control probe observatory.
Employ the Vienna ab initio simulation
package, the projector-augmented wave

potential, the generalized gradient
approximation of

Perdew–Burke–Ernzerhof, and DFT-D2.

Amorphous resistance characteristics,
crystalline resistance characteristics,

crystallization activation energy,
crystallization process, grain size,

interactions, and wide bandgap of the
thin film
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Table 4. Cont.

References Materials Set-Up/References Research Methods Research Points

Xin et al. [82]
DHPD-VMTNS with both surface

and confined space using
Na2HPO4·12H2O.

Characterization: X–ray fluorescence,
field emission scanning electron
microscope, TEM, Atomic force

microscopy, Zeta potential, XRD, FTIR,
DSC, Constant-temperature water-bath

method, TGA, DFT.
Model: MD, optimization method of
CASTEP software package, universal

force field, analysis of electrostatic force
and van der Waals force, Gamma

analysis based on ultrasoft
pseudopotential.

The interaction and diffusion
mechanism between VMT and DHPD.

The adsorption characteristics,
crystallinity, compatibility,

morphological features, phase change
and heat storage properties of DHPD

in VMTNS.

3.1.3. Characterization Method

Characterization methods, which involve using experimental equipment to collect rel-
evant signals and conduct principled analyses of specific material properties, are employed
to better observe the microstructure and performance characteristics of NPCMs when
applied to their analysis. This provides crucial support for developing new high—heat
and high—stability NPCMs. Multiple experimental approaches are often combined with
modeling techniques for analyzing a single NPCM material. Common characterization
techniques include SEM, TEM, XRD, FTIR, DSC, TGA, and Temperature history methods
(T-history methods). SEM is commonly employed to observe the microstructure and offers
a high-resolution surface view [83,84]. TEM is also utilized for microstructure observation,
but it enables internal-structure analysis at the micro-scale [85,86]. XRD is utilized to
determine the crystal structure of NPCM components [87,88]. FTIR identifies functional
groups by detecting chemical bond vibrations [89,90]. DSC was employed to characterize
its unique thermal properties, including thermal hysteresis, phase transition temperature,
latent heat, and thermal stability [91,92]. TGA is employed to investigate its phase change
characteristics [93,94]. The T-history method is used to analyze the temperature curves of
NPCM and further derive the thermophysical properties of the materials [95,96]. The main
materials and research contents of the above-mentioned study are listed in Table 5.

Table 5. The main materials and research contents about characterization methods.

Research Method Research Content Ref.

SEM Observe the surface morphology and microstructure of NPCM
and assess its particle size and distribution. [83,84]

TEM Analyze the internal microstructure of NPCM and examine its
crystalline structure and defects. [85,86]

XRD Identify the crystalline composition and crystallinity of NPCM
and investigate its phase transition. [87,88]

FTIR Detect functional groups and chemical bonds in NPCM and
investigate its chemical structure and interactions. [89,90]

DSC
Analyze the thermal properties of NPCM, including thermal

hysteresis, phase transition temperature, latent heat, and
thermal stability.

[91,92]

TGA
Assess the thermal stability and decomposition temperature of

NPCM and investigate its thermal decomposition process
and composition.

[93,94]

T-history methods Analyze the temperature curves of NPCM and research the
thermophysical properties of the materials. [95,96]

203



Energies 2025, 18, 4516

3.2. Simulation-Based Analysis

Simulation-based analysis plays a pivotal role in the study of NPCM within high-
temperature thermal energy storage systems. This approach utilizes computational models
to replicate and analyze the complex behaviors of NPCM, offering insights that are often
difficult to obtain through experimental means alone. In Simulation-Based Analysis, vari-
ous physical phenomena such as heat transfer, phase transitions [97], and fluid flow within
the NPCM are numerically modeled. For heat transfer, models consider the enhanced TC
imparted by the NPs in NPCM. They simulate how heat diffuses through the composite
material, taking into account the interactions between the base PCM and the NPs. When it
comes to phase transitions, simulations can precisely capture the temperature-dependent
behavior of NPCM. By inputting the thermo-physical properties of the components, these
models can predict the onset and duration of phase changes, which are crucial for under-
standing the energy storage and release processes. Moreover, in systems where NPCM
might be used in flowing configurations, fluid-flow simulations help analyze how the
presence of NPs affects the flow characteristics. This information is valuable for designing
efficient heat exchange systems. Overall, Simulation-Based Analysis provides a cost-
effective and time-efficient way to explore different scenarios, optimize NPCM-based
systems, and guide experimental research. Commonly used simulation-based analyses
for studying NPCM include finite element analysis (FEA), computational fluid dynamics
(CFD), stochastic simulation approaches, and multiphysics coupling models, for which a
review and analysis of the most recent relevant literature will be conducted hereinafter.

3.2.1. Finite Element Analysis

FEA discretizes complex structures into finite elements to build simulation models,
predicting the temperature field, stress distribution, and energy transfer efficiency of
materials during phase transitions [98,99]. FEA can quantitatively analyze the impact of
NP dispersibility on the thermal performance parameters of PCMs, thereby optimizing
the design of porous encapsulation to reduce the leakage rate. Meanwhile, it simulates the
regulatory mechanism of nanoscale interfacial thermal resistance on phase—change kinetics
at the micro—scale, providing theoretical support for the efficient thermal management
of NPCMs in scenarios such as electronic heat dissipation and intelligent buildings. The
following is an overview of the research on the application of the latest FEA analysis
method to the analysis of NPCM.

Gürsoy investigated the thermal performance of RT58-based composites incorporating
spherical, square, and elliptical dimpled fins with varied Al2O3 NP concentrations [100].
Hekmat explored heat transfer enhancement in a spiral circular thermal storage system
(as shown in Figure 5) using RT-50 with differently dosed NPs [101]. Dora developed a
hierarchical composite by blending nano-silica/coconut fiber with decanol-ethanol-treated
exfoliated vermiculite PCM, subsequently integrating it into foam concrete for building
thermal analysis [102]. Yang engineered graded-porosity foam Cu/paraffin NPCMs to
optimize structural configurations based on porosity uniformity, thermal response, and
energy storage dynamics [103]. Lastly, Zhao quantified Herringbone Graphite Nanofiber
agglomeration effects in paraffin via spherical clustering and linear percolation models,
revealing enhanced TC in linear networks under high interfacial conditions [104]. Sun used
artificially cultivated diatom microcrystals to modulate carbilose nanofibers to fabricate
porous frameworks to fabricate PCMs with stable shapes, and modeled and studied the
influence of pore properties on leakage resistance (as shown in Figure 6) [105]. Çiçek
established a symmetric radiator model to analyze the effects of different NP concentra-
tions and heat flux on thermal performance [56]. Saleh modeled the flexible structure of a
square cavity using the Arbitrary Lagrangian–Eulerian method and analyzed the effects of
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temperature, Stefan number, and other factors on the system’s overall performance [106].
Egami added CuO nano-powders to PCM in a rectangular container with H-shaped fins,
analyzing the effects of nano-powders’ concentration and shape factor on freezing perfor-
mance [107]. The main materials and research contents of the above-mentioned study are
listed in Table 6.

Table 6. The main materials and research contents about FEA approaches.

Reference Materials Set-Up Simulation Analysis Method Key Parameters

Gürsoy et al. [100]
RT58 paraffin, Al-based
metal foam, nanoscale

particles of Al2O3

 

Spherical, square and oval
rectangular containers

with integrated structural
walls; Based on the finite

volume method, the
Brinkman–Forchheimer
extended Darcy model
and the local thermal

equilibrium model, the
enthalpy-porosity method.

Melting time, temperature
difference, Nusselt (Nu),
energy change, energy

storage parameters.

Hekmat et al. [101] RT-50, Al2O3 NPs

 

Three-dimensional spiral
circular structure;

Enthalpy-porosity model
and Boussinesq

approximate.

Melting time,
solidification time, volume

fraction NPs, feed port
temperature, Reynolds

number.

Dora et al. [102]

Nano silica/coir,
decanol-ethanol treated

stripped vermiculite,
concrete

 

3D heat transfer building
model; A general heat

conduction equation for
structures with no internal

heat source.

TC, compressive strength,
melting and freezing

parameters, latent heat
capacity, mass loss,

compatibility and high
heat resistance.

Yang et al. [103] Cu foam/paraffin

 

Tetrahedral models of
elements with different
porosities, continuity

equations, energy
equations, heat transfer

mechanisms.

