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T = w Energy generated from photovoltaic (PV) systems is often wasted, with about 80% converted

%ea% = February E, 2025
3(6\%edEMarch 228 &25
Q\cuepted March 26,2025

nges

to heat and only 20% converted to electricity. This indicates the need for further research to
improve the energy conversion efficiency in PV systems. This study aims to analyze the cell
efficiency and power generation in a photovoltaic-thermal (PVT) system with variations in

%vgabg arllines M% 29.2025 nano-encapsulated phase change material (NEPCM) concentration and reservoir thickness. The
= o 2 developed PVT configuration includes a photovoltaic cell layer, a thermal paste layer, a
= o o = reservoir wall, and a channel filled with nanofluid containing NEPCM surrounded by a

KEYWORDS protective shell. The research method involves simulation using the Finite Element Method to
o measure system performance regarding energy conversion efficiency, with encapsulated PCM
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concentration variations at 2%, 10%, and 20%. Additionally, the laminar flow velocity used is
0.5 m/s under steady-state conditions, and the thickness of the PCM material used is | mm and
15 mm. The results show that increasing the NEPCM concentration by 5% can improve the
electrical and thermal performance of the system by more than 50%. In addition, variations in
reservoir thickness also contribute to the overall efficiency. This study concludes that the
proposed PVT configuration can improve energy efficiency and optimize thermal management
in the system, making it an effective solution for developing renewable energy technologies.
Thus, implementing NEPCM in PVT systems can significantly contribute to overall energy
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Enggyds a fundamental element for human life. Energy is vital
in szljl-p@rting econeic growth and prosperity from daily needs
to -ﬁdugry As thesgpopulation and economy grow, global energy
den%n&continues to increase. According to the International

C X A . s
Enegg;%Agency (IBA), world energy consumption will increase
by gmly;ld 5% betgen 2020 and 2023 [1]. In Indonesia, energy
denﬁ_’an%is growing=by around 6.5% per year, driven by economic
gro@tthata fromfhe Ministry of Energy and Mineral Resources
(ESDM] shows thdtdndonesia's primary energy consumption will
rea_gl 300 million tam of oil equivalent (MTOE) in 2023, up from
276 MTOE in 2@20. This increase reflects the significant
ch%enges in provging sustainable energy [2].

@ -
Regrding energykﬁlpply, Indonesia is still highly dependent on
fosgil fuels. Basedmgn data from the National Energy Council
(Dé_i]), Indonesia'ggnergy mix in 2023 will be dominated by coal
(40246%), followe&y 0il (30.18%) and natural gas (16.28%) [3].
Nef and renewalile energy (EBT) only contributed 13.09%,
alth:zj?ugh it experiéficed an increase of 0.79% from the previous
yean However, tHif) figure is still far below the target set of
17.57% [4]. Higlkgdependence on fossil fuels brings various
inclyding
en\@onmental polfﬁfion impacts, and risks to public health due to
greérrlhouse gas e ions [5].
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chgllenges, limited non-renewable resources,

One of the leading solutions to reduce dependence on fossil fuels
is to use renewable energy. Indonesia has great potential for
renewable energy from various sources, including hydropower,
geothermal, wind, biomass, and ocean energy. Hydropower
potential, for example, is estimated to reach 94.5 GW, with
utilization of around 6.1 GW until 2023. Indonesia's geothermal
potential is one of the largest in the world, reaching 23.9 GW with
an installed capacity of around 2.3 GW. In addition, wind energy
also has great potential, especially in the southern coastal areas of
Java, Nusa Tenggara, and Sulawesi [6]. However, other
renewables, such as biomass and ocean energy, are still in the
early stages of development. Meanwhile, solar energy, one of the
largest sources, requires more attention for future growth.
Renewable energy provides a long-term solution for the
sustainability of energy supply. It reduces negative environmental
impacts, and Indonesia has an excellent opportunity to utilize this
potential in the future [7].