Porosity uniformity,
temperature difference,
heat storage capacity.

Zhao et al. [104]
Cu foam, carbon fiber

reinforced plastic
composite and octadecane

 

A multifunctional thermal
management composite
sandwich structure: 3D
failure model, universal

testing machine, 2D
transient numerical

model.

Specific strength, specific
energy, composite plate

thickness, thermal
rate, TC.

Sun et al. [105]

Artificially cultured
diatom microlenses

regulate carbocellulose
nanofibers

 

Multi-level pore model,
SEM, XPS, Al Kα
radiation, Raman
spectroscopy, N2

adsorption and desorption
isotherms, BET,

Barrett–Joyner–Halenda,
FTIR, TGA

Shrinkage, specific surface
area, enthalpy of phase-

change, TC.
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Table 6. Cont.

Reference Materials Set-Up Simulation Analysis Method Key Parameters

Çiçek et al.
[56]

Fe3O4, MgO, ZnO, and
xGNP, added to RT-35HC
with volume fractions of

0.02, 0.04, and 0.06. Al6061
as a heat sink and

fin material

 

A symmetrical 3D NPCM
heat sink (114 × 114 ×

25 mm) model was
constructed using Ansys

fluent to analyze the effect
of the input heat flux

generated by the heater
cap (100 × 100 × 1 mm)

with a grid and a duration
of 900,000 and 1 s.

Continuity momentum
equation, energy equation,

thermal conductivity
equation, viscosity

equation.

NP type, vessel
temperature profile, melt
profile, melting time and

volume fraction, reference
temperature, thermal

conductivity, heat flux.

Saleh et al. [106]

Nano-capsules are
structured with

polyurethane as the outer
shell and nonadecane as

the inner core.

 

The square cavity filled
with nano—encapsulated
PCM and a base fluid has
a fin of variable length at

the midpoint of its left
side. The Arbitrary

Lagrangian–Eulerian
method, Boussinesq

approximation, Laplace
equation, and

Winslow formula.

Rayleigh number, Stefan
number, fusion

temperature, Capsule
PCM concentration,

Melting temperature,
Young’s modulus.

Egami et al. [107] CuO nano-powders, PCM

 

A rectangular container
with H-shaped fins.
Galerkin Method.

Concentration and shape
factor of nano-powders

 

Figure 5. Schematic diagram of the three-dimensional spiral circular structure (Reproduced with
permission from [101], Elsevier, 2025).
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Figure 6. Simulation analysis of carbilose nanofibers and the impact on leaks (Reproduced with
permission from [105], Elsevier, 2025). (a) N2 isothermal adsorption–desorption curves; (b) pore size
distribution of CCNF, DF, and CCNF/50DF; (c) pore size regulation; (d) FTIR spectra of the CCNF
composite porous framework and BW composites; (e) SEM image of CCNF/50DF/BW. TGA curves
of (f) CCNF, BW and DF as well as (g) the prepared ss-PCMs. (h) Schematic diagram of liquid flow in
the porous framework, along with (i) simplified 2D models constructed.

3.2.2. Computational Fluid Dynamics

CFD plays a key role in the study of NPCM applications as a powerful tool for simulat-
ing fluid flow and heat transfer phenomena [108,109]. NPCMs use the phase transformation
process to absorb or release a large amount of latent heat, but their thermal properties are
highly dependent on the nanoscale structure of the material itself, its dispersion stability,
and its interaction with the surrounding fluid. By simulating complex multiphase flow
systems containing NPCM particles or capsules, CFD can reveal micro/macroscale flow,
heat transfer, and phase transition coupling mechanisms to guide the design of NPCMs and
evaluate their thermal management performance in energy storage systems. The following
is an overview of the research on the application of the latest CFD analysis method to the
analysis of NPCM.
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Olivares-Robles designed a ring thermoelectric cooler composed of semiconductors,
PCM (OM32 and Polyethylene glycol 1500), base fluid (water), and Al2O3 NPs, and ana-
lyzed the effects of NP concentration and temperature on the thermal performance of the
cooler [110]. Benyahia developed a simulation model of a finned triangular inner tube and
paraffin PCM enhanced with Cu NPs to analyze the effects of different NP concentrations,
tube eccentricity, and inclination on the thermal properties of materials [111]. Bouzen-
nada established a simulation model of NPCM fluids contained in different wave side
wall cavities to analyze the influence mechanism of different wall structures, cylindrical
radii, and rotational speed (as shown in Figure 7), and NPs concentration on thermal
performance [112]. Glolami built Cu fins and Al heat sinks, analyzed the phase trans-
formation process of Na2SO4·10H2O, paraffin, and eicosane, and analyzed the efficiency
of photovoltaic panels [113]. Nandi used CuO NPs, lauric acid, RT35HC, and P58 ma-
terials to analyze the affected mechanism of improved solar irradiation by designing a
rectangular geometry with different parallel structure shapes [114]. Shaik used CuO NPs,
RT82, to analyze the effects of different liquid fractions and shapes on melting time and
melting rate by designing a modified fin (as shown in Figure 8) with different vertical
structure shapes [115]. Waqas used multi-walled carbon nanotube (MWCNT), TiO2, and
molten-salt PCM materials to design different rotationally symmetrical fin structures in
hollow cylinders (as shown in Figure 9) to analyze the thermal performance of tubular heat
exchangers [116]. Mahdavi designed PV laminates using Cu NPs, porous Cu media, and
RT35-HC paraffin, and analyzed the effects of water pipe placement, NP concentration,
and porous media on the thermal and electrical energy of the PV panels [117]. Alam
analyzed the melting performance of latent heat thermal energy storage units made of
different materials and shaped PCM [118]. Kiyak analyzed the effect mechanism of cur-
vature and different concentrations of Cu NPs on the melting and solidification processes
of thermal energy storage systems [119]. The main materials and research contents of the
above-mentioned study are listed in Table 7.

 

Figure 7. Simulation results under different wall structures and speeds (Reproduced with permission
from [112], Elsevier, 2024).
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Table 7. The main materials and research contents about CFD approaches.

Reference Materials Set-Up Simulation Analysis Method Key Parameters

Olivares-Robles
et al. [110]

OM32 and Polyethylene
glycol 1500, Al2O3 NPs

 

The annular thermoelectric
cooler model consists of

p-type and n-type
semiconductor components
made of bismuth telluride

(Bi2Te3), with the components
insulated by a ceramic plate

and cooled using PCM.
Finite difference method

discrete transient equations

Coefficient of
performance, TC,

Reynolds number, Prandtl
number, Nu, NP

concentration

Benyahia et al. [111] Paraffin, Cu NP

 

The cylindrical shell of the
inner hollow triangular tube

was established; the
two-dimensional

axisymmetric formula was
used to simulate the thermal

and flow behavior in the latent
heat thermal energy storage

(LHTES) element, the
numerical solution was

obtained by the generalized α
time integral method, the

second-order Lagrangian finite
element was spatially

discretized with a time step of
1 s, Boussinesq approximate,
the Carman–Kozeny relation
kinetic energy equation, and

the Carman–Kozeny equation

The concentration of Cu
NPs, TC, melting time,
inclination angles, Nu,
eccentricity, porosity

Bouzennada et al.
[112]

Polyurethane/Nonadecane
dispersed in water

 

A 2D enclosed body filled with
NPCM fluid; Galerkin

weighted residual finite
element method, Galkin
weighted residual finite

element method

Volume fraction,
cylindrical radius,

rotational speed, melting
temperature, flow

structure, heat transfer
rate, Stefan number, Nu

Gholami et al. [113]

Na2SO4·10H2O was
mixed with Al2O3 and
MgO NPs, paraffin and

eicosane

 

A photovoltaic panel and
PCM cavity structure were
established; A first-order
upwind approach for the

discretization of the
momentum equation and a

second-order approach for the
energy equation, and a

second-order scheme for the
energy equation

the concentration of NPs,
efficiency and temperature

Nandi et al. [114] CuO NPs, lauric acid,
RT-35HC and P-58

 

a rectangular geometry
characterized by specific

dimensions

The concentration of NPs,
fin structure, energy

storage rate, melting rate

Shaik et al. [115] CuO NPs, RT82

 

PISO method, PRESTO,
second-order upwind

methods, second-order
upwind algorithms

NP concentration, shape,
melting time, melting

speed
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Table 7. Cont.

Reference Materials Set-Up Simulation Analysis Method Key Parameters

Waqas et al. [116] MWCNT, TiO2,
molten-salt PCM

 

Boussinesq approximation,
Semi-implicit method for
pressure linked equations

(SIMPLE), PRESTO system

Fin shape, compactness,
melting time

Mahdavi et al. [117] Cu NPs, porous Cu media,
and RT35-HC paraffin

 

Five-layer PV panels; discrete
ordinate method; Boussinesq

approximation

Electrical efficiency,
economic analysis, pipe

placement, NP
concentration

Alam et al. [118] n-Octadecane, Capric acid,
MWCNTs, Cu metal foam

 

A two-dimensional
computational model of
square geometry, finite

volume method

Enclosure geometries,
Prandtl numbers, Grashof

number, Stefan number,
NPs concentration,

melting rate

Kiyak et al. [119] CuO NPs, RT19HC

 

a curved geometry and a
straight geometry; the

Navier–Stokes equations,
enthalpy-porosity technique.
Boussinesq approximation,

finite volume method,
SIMPLE, the implicit

Euler method

Nu, concentration of NPs,
geometric curvature,
phase change time,

melting time, discharge
efficiency

 
Figure 8. Simulation results of modified fin with different parallel structure shapes (Reproduced
with permission from [115], Elsevier, 2025).
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Figure 9. Simulation results of different rotationally symmetrical fin structures (Reproduced with
permission from [116], Elsevier, 2025).

3.2.3. System Performance Simulation

System performance simulation provides core support for design optimization by
building a highly integrated system simulation coupling model to efficiently simulate
the overall dynamic response and comprehensive performance of complex systems in
an experimental or simulation environment. With its high thermal conductivity, latent
heat of phase change, and fast response, NPCMs are often used in the design of various
photothermal conversion system materials, which enhance the performance characteristics
of the system in thermal management or electrical efficiency management, accelerate the
research and development of photothermal systems, and improve the reliability of the
system. The following is an overview of the research on the application of the latest system
performance simulation analysis method to the analysis of NPCM.

Amin added graphene to beeswax to make distillation tubes and designed an exper-
imental system for analyzing freshwater production performance by combining K-type
thermocouples, insolation intensity meters, graduated cylinders, and data collectors [120].
Singh added different concentrations of Al2O3 particles to OM37 to make NPCMs for the
analysis of the thermal performance of solar ponds [121]. Emara integrated the design
of a freshwater system by adding different concentrations of TiO2 and Al2O3 nanofluids
to paraffin with a melting temperature of 62 ◦C [122]. Al-Karboly integrated a twisted
band absorber, a twisted absorption tube, a 1% SiC NP-reinforced paraffin preparation
vessel, and a silicon carbide nanofluid, comprehensively designed a photovoltaic system
(Shown in Figure 10), and analyzed its thermal efficiency [123]. Kamrava used ZnO, CuO,
and Al2O3 in paraffin wax as NPCM to further construct the floor heating system and
analyzed the thermal performance characteristics of the floor temperature and heat flux
of the floor heating system [124]. Gür added B4C to the RT35HC to design the heat sink,
further constructed an ultra-low energy consumption home heat sink simulation system,
and analyzed the thermal performance factors such as room temperature and water temper-
ature [125]. Sathishkumar used GNP and strong nitric acid to prepare NPCM materials to
design the energy storage tank system, and analyzed the thermal performance parameters
such as stored energy and solidification time [126]. Bassam used nanofluids (SiC and water
preparation) and NPCM (SiC and paraffin preparation) to design micro-finned tubes, and
the comprehensive design of the photovoltaic system showed a 77.5% increase in thermal
efficiency and an increase in output power to 14.5 W [127,128]. Kibria used NPCM (paraffin
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wax with Al2O3 and ZnO NPs) to design a photovoltaic thermal system, and the analysis
results showed that the surface temperature of the system was reduced by 5.4 ◦C, the power
was increased by 2.75%, the electrical efficiency was increased by 2.71%, the maximum
heat output power was increased by 17.4%, and the overall efficiency was increased by
15.82% [129]. Bharathiraja designed a collector system incorporating MWCNTs and SiO and
discovered that this design led to a higher output temperature and a longer duration for hot
water production [130]. The main materials and research contents of the above-mentioned
study are listed in Table 8.

 

Figure 10. Photovoltaic system (Reproduced with permission from [123], Elsevier, 2025).

Table 8. The main materials and research contents about system performance simulation approaches.

Reference Materials System Devices Key Parameters

Amin et al. [120] Graphene, beeswax Freshwater
production

Distillation tubes, K type
thermocouples, insolation intensity

meters, graduated cylinder
connections, data

acquisition equipment

Ambient temperature, solar
radiation, thermal conductivity,

temperature, freshwater
productivity, thermal efficiency,

energy efficiency

Singh et al. [121] Al2O3, OM37 Solar ponds Data collectors, thermocouples,
solar pond installations

Latent calorific value, thermal
conductivity, thermal power,

thermal efficiency

Emara et al. [122] TiO2, Al2O3, paraffin Distilled water

Radiators, water tanks and their
heaters, liquid supply tanks,

centrifugal pumps, fans, flow
meters, thermocouples,

temperature sensors, temperature
indicators, solid state relays

Flow rate, rotational speed, heat
transfer coefficient, NP

concentration

Al-Karboly et al.
[123] SiC, PCM PV

Solar simulator, pyranometer, I-V
checker, Laptop, datataker, digital

flow meter, pump, fluid tank,
water chiller, RTD sensors,

Themocouples

Electrical efficiency, thermal
efficiency, overall efficiency,

nanofluid concentration

Kamrava et al.
[124]

ZnO, CuO, Al2O3,
paraffin Underfloor heating A structured framework for

integrating NPCMs

NP concentration, floor
temperature, heat flux, thermal

conductivity, melting time

Gür et al. [125] B4C, RT35HC radiator PVT collectors, heat sinks, PCM
layers, Cu tubes

Water temperature, room
temperature, heat retention
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Table 8. Cont.

Reference Materials System Devices Key Parameters

Sathishkumar
et al. [126] GNP, strong nitric acid energy storage tank

A chiller unit, energy storage tank,
circulating pump, flow meter and

energy meter

Flow rate, desolidification time,
charging time, melting time, heat

transfer rate, temperature,
charging power, voltage drop,

latent heat energy, accumulated
energy, specific energy

consumption

Bassam et al.
[127,128]

SiC, paraffin,
Polyvinylpyrrolidone PV

Fluid tank, pump, flow meter, data
logger, photovoltaic panel,

pyranometer, I–V curve checker,
computer cooling unit, heat

exchanger, PCM expansion tank

Electrical efficiency, thermal
efficiency, temperature

Kibria et al. [129] Al2O3, ZnO, paraffin, PV
PV, hot water storage, PVT/PCM,
Structure, PVT/HNPCM, water

tap, overhead tank, pipes

Thermal conductivity, latent heat
capacity, temperature,
electricity efficiency

Bharathiraja et al.
[130] MWCNTs, SiO Collector

Cup type anemometer, data logger,
solar intensity meter, laptop,

storage tank, copper tube
embedded PCM, thermocouple,

absorber plate

Outlet water temperature,
temperature, hot water time

3.2.4. Magnetic Field Coupling Models

The magnetic field changes the Lorentz and Kelvin forces in the convective heat trans-
fer process through the coupling of the changes in magnetic induction intensity with the
conductivity and magnetism of different NPs. This regulates the melting and solidification
behaviors in the phase transformation process of the NPCM, further altering the relevant
thermodynamic characteristic parameters of the NPCM. Additionally, the coupling effect
can also impact the dynamic behavior between NPs and PCM, resulting in current changes
that adjust the system’s charging and discharging processes, thereby optimizing the sys-
tem’s power characteristic parameters [131]. The following is an overview of the research
on the application of the latest magnetic field coupling models analysis method to the
analysis of NPCM.