One of the largest sources of renewable energy in Indonesia is
solar energy. Located around the equator, Indonesia receives
abundant exposure to sunlight throughout the year. Indonesia's
average solar radiation level ranges from 4.8 to 5.4 kWh/m? per
day, depending on the region [8]. This makes Indonesia one of
the countries with the world's most significant solar energy
potential. Based on data from the Ministry of Energy and Mineral
Resources, the potential for solar energy in Indonesia reaches

Attribution-NonCommercial 4.0 International. Some rights reserved
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llf ‘
ﬂ xhich is spread throughout the country, especially in

{’%ﬂ‘ parts such as East Nusa Tenggara, Maluku, and Papua,
h

ave the highest levels of solar radiation. This shows
excellenf ogportun@es for further development [9].
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%hé&w@taﬁu (PV) ;’;stems are a technology used to convert solar
gn@yantaelectrgty PV uses the photoelectric effect, where
‘gef@c&mduesmg m(a)terlals such as silicon absorb sunlight and
-gelgseilearons ducing an electric current. Although this
gecgm gygs widgly used, the efficiency of PV panels is still an
’a_‘?ssv%‘ @ur@nt PV%fficiency averages between 15% and 20%,
%@1@ tl*&t only=a tiny portion of the solar energy received is
301%1{&1 ato elecHricity, while most of the rest is lost as heat.
g(esmrg; ] foung- that these efficiency challenges depend on
@n@or@gﬂéﬁ’tal coqftlons like temperature, dust, and sunlight
gi-nt@'mg —_
Ciss =
-g)naofﬁhdﬁnain ptéblems with PV technology is its inability to
%o@erﬂ?all solar eﬁrgy into electricity. Research [8] shows that
F‘:‘??V%)a@ls cannotﬁonvert 100% of solar energy into electrical
(Q %yb\_about 80% is converted into thermal energy. Many
Emgesmave showatjlat the efficiency of PV cells decreases with
%ncma g temperature. For example, the one conducted by [11]
“?ev@legd: that cell eg'lcwncy can decrease by 0.03% to 0.05% for
_ye?y fAC increase in cell temperature. At very high operating
Qﬁeﬁ%erﬁlures efficiency can decrease drastically to 69% when the
(femperﬁfure reaches 64°C. In addition, research conducted by
4| ‘famnd the same thing, namely that every 1°C increase in
er@ergure in Photovoltaic (PV) cells can cause a decrease in PV
%el'g ef:_’ﬁciency of 2%. This is related to the nature of
ﬁt@cogductor materials, which become less effective in
coorggerfthg solar energy into electrical energy when exposed to
g igg temperatures. The impact of low efficiency is very
siggﬁ@nt, especially in areas with tropical climates such as
Indgneg_a, where environmental temperatures are often high [12].

Théde%ease in PV cell efficiency due to temperature increase

rg)e@vercome W adding a cooling system to the PV panel.
Tlr-t% syétem is kno&m as a photovoltaic—thermal (PV/T), which
comblrgs the funmlons of electricity generation and thermal
maﬁag%ﬂent functjons. Research [13] studied the temperature
redgctlé'n of PV célls using PV/T technology with water as the
co@n edium afgl found that the temperature can be reduced
by @C%Zntributirﬁ'to an efficiency increase of 3%. In addition,
P\@' %olmg sygtems using water in a laminar or forced
corection conﬁglmatlon can reduce the temperature of PV cells
byup to 2°C, as fouﬂd in the study [14]. The forced flow of water
hel@ remove heaﬁfrom the solar cells more efficiently than
natfial flow. With s temperature reduction, the performance of
thegPV panels ca@e significantly improved, allowing for the
optﬁpization of solar energy use.

=3 -~

In %_é cooling systégnn in PV/T, nanofluid can be used in addition

to gwater fluid. Nanofluid is a fluid that is added with
= o .

nargparticles, usudlly measuring between 1 and 100 nanometers,

whEh can 1mpr0V?ﬁhe fluid's thermal properties. Research [15]

found that using *sdnd-propyleneglycol-water nanofluid with a

cor@entration of 2‘2 nanoparticles resulted in an increase in solar

‘nery eysng NN uizi eduey undede ynuaq wejep 1ul sin} eA1ey yninjes nen,e uelbegas He&ueqjadwew uep uejwnwnBusw Buele|ig

ene%y collection e'-fﬁciency of up to 16.5% compared to using
onlg propylene gl§€ol and water. In addition, research [10]
sh(gled that Varlatﬁf}ns in nanofluid concentration and fluid flow

httpg//dm org/10. 25(57/Jnte v14n1.1306.2025
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rate significantly affected reducing PV cell temperature. There
was an increase in efficiency of 11% for every 10% increase in
nanoparticle volume fraction. Thus, applying nanofluid in PV/T
systems improves energy collection efficiency and helps maintain
optimal PV cell temperatures, contributing to overall system
performance [16].