Izadi added different concentrations of Al2O3 nanoadditives to paraffin wax to con-
struct a hexagonal heat storage unit and analyzed the convective melting mechanism of the
tilt angle and magnetic field strength [132]. Hassan designed a U-shaped baffle cavity for
the nano-encapsulated PCMs and analyzed the mechanism of the natural convection effect
of the inclined magnetic field on the structure [133]. Younis designed a cavity structure to
analyze the mechanism by which magnetic field strength affects the thermal properties
of nano-encapsulated PCMs [134]. Selimefendigil designed a triangular-shaped structure
containing Ag-MgO hybrid nanofluids to analyze the convective influence mechanism in a
heterogeneous magnetic field [135]; designed a multi-jet impingement system to study the
numerical effects of Ag-MgO nanofluids on the thermal properties of PCMs under different
magnetic field strengths and clarity [136]; studied the phase transition and convective heat
transfer mechanisms of different types of NPs and encapsulated PCMs under magnetic
fields [137]. Nguyen designed an external magnetic field for the analysis of the thermal
performance effects of NPCM capsules incorporated into roof structures [138]. Lu designed
a stable rotating magnetic field applied to paraffin wax doped with Fe3O4 to analyze the
effect of the magnetic field on the melting mechanism [139]. Li added Al2O3 and Fe3O4

to paraffin wax to prepare NPCMs, and analyzed the melting and energy storage mecha-
nisms inside the materials using ultrasonic and magnetic fields (Shown in Figure 11) [140].
Zhuang added Al2O3 and Fe3O4 to paraffin wax to prepare NPCMs, and analyzed the heat
transfer mechanism of NPs to the materials by thermochromic liquid crystal combined
with a magnetic field [141]. Farahani analyzed the effects of fin factors and Fe3O4 EMPs
concentration on the thermal performance of energy storage systems under the application
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of magnetic fields [142]. The main materials and research contents of the above-mentioned
study are listed in Table 9.

 

Figure 11. Ultrasonic experimental system diagram (Reproduced with permission from [140], El-
sevier, 2024). (a) Schematic diagram; (b) experimental setup of the ultrasonic and magnetic fields
experimental system; (c) Boundary conditions under different cases.

Table 9. The main materials and research contents about the magnetic field.

Reference Materials Physical Model
Initial and

Boundary Conditions
Governing
Equations

Approach Key Parameters

Izadi et al.
[132] Al2O3, paraffin Ahexagonal heat

storage unit

θ(x̂, ŷ, 0) = 0,
û(x̂, ŷ, 0) = v̂(x̂, ŷ, 0) = 0;
θ(x̂, ŷ, τ) = 0,
û(x̂, ŷ, τ) = v̂(x̂, ŷ, τ) = 0;
∂θ(x̂,ŷ,τ)

∂N = 0,
û(x̂, ŷ, τ) = v̂(x̂, ŷ, τ) = 0.

Continuity,
momentum in two

coordinate
directions and

energy equations

The enthalpy-
porosity method,
the finite element

method

The tilted angle and
intensity of the

magnetic field, the
Hartmann number,

Nu, the
nanoadditives
concentration

Hassan et al.
[133]

Shell-core
structured particles
suspended in water

A U-shaped baffled
cavity

t = 0, u = x = 0;
θb = 1;
θt = 0;
∂θ
∂n = 0.

Continuity,
momentum

conservation with
additional source
terms, and energy

balance

The Arbitrary
Lagrangian–

Eulerian approach,
the deformation

gradient tensor and
the second

Piola–Kirchhoff
stress tensor

Rayleigh number,
Stefan number,

fusion temperature,
NP volume fraction,

oscillation
amplitude, Young’s

modulus,
Hartmann number,
the variable time

Younis et al.
[134]

A graphene core
encapsulated by a
polyurethane shell

A prism cover drive
chamber

∂U
∂X + ∂V

∂Y = 0.

Continuity,
momentum

conservation, and
energy balance

Galerkin method,
Boussinesq

approximation

Reynolds number,
Darcy number,

Darcy number, the
angle of deflection
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Table 9. Cont.

Reference Materials Physical Model
Initial and

Boundary Conditions
Governing
Equations

Approach Key Parameters

Selimefendigil
et al. [135]

Water-Ag-MgO
hybrid NF A triangular shape -

Continuity,
momentum

conservation, and
energy balance

Kozeny–Carmen
model, method, the

finite element
method, Streamline

Upwind
Petrov–Galerkin

approach,
Biconjugate

Gradient Stabilized

Port size, Reynolds
number, Reynolds

number.

Selimefendigil
et al. [136] Ag-MgO, paraffin

Multi jet
impingement

system
-

Energy equation,
conservation

equation.

finite element
method, Lagrange

FEs of various
orders, SUPG,

BICGStab.
Kozeny–Carmen

method

Nu, Reynolds
number, magnetic
field strength and

inclination

Selimefendigil
et al. [137]

Spherical Al2O3,
cylindrical

MWCNT, platelet
GNP

Trapezoidal vented
cavity

u = ug, T = Tg, T =

Th, ∂T
∂n = 0.

Continuity,
momentum

conservation, and
energy balance

Kozeny–Carman
model, Galerkin

weighted residual
finite element

method

Reynolds number,
Hartmann number,

inclination
parameter,

non-uniform
amplitude, NP

loading.

Nguyen et al.
[138] Al2O3, paraffin

A closed fined
rectangular

chamber

θ = 0, U = V = 0∀F0,
X, Y∃F0 = 0;
θ = 1, U = V = 0∀F0,
X, Y∃0 ≤ X ≤ 1,
Y = 0;θ = 1, U = V =
0∀F0, X, Y∃0 ≤ X ≤ 1,
Y = 1;
∂θ
∂x = 0, U = V = 0∀F0,

X, Y∃X = 0, 0 ≤ Y ≤ 1;
∂θ
∂x = 0, U = V = 0∀F0,

X, Y∃X = 1, 0 ≤ Y ≤ 1.

Continuity,
momentum

conservation, and
energy balance

The effective
thermal

conductivity of
ferromagnetic-PCM,

Boussinesq
approximation

Capsule location,
Hartmann number,

Lu et al.
[139] Fe3O4, paraffin a glass beaker filled

with PCM - - uncertainty analysis
NP mass fraction,

magnetic field
rotational speed

Li et al. [140] Al2O3, Fe3O4
acetylacetone

Ultrasonic
experimental

system
- - SEM, EDS,

uncertainty analysis

Nu, filling height,
melting time,
melting rate

Zhuang et al.
[141] Al2O3, paraffin

A set of visualized
experimental

systems based on
thermochromic

liquid crystal (TLC)

- -

TLC, GetData
software Version
2.26, uncertainty

analysis

Nu, filling height,
melting time,
melting rate

Farahani
et al. [142] RT82, Fe3O4. Annular structure

with strip fins -

Continuity,
momentum

conservation, and
energy balance

SIMPLE algorithm,
center difference

and quick method

Uniform magnetic
field pattern, fin

effect, melting time,
NPs concentration.

4. Algorithm-Driven Optimization

Algorithm-driven optimization has become an important research strategy for enhanc-
ing the performance of NPCMs in high-temperature thermal storage systems [143]. This
strategy utilizes the powerful computational capability of algorithms to finely optimize
parameters such as the composition and structural design of NPCM, in pursuit of max-
imizing thermal efficiency and thermal stability. In the NPCM field, algorithms play a
critical role in determining the ideal mass ratio of the base PCMs to NPs. They filter optimal
solutions from numerous combinations of NP characteristics and PCM properties based
on preset material performance benchmarks, which may encompass multiple dimensions
ranging from maximizing thermal conductivity and energy storage capacity to enhancing
thermal and electrical efficiency [144]. Furthermore, algorithm-driven optimization extends
to the manufacturing processes of NPCM. During the synthesis of composite materials,
algorithms take into account parameters such as mixing intensity, temperature regulation,
and pressure control. By optimizing these factors, it is possible to enhance the performance
of NPCM while also reducing costs, making NPCM more attractive for large-scale applica-
tions in high-temperature thermal storage and thus promoting the development of more
efficient and sustainable energy solutions [145].
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4.1. Machine Learning Methods

Machine learning methods serve as a system analysis and prediction paradigm based
on the inherent laws of massive data. By deeply mining the hidden correlations within
complex systems, these methods break through the simplification dependence of traditional
physical models on complex boundary conditions and multi-field coupling mechanisms.
In the thermal performance study of NPCMs, this approach demonstrates significant
advantages: through high-dimensional data analysis of the synergistic effects of multiple
parameters, it can accurately capture the distribution of NPs, the evolution of phase change
interfaces, and the nonlinear response patterns of flow within porous media, revealing
cross-scale coupling mechanisms that are difficult to quantify with traditional theoretical
models. This data-centric research paradigm not only optimizes the thermal management
performance prediction of nano PCM in complex geometric structures but also provides a
new pathway for the intelligent design of industrial-grade phase change energy storage
systems. The following is an overview of the research on the application of the latest
machine learning methods to the analysis of NPCM.

Shakibi uses CFD simulation to design key factors, construct an Artificial neural net-
work (ANN) model (Shown in Figure 12), and integrate long short-term memory (LSTM),
grey wolf optimizer (GWO), Particle swarm optimization (PSO) and other methods to ana-
lyze and solve the intelligent model of the optimal thermal performance parameters [146].
Aly explored the heat and mass transfer properties of NPCM in a wave porous cavity using
the incompressible smoothed particle hydrodynamics method and the extreme gradient
boosting (XGBoost) machine learning model, Darcy number, Rayleigh number, Fusion tem-
perature, Soret number, Dufour number, Hot zone length, Hot zone Key parameters such
as height reveal the influencing characteristics of internal thermal performance [147]. Ab-
dolahimoghamad established the multilayer perceptron (MLP)-ANN model for estimating
the optimal melting and solidification time of Gr-Cu hybrid NPs and latent heat, thermal
conductivity of bio-based NPCMs [148,149]. Gao established an automatic correlation
determination model to predict liquid-state thermal conductivity, k-nearest neighbor and
polynomial regression composite models to predict the thermal conductivity of NPCMs,
and minimum absolute shrinkage and choice operators to predict freezing-state latent
heat [150]. Ghasemi established an ANN model and input heat flux, Reynolds number,
and concentration to predict performance evaluation criterion and average Nu [151]. Ki-
aghadi used four models: linear regression, lasso regression, polynomial regression, and
auto-regressive integrated moving average to verify the correlation between time and
liquid fraction, and confirmed that the data analysis method can be effectively applied to
the prediction of phase transition behavior [152]. The auto-regressive integrated moving
average algorithm was used to predict parameters such as solar unit time, PV temperature,
melting fraction, NPCM temperature, electrical efficiency, and other parameters based on
historical data [153]. Yang established an ANN model with Reynolds number and porosity
of nickel foam as inputs, which could effectively predict the maximum temperature of
LIB [154]. Xu established an ANN model with shear rate and mass fraction as inputs,
which could effectively predict the dynamic viscosity, density, and shear stress of the LIB
of the NPCM [155]. Salari established a Harris Hawks optimizer model optimized by a
random forest algorithm to predict printed circuit board (PCB) temperature [156]. Khadem
established a GWO-support vector regression with a hybrid composite model (Shown in
Figure 13), and predicted the chipset temperature parameters through the melting point,
thermal conductivity, specific heat capacity, and enthalpy parameters of the system [157].
Fini developed a composite model of an ANN-multiobjective genetic algorithm for predict-
ing the Nu and pressure drop of microencapsulated PCM fluid [158]. The main materials
and research contents of the above-mentioned study are listed in Table 10.
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Figure 12. Schematic diagram of machine learning model (Reproduced with permission from [146],
Elsevier, 2023).

 

Figure 13. Support vector regression with hybrid model (Reproduced with permission from [157],
Elsevier, 2023).

Table 10. The main materials and research contents about the machine learning methods.

Reference Materials Model A pproach Input Output
Mean Absolute

Percentage Error

Shakibi et al.
[146] MWCNT/PCM ANN

CFD, LSTM,
Extreme Learning
Machine, Radial

basis function, MLP,
GWO, bat

algorithm (BA),
optimization based

on biogeography
(BBO), PSO,

TOPSIS, LINMAP,
and Shannon

entropy

Surface temperature,
coolant outlet

temperature, electrical
efficiency, thermal

performance,
melted PCM

Surface
temperature,
coolant outlet
temperature,

electrical efficiency,
thermal

performance,
melted PCM

PSO: 0.09714;
BBO: 0.07890;

GWO: 0.07800;
BA: 0.07837
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Table 10. Cont.

Reference Materials Model A pproach Input Output
Mean Absolute

Percentage Error

Aly et al. [147] PMMA,
n-octadecane, water XGBoost the least squares

boosting method
Nu, Sherwood

number
Nu, Sherwood
number (SH)

Nu: 5 × 10−7;
SH: 2.1 × 10−7

Abdolahimog-
hadam et al. [148]

Beeswax, coconut
oil, Gr-Cu

hybrid NPs
MLP-ANN Tansig, radbas

Temperatures,
concentrations,

thermal conductivity,
liquid or solid state of

PCM, latent heat of
melting and
solidification

processes

Latent heat, thermal
conductivity

TC: 1.1253 × 10−4

Latent heat:
4.7 × 10−4

Abdolahimog-
hadam et al. [149]

Beeswax, coconut
oil, Gr-Cu

hybrid NPs
MLP-ANN

Trainlm, trainbr,
tansig, radbas,

logsig

Concentration,
density, average

temperature, specific
heat, viscosity, latent

heat, thermal
conductivity

The melting’s and
solidification’s
liquid fraction

and time,

Solidification:
6.1019 × 10−7,

0.0458; Melting:
8.05 × 10−5, 0.00935

Gao et al. [150]
MWCNT, GNPs,

nano-graphite (NG),
myristic acid (MA)

Automatic
correlation

determination; k
nearest neighbors
and polynomial

regression;
Minimum absolute
shrink and selection

operators

-

Solid-state thermal
conductivity; thermal
conductivity of pure

myristic acid,
temperature;
Melting-state

latent heat

Liquid-state
thermal

conductivity;
thermal

conductivity of
NPCMs;

Freezing-state
latent heat

GNPs/MA:
1.762 × 10−4;

MWCNTs/MA:
5.45 × 10−7;

NG/MA:
5.035 × 10−6

Ghasemi et al.
[151]

Al,
microencapsulated

PCM-37
ANN

Levenberg-
Marquardt,

sigmoid,
backpropagation

algorithm,
Regularization

techniques

Heat flux, Reynolds
number, concentration

Performance
evaluation criterion,

average Nu
-

Kiaghadi et al.
[152] RT44HC, Silver

Auto-regressive
integrated moving

average

Linear regression,
lasso regression,

polynomial
regression

Time Liquid fraction 0.0093

Kiaghadi et al.
[153] RT28HC, Cu

Auto-regressive
integrated moving

average

Linear regression,
lasso regression,

polynomial
regression

Time, temperature of
PV, melting fraction,

temperature of NPCM,
electrical efficiency

Time, temperature
of PV, melting

fraction,
temperature of

NPCM, electrical
efficiency

-

Yang et al. [154] LiFeO4,
n-nonadecane ANN ReLU

Reynolds number,
porosity of nickel

foam

Maximum
temperature -

Xu et al. [155] sodium lauryl
sulfate, n-eicosane ANN Gradient descent

algorithm
Shear rate and mass

fraction
Dynamic viscosity,

density, shear stress 0.00066

Salari et al. [156] MWCNT, RT-35 HC,
RT-47

Harris Hawks
optimizer Random forest - The temperature

of PCB -

Khadem et al.
[157]

RT-35 HC,
aluminum foam

Support vector
regression with

hybrid
GWO

Meling point,
thermal conductivity,
specific heat capacity,

enthalpy

Chipset
temperature -

Fini et al. [158]
n-Octadecane,

Polymethyl
methacrylate

ANN-
multiobjective

genetic algorithm

NSGA-II, LINMAP,
TOPIS, Shannon

Entropy

Reynolds number,
volume fraction Nu, pressure drop -

Monte Carlo methods, which often conduct research by leveraging the Bayesian
approach optimized by Markov chain Monte Carlo, play a crucial role. Regarding data
processing, the distribution of independent variables, such as normal distribution or
log-normal distribution, is set according to different scenarios, and the corresponding
dependent variables are determined [159]. Multiple models are established, and a large
amount of input—output data is utilized, with the training set and the test set divided in
a specific proportion, and metrics such as mean squared error, root mean squared error,
and coefficient of determination are employed to analyze the prediction accuracy of the
models [160]. Some studies also use the mean value, the standard deviation of the number
of iterations, and the standard deviation for precise data analysis. In the research on the
dispersion of highly conductive nanomaterials in D-mannitol to enhance heat transfer in
the LHTES system, parameters related to the thermophysical properties of NPCM and the
inlet conditions of the heat-conducting fluid are set as independent variables following a
normal distribution, with the Fourier number (Fo) as the dependent variable. Based on
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153 CFD data, four models are established by dividing the training set and the test set into
an 8:2 ratio. The curves of the Fo values predicted and the actual Fo values by the four
models are shown in Figure 14. Eventually, a model that can best predict the Fo of the actual
dataset is constructed based on relevant metrics [161]. In the study of graphite nanosheets
reinforcing dodecanol (C12H26O), the melting rate and the surface-average Nu are set as
independent variables with a normal or log-normal distribution, and the Stefan number,
Grashof number, and Fo are set as dependent variables. Based on 573 melting-rate datasets
and 516 surface-average Nu-number datasets, five models are established by dividing the
training set and the test set in a 7:3 ratio. Subsequently, the models that can best predict the
dataset values and the Nu values are analyzed, fully demonstrating the application of the
Monte Carlo method in practical research [162]. The main materials and research contents
of the above-mentioned study are listed in Table 11.