The latest technology that can absorb heat energy is Phase
Change Materials (PCM). PCM is a material that can store and
release energy in the form of heat when undergoing a phase
change, such as from solid to liquid or vice versa [17]. In research
[18], a box system using PCM material showed that the use of
Nano-Encapsulated Phase Change Materials (NEPCMs) can
increase heat transfer by about 10% compared to the base fluid at
a specific non-dimensional fusion temperature in the range s <
hf < %. In addition, research [19]. Combining PCM with
nanofluids can increase the heat transfer rate by up to 30%
compared to a system that only uses the base fluid. These results
indicate that using PCM and nanofluids together can produce
higher thermal efficiency, especially in building energy storage
applications.

Based on the existing problems, PV panels can only convert 20%
of solar energy into electricity. In comparison, the remaining 80%
is wasted as heat energy, which causes a decrease in PV cell
efficiency. One solution to improve PV cell efficiency is to use a
PV/T system with water-cooled fluid, which has been studied in
studies [13] and [14]. In addition, PV/T cooling systems can also
use nanofluids, as found in studies [14] and [15]., which show the
potential for further efficiency improvements. The absorption of
heat energy produced by PV can be maximized using PCM,
which is studied in studies [18] and [19]. This study uses
nanofluid-encapsulated PCM fluids as a cooling system in PV/T,
aiming to improve PV cell efficiency and overall electrical energy
production.

This study has limitations related to heat distribution in PV/T
systems with PCM and nanofluids that have not been fully
explored, especially the influence of design configuration,
orientation, and flow velocity of nanofluids on system
performance [20]. Using a combination of PCM and nanofluids
in PV/T is relatively new because previously, they were generally
used separately. Although this combination offers increased heat
transfer and more efficient energy storage, challenges such as
complex interactions between PCM and nanofluids, long-term
stability, encapsulation process, and performance degradation
due to material degradation need further study [21] [22].

This study aims to improve the efficiency of PV cells and
electrical energy production in PV/T systems using nanofluid-
encapsulated PCM. The PV/T system model comprises PV cells,
thermal paste, and cooling channels containing aluminum and
copper materials. Where the cooling system uses nanofluid
encapsulated PCM with concentrations of 2%, 10%, and 20% and
a laminar flow velocity of 0.5 m/s with a steady state. Analysis of
the heat capacity and temperature of PV cells is essential to
determine the temperature drop, which impacts energy
conversion efficiency. The Finite Element Method (FEM) was
chosen because of its ability to solve complex problems in
thermal analysis with the help of COMSOL software version 5.4,
which is adequate for multiphysics simulations. PV cell

33
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%ﬁ?ﬂeﬁ
%ﬂ ill be analyzed using the Second Law of

The¥inodynamics, which explains that energy always moves from
a high tq a:l|c_)w stat@providing insight into the overall efficiency
;:' _c?f t_&e %cjst@l [23]
i i . . '
CRl igh t'%hnologéz that increases energy conversion efficiency
‘EV/@ sysfems. P)CM works by absorbing and releasing heat
@g the ?lase change from solid to liquid, which helps to keep
e%argl t@‘iperatm;e low. Research from Iran shows that the use
f ? :_i_nlgV/T sydtems can increase heat transfer by up to 30%.
(3l dan aEsorb extess heat energy from PV panels and release
wiy, Beepingthe system efficiency high even in extreme
ommefal condiéions [24].

=. @
Q

d é‘)h t§ prob].ecm that only 20% of solar energy is converted
tg el@trglty in4he PV system, this study aims to increase
ff@er&y @By utiliging PV/T technology. In the PV/T system,
u@ fI& is used t6-help absorb heat generated by the panel, with
n%lu@ that has ﬁ)ven effective being nanofluids encapsulated
‘I(Z'pl\gThis studgnfocuses on increasing the efficiency of solar
elg_aﬁd electricalﬁergy in the PV/T system through nanofluid-
n@ps‘%a‘ced PCM;- which is expected to improve energy
o@er@on into elgctricity and reduce wasted heat significantly