Table 11. The main materials and research contents about the Monte Carlo Method.

Ref. Materials Set-Up Analysis Method

Alazwari et al. [161]

Highly conductive nanomaterials
dispersed in D-mannitol can be utilized

to enhance heat transfer in
LHTES systems

The Bayesian method optimized by Markov chain
Monte Carlo is implemented.

Independent variables (normally distributed): TC,
density, specific heat capacity of the thermophysical

properties of NPCM, as well as Reynolds number and
inlet temperature of the inlet conditions of the heat

conducting fluid.
Dependent variable: Fo.

Data analysis: Four models are established with
153 input-output CFD data. The ratio of the training

set to the test set is 8:2. Mean Squared Error, Root
Mean Squared Error, and Coefficient of Determination
(R2) are used to analyze the accuracy of the model’s

predicted values. A model that can best predict the Fo
of the actual dataset is established to predict the

dimensionless melting time.

Goodarzi et al. [162] Graphite nanosheets reinforcing
dodecanol (C12H26O)

The Bayesian method optimized by Markov Chain
Monte Carlo is implemented.

Independent variables (normally distributed or
log-normally distributed): Melting rate and

surface-average Nu.
Dependent variables: The Stefan number, which is the
ratio of sensible heat to latent heat and represents the

driving force for melting. The Grashof number
indicates the intensity of natural convection of liquid

PCM during the melting process. Finally, the Fo
represents the dimensionless time in transient

problems. The model that can best predict the dataset
values was analyzed. Another model that can best

predict the Nu values was analyzed.
Data analysis: Five models are established, using
573 melting-rate datasets and 516 surface-average

Nu-number datasets. The ratio of the training set to
the test set is 7:3. The mean, the standard deviation of
the number of iterations, and the standard deviation
are used for precise data analysis. The coefficient of

determination, root-mean-squared error, and
mean-squared error are used to evaluate the accuracy

of the predicted values of the proposed models.
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Figure 14. The curves of the Fo values by the four models (Reproduced with permission from [161],
Elsevier, 2022). (a) Model 1; (b) Model 2; (c) Model 3; (d) Model 4.

4.2. Uncertainty Quantification Techniques

The uncertainty quantification techniques are uncertain to comprehensively assess the
impact of uncertainty factors in systems on outcomes [163]. By meticulously identifying and
precisely quantifying various sources of uncertainty, including measurement errors, model
assumptions, and parameter variability, they provide strong assurance for the accuracy
and reliability of models, enabling effective improvements on this basis [164]. In many
fields, uncertainty quantification techniques play a crucial role, particularly in the research
and application of complex systems based on NPCM materials. They assist researchers in
gaining a deeper understanding of the intrinsic uncertainty mechanisms within the system,
thereby allowing for a full consideration of uncertainty factors in model construction,
optimization, and decision-making processes, ensuring the scientific and rational nature of
the results. The following is an overview of the research on the application of the latest
uncertainty quantification techniques to the analysis of NPCM.

Al-Aasam calculated that the error value of the PVT system caused by temperature,
mass glow rate, solar irradiance, voltage, and current is 3.83% [165]. Daneshazarian
determined that the error value of the ground source heat pump system resulting from
temperature outlet, temperature inlet, and flow rate is 0.5% [166]. Gür analyzed the
error value of the electronics system attributed to the temperatures of the PCM and the
temperatures of the empty system, which is 1.5% [167]. Venkatesh conducted an analysis
of the error in the heat exchanger system using parameters of radiation, temperature, wind
velocity, and flow rate [168]. Ganeshkumar examined the error values of parameters such
as mass flow rate, Nu, Convective heat transfer coefficient (CHTC), heat gain, solar energy,
and energy efficiency for the solar air heater [169]. Amin adopted the Holman method to
calculate the error values caused by solar radiation, temperature, and productivity in the
freshwater production system, which were ±1.55%, ±1.2%, and ±1.58%, respectively [120].
Singh analyzed that the total error of the thermal performance system of solar ponds using
NPCM was 2.59% [121]. Al-Karboly integrated the design of the photovoltaic system and
analyzed that the total error caused by sensors or instruments was less than 4% [123].
Bassam utilized SiC and water to prepare nanofluids, and SiC and paraffin to prepare
NPCMs, comprehensively designed photovoltaic systems, and analyzed the error values
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caused by temperature, radiation, voltage, and flow measurements [127,128]. The main
materials and research contents of the above-mentioned study are listed in Table 12.

Table 12. The main materials and research contents about uncertainty quantification techniques.

Reference Materials System Parameters Total Uncertainty (%)

Al-Aasam et al.
[165] SiC, paraffin PVT Temperature, mass glow rate, solar

irradiance, voltage and current 3.83

Daneshazarian
et al. [166]

Ag, Cu, Al2O3, CuO,
TiO2, GNP,

MWCNT, paraffin

Ground source
heat pump

Temperature outlet, temperature
inlet, flow rate 0.5

Gür et al.
[167] Y2O3, myristic acid Electronics The temperatures of PCM, the

temperatures of empty system 1.5

Venkatesh et al.
[168] SiC, Ag, paraffin Heat exchanger Radiation, temperature, wind

velocity, flow rate -

GaneshKumar
et al. [169] Al2O3, paraffin Solar air heater

Mass flow rate; Nu; CHTC; heat
gain; solar energy;
energy efficiency

±2.5; ±3.9; ±4.1; ±4.32;
±5.45; ±4.21

Amin et al.
[120] Graphene, beeswax Freshwater

production
Intensity of solar radiation,
temperature, productivity ±2; ±0.1; ±5

Singh et al.
[121] Al2O3, OM-37 Solar ponds

Magnetic stirrer, weight of NP and
PCM, thermal analysis in DSC, hot

disk thermal constants analyzer,
solar intensity, wind
speed, temperature

2.59

Al-Karboly et al.
[123] SiC PV temperature, mass flow rate, solar

irradiance, voltage and current. 3.82

Bassam et al.
[127,128] SiC, paraffin PV Temperature, radiation,

voltage, flow ±0.1; ±1.5; ±1.0; ±0.5

5. Techno-Economic Analysis

The techno-economic analysis within the framework of NPCM is a comprehensive eval-
uation that combines considerations of both technological and economic feasibility [170].
This analysis delves deeply into the specifics of NPCM-related technologies, exploring
everything from fundamental scientific principles to practical applications, and accurately
assesses the costs and potential benefits associated with research and development, produc-
tion, and maintenance. It not only predicts short-term financial impacts but also evaluates
long-term economic sustainability. By integrating technological and economic dimensions,
techno-economic analysis provides stakeholders with a holistic view, assisting them in mak-
ing informed investment decisions in NPCM projects and ensuring the efficient allocation
of resources in this emerging field [171].

5.1. Cost-Benefit Analysis

Cost-benefit analysis is a systematic decision-making tool, the core logic of which lies
in quantifying and comparing all expected costs and benefits of an NPCM product over
its entire lifecycle, while considering the time value of the product [172,173]. Ultimately,
it calculates key indicators to evaluate the economic feasibility of the product as well as
the relative advantages of different proposals [174]. For NPCM products, cost-benefit
analysis effectively avoids resource waste by preemptively identifying projects where
expected benefits will not cover costs, thus preventing the allocation of valuable funds
to inherently unprofitable innovations. Furthermore, in the context of limited resources,
it optimizes resource allocation by horizontally comparing the net benefit priorities of
various NPCM proposals, ensuring investments are directed towards the avenues with the
highest economic potential. This transforms innovation risks into measurable investment
propositions, maximizing the likelihood of creating long-term value [175]. The following is
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an overview of the research on the application of the latest cost-benefit analysis method to
the analysis of NPCM.