%

ermal efficiency, and total efficiency of the PV/T
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to determine the increase in solar cell efficiency and
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TthV—/'T system mmodel is shown in Figure 1, which consists of
twg@representationsi+«a 3D model (a) and a 2D model (b). Figure
1a'ﬁlows the layepg of the PV/T system, which include the PV
celgayer, thermal aaste layer, reservoir wall, and reservoir flow
chagnel filled withANEPCM. Each layer contributes significantly
to %ergy conversion efficiency from solar radiation to electricity
andgheat. Figure illustrates the structure of NEPCMs, an
inngvation that Ghtegrates phase change materials into
narfparticles. Th&NEPCM core is made of a phase change
ma%rial (PCM) that can transition from solid to liquid at a
spe'?stf'ﬁc temperature. At the same time, the nanoparticle shell
enifances stability, control over energy release. NEPCMs have
gregl potential in emergy storage and temperature management,
malgng them a rﬁdly growing focus of research [26]. Their
abiﬁy to absorb erﬁgy as temperature increases and release it as

tengerature decreases makes NEPCMs adequate thermal buffers
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essential for maintaining optimal temperatures in PV/T systems.
The integration of NEPCMs is expected to improve thermal
efficiency and energy management, which is the main focus of
this research.

This research uses a quantitative approach to analyze the
effectiveness of a PV/T system with encapsulated PCM
nanofluids. It starts with a literature review to gather information
on PV/T systems, followed by system modeling using COMSOL
software version 5.4 and the FEM. Data is collected through
simulations to obtain PV cells' efficiency, heat capacity, and
temperature. The analysis compares the efficiency of the PCM
system with conventional systems and validates the findings
against previous studies. The research employs statistical
techniques and the Second Law of Thermodynamics to evaluate
overall system efficiency.

Calculate PV Efficiency
W —
and PV Enerev
Problem Identification W/
Calculate Thermal Energy
\b and Thermal Efficiency
Literature Review \I/
\l/ Calculate Total Energy
Data Collectio v
End
Calculate PV Cell
Temperature

Figure 2. Overview of Flowchart Methodology

PV cells are the main components in a PV/T system that function
to convert light energy into electrical energy through the
photovoltaic effect. This system uses monocrystalline silicon (c-
Si) panels with a design size of 30.5 cm on the side, and a
thickness of 0.27 mm are used. The c-Si cell has a heat coefficient
of 0.54 and a photovoltaic conversion efficiency of about 13%.
This efficiency indicates how well the PV cell can convert solar
radiation into electricity, which is key to improving the system's
overall performance. The second layer is the Thermal Paste,
which is a conductor material that efficiently distributes heat from
the PV cells to other components [27]. The third layer is the
Reservoir Wall, which stores the system's heat energy and helps
maintain a stable temperature, which is essential for the optimal
performance of the PV cells and other components. Figure la
shows a 3D model of a PV/T system, where each layer contributes
to optimizing energy conversion from solar radiation into
electricity and heat. The model is simplified to focus on the
relevant technical issues, enabling a more in-depth analysis of the
thermal interactions in the system. Integrating these layers is
expected to improve thermal efficiency and energy management
in PV/T applications [28].

PV uses Standard Test Conditions (STC) to measure and compare
its performance, where environmental parameters such as
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g %ﬂper , solar irradiance, and atmospheric pressure are set for

i

= measurements. STC defines the relevant solar radiation
don¥in in the analysis and incorporates this data into the

N simulat;inmodel In this context, the equations used in

o CS:O,MSSL or laminar flow and heat transfer analysis will
.@nﬁd%—sqmr radigtion as the primary input. Table 1 shows the
Ratffre af thgi inconiiug energy from the sun and the environmental
‘go{@ltmns gsed in E}}e study, where the heat transfer equations for
-@1@%\/ Bellﬁayer thermal paste, reservoir wall, and reservoir flow
ghagne arg constfcted based on the conjugate heat transfer
gqlgn& E this aBhlysis, the PV surface is assumed to have a
Lopgtaiie a@ unifégn temperature, with the sky considered an
Jded bmly &r long=Wave radiation, as well as the assumption that
go _@_wilsgs kgocklng;ghe transmission of energy from the sun.