Sharshir analyzed that the hemispherical solar still device with metal organic frame-
work is the most cost-effective and efficient, with the highest unit production cost and
life cycle cost for producing fresh water [176]. Rasaiah studied multiple nanofluid im-
proved double slope solar still devices and found that CuO nanofluid has the highest
cost-effectiveness in terms of economy and environmental protection [177]. Kumar’s study
found that the configuration of aluminum foam and PCM with microchannels helps main-
tain efficient flow conditions but has higher maintenance costs [178]. Gürbüz designed a
collector embedded with S NPs and analyzed it from multiple perspectives, such as effi-
ciency, energy, and cost [179]. Mohtasim studied the energy recovery period and economic
and environmental factors, such as CO2 reduction of solar still systems and PVT systems
with different structures [180]. Singh combined multiple NPCMs, the configuration of
the device, and the analysis of daily freshwater production and investment payback pe-
riod parameters under various conditions were carried out [181]. Anika comprehensively
analyzed the performance, economy, environment, and other factors of the distiller con-
structed with mixed NPCMs and proposed improvement suggestions [182]. Rad designed
a PVT system using nanofluid as a coolant and found that the unit production cost was
0.134 $/kWh [183]. Essa placed PCM and Ag NPs under the absorber to design the best-
performing solar still, and the research results showed that the use of the device increased
freshwater productivity by 245% [184]. Paul regarded different NPs as important factors
affecting the thermal and environmental economic performance of the solar distiller [185].
Elamy combined Ag NPs for comprehensive solar still research; the results showed that
the productivity of the slipped material increased by 233%, and both the environmental
and economic cost-effectiveness were improved [186]. Attia’s work demonstrated that
incorporating graphene materials into the design of solar stills led to a remarkable 574.1%
enhancement in energy efficiency [187]. El-Gazar combined the characteristics of TiO2 and
SiO2 to design a solar still system and found that the production cost of distilled water was
lower in summer than in winter [188]. The main materials and research contents of the
above-mentioned study are listed in Table 13.

Table 13. The main materials and research contents about cost-benefit analysis.

System Product
Unit Production

Cost
Life Cycle Cost Payback Period CO2 Reduction Ref.

Solar still Distilled water 0.0115 $/L 130 $ - 1.57 ton/year [176]
Solar still Distilled water 0.09 $/L 219 $ 496 days 16.80 ton/payback period [177]
Battery Flow condition - 49–70 $ - - [178]

Collector Electrical energy 0.0138 €/kWh 3.6624 € 0.058 year - [179]

Solar still/PVT Distilled water;
electrical energy 0.01495 $/L - 7.263 year;

0.26 year

3322.12 kg (emissions),
564.82 kg (mitigation);

6.98 ton/payback period
[180]

Solar still Distilled water 0.012 $/L - 129 days - [181]

Solar still Distilled water 0.0192 $/L - 7.26 year 322.12 kg (emissions);
565 kg (mitigation) [182]

PVT Electrical energy 0.134 $/kWh - - - [183]
Solar still Distilled water 0.011 $/L - - - [184]
Solar still Distilled water - - - 448 kg/m2 year [185]
Solar still Distilled water 0.01 $/L 420 days 28.8 ton/year [186]
Solar still Distilled water 0.00713 $/L 65.85$ - - [187]

Solar still Distilled water

0.0156 $/L
(in summer),
0.0264 $/L
(in winter)

- -
16.38 ton/year
(in summer),

19.47 ton/year (in winter)
[188]

After delving into a series of cases where the latest cost-benefit analysis method
was applied to NPCM analysis, the remarkable practical advantages and potential of this
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method are evident. These cases span multiple industries like freshwater, photovoltaic, and
electric power, and involve complex NPCM scenarios. They offer decision-makers clear,
intuitive, and actionable references. This approach effectively overcomes the blind spots
and limitations of conventional analysis. By applying it, businesses can optimize resource
allocation in NPCM implementation. This, in turn, enhances economic efficiency while
advancing sustainable development goals.

5.2. Policy Incentives and Market Growth Potential

Policy incentives are constructing a multi-level environmental governance system,
driving the global green transition. Under the UN framework, conference of the parties
(COP) 29 established the climate finance target, mandating developed countries to pro-
vide $300 billion annually in public funds by 2035 to leverage $1.3 trillion in support for
developing countries’ infrastructure development [189]; COP30 proposes establishing a
carbon tariff revenue-sharing mechanism and a deforestation accountability mechanism to
ensure biofuel and mineral development do not harm the ecological rights of developing
countries [190]. At the international institutional level, the International Energy Agency
(IEA) demonstrated through its Strategy for an Affordable and Fair Clean Energy Transition
that renewable energy costs are lower than fossil fuels [191], and its 2023 Energy Efficiency
Report requires doubling the global annual energy efficiency improvement rate to 4%
by 2030 [192]; the tripling renewable energy capacity target (to 11.2 TW by 2030) jointly
advanced by the IEA and International Renewable Energy Agency (IRENA) has shown tan-
gible results that China contributed 64% of the 585 GW global new installations in 2024 [193].
The EU established a 40% minimum domestic clean energy production capacity target by
2030 through its Net Zero Industry Act [194], complemented by the Batteries and Waste
Batteries Regulation mandating full lifecycle carbon footprint disclosure (implementing a
battery passport by 2027) [195], combined with the Carbon Border Adjustment Mechanism
imposing comprehensive tariffs on six high-carbon import sectors [196]. Supported by the
Critical Raw Materials Act aiming to increase strategic raw material processing to 40% and
recycling rates to 25% [197], and augmented by the EU Wind Power Action Plan stream-
lining permitting processes (targeting 120 GW for North Sea wind power by 2030) [198],
this forms a tripartite “technological autonomy-supply chain decarbonization-resource
circularity” system. The US revised the Inflation Reduction Act, raising clean electricity
tax credits to 35% (with domestic manufacturing requirements) and removing battery
mineral restrictions [199], while New York State enacted the Climate Change Superfund
Act, imposing a $75 billion levy on fossil fuel companies [200]. Developing countries are
advancing concurrently: China’s Energy Law established a renewable energy consump-
tion guarantee mechanism and initiated a unified energy market [201], while its Draft
Ecological Environment Code consolidated over 30 laws to create a dedicated “Green and
Low-Carbon” chapter [202]; India launched a national carbon market covering power
and petrochemical sectors, paired with a 280 GW solar target [203]; Vietnam’s Revised
Electricity Law introduced direct green power purchase agreements exempting them from
bidding [204]; Brazil invested R$21 billion in its National Hydrogen Program [205]; the
UAE’s National Biofuel Policy established production standards promoting waste cooking
oil conversion, targeting a 20% increase in biodiesel consumption by 2050 [206]. These
policies, relying on mandatory fund allocation, technical standards, market mechanism re-
structuring, and ecological rights protection, transform global environmental commitments
into enforceable binding rules, highlighting the critical role of policy-driven approaches in
environmental governance. The main research contents of the above-mentioned study are
listed in Table 14.
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Table 14. The main research content about policy.

Policy/Legislation
Name

Country/Region
Effective/Revised

Date
Core Content Ref.

New Collective
Quantified Goal on

Climate Finance
UN (COP29) Nov 2024

Requires developed countries to
provide $300 billion in public

funding annually by 2035,
mobilizing $1.3 trillion annually to

support developing countries.

[189]

- UN (COP30) -

A carbon tariff revenue-sharing and
deforestation accountability

mechanism; Biofuel production and
mineral extraction do not sacrifice

the ecological rights of
developing countries.

[190]

Strategies for Affordable
and Fair Clean

Energy Transitions
IEA May 2024

Argues clean energy costs less than
fossil fuels; proposes energy

efficiency subsidies, promotion of
efficient appliances, and

clean transport.

[191]

2023 Energy
Efficiency Report IEA Nov 2023

Requires doubling the global annual
energy efficiency improvement rate

to 4% by 2030.
[192]

Renewable Energy
Capacity Tripling Goal IEA/IRENA 2023–2025 (Progress)

Global renewable energy capacity to
reach 11.2 TW by 2030; 585 GW
added in 2024 (China accounted

for 64%).

[193]

Net Zero Industry Act EU 2025 (Implementation)

Local net-zero tech production
capacity ≥40% by 2030; limits

dependence on any single third
country to >50%.

[194]

Batteries and Waste
Batteries Regulation EU Feb 2025

Mandates disclosure of full-lifecycle
carbon footprint for batteries;

implements “battery passport”
from 2027.

[195]

Carbon Border
Adjustment Mechanism EU 1 January 2025

Full carbon tax implementation on
imports across six sectors

(steel, Al, etc.).
[196]

Critical Raw
Materials Act EU 2023 (Adopted)

By 2030: 10% domestic extraction,
40% domestic processing, and 25%

domestic recycling capacity for
strategic raw materials.

[197]

European Wind Power
Action Plan EU Oct 2023

Simplifies wind permitting; targets
120 GW North Sea offshore wind

capacity by 2030.
[198]

Inflation Reduction Act
Amendments USA 2025 (Revision)

Raises clean electricity tax credit to
35% (requires domestic

manufacturing); removes battery
mineral “Foreign Entity of

Concern” restrictions.

[199]

Climate Change
Superfund Act USA 2025

New York State to levy $75 billion
over 25 years on fossil

fuel companies.
[200]

Energy Law of the
People’s Republic

of China
China 1 January 2025

Establishes renewable energy
consumption guarantee; defines

financial energy attributes; builds a
unified energy market.

[201]

Ecological and
Environmental

Code (Draft)
China Apr 2025 (Review)

Consolidates over 30 environmental
laws; first-ever “Green and

Low-Carbon Development” chapter.
[202]

National Carbon Market India Apr 2025 (Launch)
Covers power and petrochemical

sectors; coupled with 280 GW solar
PV target.

[203]
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Table 14. Cont.

Policy/Legislation
Name

Country/Region
Effective/Revised

Date
Core Content Ref.

Revised Electricity Law Vietnam 1 February 2025
Introduces Direct Power Purchase

Agreements, allowing green projects
to bypass bidding.

[204]

National Hydrogen
Program Brazil 2023–2025

Invests BRL 21 billion; aims to
establish a low-carbon hydrogen

industrial chain by 2030.
[205]

National Biofuels Policy UAE Apr 2024 (Approved)

Sets biofuel production standards
and trading rules; targets 20%

increase in biodiesel consumption
by 2050; promotes waste cooking oil

conversion to biofuel.

[206]

6. Conclusions and Future Work

This review comprehensively analyzes NPCM’s high thermal performance research
methods and economic benefits, delves into its melting mechanisms, and optimal de-
sign configurations. Starting with the fundamental types of NPCM, it offers in-depth
explanations of these mechanisms and designs, highlighting their advantages in thermal
energy management. The review also incorporates cost-benefit analyses of application
systems and the latest international environmental policies to fully assess NPCM’s energy-
saving and eco-friendly attributes. These findings demonstrate NPCM’s great potential
in materials innovation and low-carbon environmental protection, strongly supporting
sustainable development.

6.1. Key Findings and Contributions

(1) NPCMs improve thermal conductivity, reduce supercooling, and accelerate melt-
ing/solidification rates.

(2) Various NPCM structures, such as thermophysical, photonic, fluid-based, encap-
sulated, and phase-engineered, enable targeted applications across different solar
thermal systems.

(3) Mechanism-level analysis using MD and DFT provides critical insights into nanoparticle-
PCM interactions and nano-scale heat transfer behavior.

(4) Techno-economic analyses confirm that NPCMs offer high cost-effectiveness, im-
proved energy efficiency, and extended lifecycle benefits for solar energy systems.

(5) The identical Cu NPs and paraffin-based NPCM structure exhibit analogous thermal
property inflection points at significantly disparate Cu NP concentrations. Conse-
quently, it is imperative to establish a rigorous simulation model to analyze the
correlation between nanoparticle concentration and the thermal performance charac-
teristics of NPCM.

(6) The unit production cost of distilled water for solar distillers using NPCM can be
as low as $0.00713/L, and other models of solar distillers also demonstrate good,
low-carbon, and environmentally friendly economic performance.

(7) The combined use of mechanistic analysis methods and simulation methods is more con-
ducive to studying the phase change mechanism of NPCM during the melting process.

(8) The combination of a finite element analysis model and experimental data is more
advantageous for the analysis of the melting phase transition mechanism of NPCM
under the action of a magnetic field.

(9) The application of algorithm optimization and analysis methods, particularly in-
tegrated algorithmic models based on artificial neural networks (ANNs), can be
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harnessed to more effectively project the material configurations of devices or systems
that achieve high thermal efficiency performance.

(10) The incorporation of graphene materials significantly enhances the performance
characteristics of PCMs. For instance, in solar still applications, it improves energy
efficiency by 574.1%. Therefore, graphene and other high-performance materials
should be prioritized in future NPCM research.

(11) Increasing policy incentives, clean energy mandates, and investments in renewable
infrastructure are accelerating the commercial potential of NPCM-based solutions.

6.2. Remaining Challenges and Future Opportunities

Although NPCM exhibits strong thermal performance in melt heat transfer, the design
and selection of its nano materials or structures face challenges in practical applications. As
different researchers have discussed NPCM from various research perspectives, integrating
innovative research ideas into the design of NPCM application systems has become a
mainstream research direction. Research on NPCM holds extensive promise, and future
leading research methods are likely to be associated with it.

(1) The accuracy of ideal model simulation methods, which is related to mesh size,
models, quantities, and solution methods, necessitates further research to design
high-precision physical simulation models and reduce interference from inaccuracies
in real-world models.

(2) In algorithm optimization analysis, which demands extensive data collection with
accuracy being critical, the impact of varying parameter choices in different algorithms
on model outcomes necessitates further exploration into constructing high-quality
datasets and developing efficient, accurate algorithmic models.

(3) During the experiment, the inaccuracy caused by measuring devices is inevitable,
highlighting the necessity for more precise system accuracy control and making it
necessary to conduct uncertainty analysis on key steps.

(4) In actual solar energy system applications, unforeseen circumstances often arise
during operation, so future research could integrate simulations of additional weather
factors to develop a more realistic and production-oriented simulation model.

(5) An intelligent optimization model for solar-powered freshwater production systems
should be established, since the study of nanomaterials within a single system is
limited in scope, failing to take into account the substitutability of materials and the
acceptability of economic costs.

(6) Although significant progress has been made in the research of thermodynamic
melting associated with magnetic field convection across various fields, it is necessary
to further explore the economic benefits of these findings and address the insufficient
studies on the impact of eddy current characteristics in magnetic fields on the thermal
properties of materials.
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Abbreviations

ANN Artificial neural network
BA Bat algorithm
BBO Optimization based on biogeography
BET Brunauer–Emmett–Teller
CFD Computational fluid dynamic
CHTC Convective heat transfer coefficient
COP Conference of the parties
DFT Density functional theory
DHPD Na2HPO4·12H2O
DSC Differential scanning calorimetry
F Furfural
FEA Finite element analysis
Fo Fourier number
FTIR Fourier transform infrared spectroscopy
GNP Graphene nanosheets
GWO Grey wolf optimization
IEA International energy agency
IRENA International renewable energy agency
L Liquid
LHTES Latent heat thermal energy storage
LIB Lithium-ion battery
LSTM Long short-term memory
MA Myristic acid
MD Molecular dynamics
MLP Multilayer perceptron
MWCNT Multi-walled carbon nanotube
NG Nano-graphite
Ni@C/C The hierarchically porous carbon structure infiltrated with Ni@graphite
NP Nanoparticle
NPCM Nanoparticle-enhanced phase change material
Nu Nusselt
ODA Octadecanol
OM Oleic-acid-modified
PCB Printed circuit board
PCM Phase change material
PSO Particle swarm optimization
PV Photovoltaic
PVT Photovoltaic-thermal
R Resorcinol
RBF Radial basis function
S Solid
SA Silica aerogel
SEM Scanning electron microscope
SIMPLE Semi-implicit method for pressure linked equations
SH Sherwood number
TC Thermal conductivity
TEM Transmission electron microscope
TGA Thermogravimetric analysis
TLC Thermochromic liquid crystal
VMTNS Vermiculite nanosheets
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XGBoost Extreme gradient boosting
XPS X–ray photoelectron spectroscopy
XRD X–ray diffractometer
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