@ = Q

= =

mxl"a@e ;l CIncommg Energy Properties of the Sun and
iin'ﬁroﬁfnemtal Cowditions

D DistapgcePn) (D Name Quantity Value

e 8 (l%/mz) C  Solar 1,000 W/m?

s 9 @ Radiation

%hqﬁ\&&ﬂ-K)) @eat Transfer Coefficient 6.5 W/(m-K)
S Bang (K) Ambient Temperature 298.15 K
S skam?) A Radiative 0.3

5 800 oy Emissivity

S8 =

M s'sho®n in Figure 1, PV panels receive energy from sunlight
[}

4
usds

nd'Dcogyert some of the radiation into electricity through the
ovBltaic effect, while the remaining radiation is converted
cHltt'ghe'@. This radiation hits the entire panel surface, causing an
iinot_'éasg in temperature that can affect system performance. To
501-% '@s problem, the thermal paste underneath the PV array
;@1@ td3disperse a large amount of heat efficiently to increase
Qcélegrlogl conversion efficiency. The heat convection that occurs
“at the tép and bottom interface of the PV panel plays a vital role
in g’}e xlating the temperature and maintaining optimal
pel'g)rr@nce and can be described as:

5 = Gconc = _hcA(Tpv - Tamb) (1)
On%ecbther handmeat loss due to convection and surface area
alsmcogtrlbute to ti:ue heat transfer process in PV/T systems. The
ovgﬁllgconjugate rconvection includes a combination of heat
tralﬂfe&at the top affd bottom interfaces of the PV/T panel, as well
as gael:gy derivedgffom the nanofluid flow in the reservoir. In
ad@log electromgnetlc radiation emitted by the panel surface
anqgth%atmospherg'm the form of infrared heat loss is also an
ess'g’ltlﬂ factor in tbf(rmal energy management. This radiation can
be axpressed m thq:followmg equation:
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Tal&e 2. Thermopcﬁyswal properties of PV cells with thermal
asgé and alummur@
P@pertles el PV Thermal Aluminium
= e Paste
Funit) Up.1 0.5 N/A
pg}g/m% 9329 2600 2700
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Foﬁall layers in(the PV/T system, heat transfers from the
narﬁﬂuid to the E@id material, from the solid material to the
nalﬁﬂuid, or via ¢&nduction between the solid layers utilizing
co@gate convectidh modes. The nanofluid at the inlet has a
unifrm temperatufé, and a hybrid concept is applied to enable
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the solar cell to convert solar radiation into electrical energy at
peak conditions. Most of the solar energy received is converted
into heat, which can increase the solar cell's temperature. This
temperature increase can be utilized through the cooling system
on the PV/T module with nanofluid to maximize the generated
electrical energy. To achieve efficiency, various calculation
equations are used. When the sun's heat hits the PV panel, solar
energy is not utilized correctly in heat on the panel's surface—
heat conduction through the PV cell, thermal paste, and reservoir
wall.

The reservoir in a PV/T system serves as a container for fluid
flow, with the top and bottom walls as solar collectors. Between
these walls, the flow of the NEPCM nanofluid occurs according
to the laws of thermodynamics, where the principles of mass and
energy conservation are highly relevant. Momentum also plays
an important role, especially when NEPCM particles collide,
which affects the flow and heat transfer efficiency. The equations
for describing phase changes, as well as calculating beta
parameters and the FEM (Finite Element Method), are crucial, as
the FEM allows the handling of diverse boundary conditions. The
data in Table 2 helps to understand how these thermophysical
properties contribute to the overall efficiency of the PV/T system,
as well as the interactions between materials and fluid flow in
improving system performance. In the fluid flow analysis,
nanoparticles, such as aluminum oxide, are considered uniform
and in thermal equilibrium with the parent fluid. The density
differences are assumed linear based on the Boussinesq model,
which is accurate when minor density variations do not affect
convective flow.

au av 4)
ax tar =0
ou ou 1 opP
Uax T Vor = Zogox
+Mnf <02U iz g4 > + 39 sin ®
Py \OX? = 0Y?
av av 1 oP
UoaxtVav = o or
|t (62U+62 >+ﬁ - Q. ©)
pnf 0X2 oY nfg amb
av av 0*T 9°T
UoxtVar = (ﬁ* W)
* (PCP)nf v-Qr @

Equations 3 to 7 are solved numerically using the FEM method
through COMSOL. By solving these equations, the electrical
efficiency of the PV cell is evaluated based on the following
formula:

Npy = rlref[l - Bref(Tpv - Tref)] (®)

The electrical energy produced by a PV/T system is measured in
joules per second or Watts. To calculate this energy output, a
formula considers various factors that affect the system's
performance, giving an idea of the effectiveness of converting
solar energy into electrical energy.

vzrlpVXAmXG 9
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tput is formulated as a function of PV cell efficiency,
a, and solar irradiation. The electrical energy received
e PV module exposed to solar irradiation is defined as:

©Ein =G. Ay (10)

T o Qgx
.Ehedh%m@_energgaken by using nanofluid as PV/T coolant is
gssgseg ag. i

=% X
: [

(g_ (E_ « UEnf hmnf C (Tout in) (11)
voz s E
%hgp@e@age of-thermal energy successfully converted into
"a_‘leﬁ'rl qgergy ¢ be calculated using:
Q0 S5 O 3 E 12
2585 nm=7Lx100% (12)
e sgs = ¢
cEaa ~
ghmtﬁ oglobaléimency of the PV/T system is a combination
%f Be aecg_lcal errergy output and thermal energy compared to
éhégleag&lcgl energyreceived, as follows:

=02 WE +E
T =0 f pv (13)
g ‘a % %lobETx 100%
C=l I — w in
g5s =
gh'%thgﬂnophyswgf properties of the mixture include density,
'v-heag_ apacity, Hermal  volumetric  expansion, thermal

e

Jzorﬁudﬁwty, and dynamic viscosity. The density of the mix can
é)e %dcﬁated usingthe densities of the NEPCM particles and the
Shagg f1fid, as follows:

pp = (1—0)ps+ Dp,

)
>1

(14)

NIN e
nipua
uey 1uf

(}yh‘ﬂre—g indicates the volume fraction of NEPCM particles, and
&9 fers_i“to the density.The subscripts p and f represent NEPCM
margpaglcles and base fluid, respectively. Since the nano-
Encﬁps%ated phase change particles are synthesized with both
E%ofg arfd shell structures, the effective density of these particles
can:f)e %lculated as:

3y

. (1 + Dpcps
*T ps+lpe

15)

|| eAiey|
uep ue

giw

jos}
&
=5

%1 the energe/nequatlon and taking into account the thermal
nce between Ehe nanoparticles and the base fluid, the

g
d=gy

fol%w@g formulago calculate the specific heat capacity of the
miXEur -
] (?i-— P)psCps + Bp,Coy (16)

%)
=
S5

Pp

quins uex
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Th'gtotg specific het capacity of the encapsulated nanoparticles,
whigh consists of ‘tje core and shell without any phase change,

carbe calculated a,g
o
@ & (@ +Dpcps (17)
= m:  pstlp.
wn -
] <
Tofgalculate the gyerage heat capacity of the mixture in the

sysggm, the following equation is used:

2 _ @ —D)psCps + DpyCpy (18)
§ (P =p=s

e ) Pp

= =

To"galculate the heatcapacity of the solid particles in the system,
thegollowing equﬁﬁon is used:

Cp
’; (ps + lp)py

V]

i

=
=
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¥
s

(98
>N
‘yejesew niens u
S

.... (Cpcl + les)pcps (19)

These equations illustrate how the heat capacity of the mixture
(Cpc) is affected by the heat capacity of the fluid (Cpcl), the
surface enthalpy Asf, and the temperature conditions in the
system. These various approaches allow for a more
comprehensive analysis of the heat transfer in the system, which

is essential for improving thermal efficiency.

h (20)
Cpe = Cpa + Tsf
Mr
Co. = Cor + T (hgs ] ( T—T1> 21)
e = Cpy > TMT .sin(m T

(22)

h C
fs Dei
Cp. = Cpy + 2( -

¢ o TzMr TMr

) (T-T)
Using sinusoidal profiles significantly improves the numerical
convergence by smoothing the variation of the specific heat
capacity of the NEPCM core. By considering the sensible heat
and latent heat of phase change, the total specific heat capacity of
the PCM core can be expressed as:

Cp. = Cpy + hor ¢ '(T_Tl)
Pec = LDc 2 TMr Dc |-SIn |\ TMr

{010T <Ty +Typ/2 Tp =Ty /2 <T
<T; + Typf2 T > Tp + Ty /2

23

The thermal volumetric expansion of the mixture of nanoparti(cleg
and base fluid can be modeled as a combination of the thermal
expansion of the fluid and nanoparticles.

By = (1 - 0)B; + 05, (24)
In this study, validation was carried out by comparing simulation
results with the research of [12] using COMSOL. The FEM
model was used to solve the continuity, momentum, and energy
equations, assuming incompressible and laminar flow, as well as
heat transfer in fluids. Irradiation was considered to be constant
heat flux. Various grid sizes were tested, ranging from very
coarse to extremely fine, with the N8 mesh comprising 19,200
The comparison of
temperature distribution showed good agreement, confirming the
validity of the model developed in this study.

elements selected for accurate results.
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(a) experiments conducted
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Fi "'e% shows the velocity distribution of nanofluids in the
chagneBfor different volume fractions (¢ = 0.01, 0.1, and 0.2),
whith 3 related tosmproving the efficiency of the PV/T system.
In -816 gV/T syst&, nanofluids encapsulated with PCM can
enhgncfé..the heat traﬁ‘sfer from the solar panel to the thermal fluid.
Inwceaﬁg the volifie fraction of nanofluids leads to an increase
in fe fJuid flow ¥elocity, which accelerates the heat transfer
proeesss This helps to reduce the solar panel's temperature,
thegb}gimproving”the electrical energy conversion efficiency.
Th&graph results show that the maximum velocity for ¢ =0.01 is
0.0_822 m/s, increaaig t0 0.0027 m/s at ¢ = 0.1 and 0.0032 m/s at
¢ 21%0.2, growing aﬁout 45%. This increase in velocity indicates
that a higher Vomme fraction of nanofluids contributes to
impFoving the thefthal and electrical efficiencies of the PV/T
sysgm. Thus, kﬁing PCM-encapsulated nanofluids can
sigificantly incree&; the efficiency of PV/T systems, both in heat
ma@gement and fgygenerating more optimal electrical energy
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Figure 5. Temperature

Figure 5 shows the surface temperature distribution of the
material in Kelvin (K) resulting from the simulation using
COMSOL Multiphysics 5.4. The parameters used are t ch =
0.015 (channel thickness) and ¢ = 0.2 (nanoparticle volume
fraction). The simulation results show a temperature gradient
from 299 K on the left side to 304 K on the right side, which is
displayed through a color shift from red to yellow. This
distribution indicates effective heat transfer, where increasing the
nanoparticle volume fraction increases the thermal conductivity
while the channel thickness helps maintain the temperature
gradient. In this case, the observed temperature in the system
indicates that nanofluids with higher nanoparticle concentrations
can improve temperature management, which in turn supports the
performance of solar panels in generating electrical energy. The
measured temperature in the channel indicates that using PCM
and nanofluids can help reduce excess temperature in solar
panels, increasing the overall efficiency of the photovoltaic-
thermal system.

(a) & = 0.02

(b) ¢ =0.1

|

\

(c) $=10.2
Figure 6. Heat Capacity

Figure 6 illustrates the impact of varying the volume fraction (¢)
of nanofluids on the heat capacity in a PV/T system using
nanofluid-encapsulated PCMs. In plots (a), (b), and (c) for ¢ =
0.02, ¢ = 0.1, and ¢ = 0.2, respectively, the heat capacity shows
an apparent change based on the nanofluid concentration. The red
areas in the plots indicate the areas undergoing phase change,
where the PCM begins to melt as the temperature increases, while
the blue areas indicate the regions at lower temperatures, where
the PCM is still in the solid state. At ¢ = 0.02 (plot a), the phase
change is limited, with a small area affected by the temperature
change. At ¢ = 0.1 (plot b), more areas undergo a phase change,
indicating that with the increase in the volume fraction of
nanofluids, more heat is absorbed and stored by the PCM. At ¢ =
0.2 (plot ¢), almost the entire channel area undergoes a phase
change, indicating a larger heat capacity is absorbed and stored
by the PCM in liquid form. This suggests that the higher the
volume fraction of nanofluids, the larger the heat capacity that
can be stored and released by the PCM, contributing to the
thermal efficiency of the PV/T system.

37



NVId VISNS NIN
11, A] |

‘nery eysng NN uizi eduey undede ymuaq wejep Ul sin} eA1ey yninjas neje ueibegas yeAueqiadwaw uep uejwnwnbuaw Buelse|iq ‘'z

D.m\_

)
<

311f T T
309.5

309
308.5

308

31051 — d=0.01
. —— d=0.015
.
307.5

310
307 .

Il Temperature (K}

CE 3065 S~
306 St
g 3055 \\
9z 30340.: RN
« 304 S
c 303.5 —
= 303 —_—
- 302.5 L L
-E 0.05 0.1 0.15 0.
= Concentration (¢)
- =
=y =
S Bgure 7. Average Temp of Pv Cell
QS o == 3
iﬁre% il&strates_the relationship between PCM concentration
) &average PV cell temperature in a PV/T system that

sea,E;P%S/Itss a coolant. The horizontal axis represents the PCM
{ Iﬁenﬂat@ fronE to 0.2, while the vertical axis shows the PV
Qel-gte%egmre irtKelvin (K). The figure presents two curves
?'gorgespbn@g to (&f,ferent PCM reservoir thicknesses: d = 0.01
-c'gnegis &lue line) and d = 0.015 meters (green line). As the graph
ghms,gincreasingUPCM concentration leads to a consistent
egipasgin PV cel@mpera‘[ure for both reservoir thicknesses. At
2 l(gv EEM concentration of ¢ = 0.02, the PV cell temperature is
ép@kgnately 309K for d=0.01 and about 307 K for d = 0.015.
hgil éhe concerfifation increases to ¢ = 0.2, the PV cell
sten_mera’ure drops% around 303 K for d = 0.01 and 302.5 K for
ol =0.0%5.
= 0 =
c3 8 ’ |
"z'h%%bn curve (d = 0.015) demonstrates a more significant
cmn%el‘ature reduction at lower concentrations due to the higher

|

ée% stgrage capacity of the thicker reservoir. However, the
Wengergure difference between the two curves diminishes as the
Eorggng‘ation approaches ¢ = 0.2, suggesting that the cooling
gffe‘%t & PCM has reached its maximum limit. This indicates that
ad(ﬁﬁoé&l PCM or increased reservoir thickness beyond a
sp fi& concentration may not provide further significant
tenﬂ_gergure reduction. Lower PV cell temperatures are directly
linkgd # higher energy conversion efficiency, making PCM an
ess@nti componegt, for improving PV/T system performance.
Co‘l’_gbi@ng thickg reservoirs (d = 0.015) and higher
coﬁ%er@ations () T,Q(').Z) is most effective for cooling PV cells and
enIEnc%g system gfficiency.
25 =
Fulalemlore, thisghavior aligns with previous studies, such as

[268 \%ﬁch conctided that nanofluid concentration has an
op%naglmit for infproving PV cell efficiency. Beyond this point,
fur%er-’éoncentratig increases do not significantly enhance heat
tramsfer, leading a plateau in system efficiency. This
und@rscores the inﬁonance of optimizing PCM reservoir design
based on cost and @oling requirements for specific applications.
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Figure 8 illustrates the relationship between PCM concentration
(¢) and photovoltaic (PV) cell efficiency in PV/T systems using
PCM as a thermal management solution. The horizontal axis
represents the PCM concentration, ranging from 0 to 0.2, while
the vertical axis shows the PV cell efficiency in percentage (%).
The graph contains two curves representing different PCM
reservoir thicknesses: d = 0.01 meters (blue line) and d = 0.015
meters (green line). As shown in the figure, increasing PCM
concentration steadily improves PV cell efficiency for both
reservoir thicknesses. At low concentrations, such as ¢ =0.01, the
PV cell efficiency reaches approximately 12.15% ford =0.01 and
12.3% for d = 0.015. As the concentration increases to ¢ = 0.2,
the efficiency rises to around 12.6% for d =0.01 and 12.65% for
d=0.015. This highlights that a thicker PCM reservoir (d=0.015)
offers more remarkable efficiency improvement, particularly at
low to medium concentrations. However, as the concentration
approaches higher values, the difference in efficiency between the
two thicknesses diminishes. For the green curve (d = 0.015), a
slight plateau effect is observed around ¢ = 0.08, suggesting that
the PCM’s heat absorption and release capacity is nearing its
limit. The blue curve (d = 0.01) shows a similar trend, with
efficiency gains flattening beyond ¢ = 0.15. This saturation effect
indicates that increasing the PCM concentration beyond a certain
point provides little additional benefit, aligning with previous
findings [30]. The higher PV cell efficiency directly translates to
improved electrical energy output. The system reduces energy
loss due to temperature-induced voltage drops by effectively
managing cell temperatures through PCM use.

The plateauing of PV efficiency at higher PCM concentrations
results from diminishing thermal regulation returns as the PCM
reservoir nears thermal limiting further heat
absorption and dissipation. This highlights the trade-off between
electrical and thermal efficiency, where excessive PCM acts as a

saturation,

thermal buffer, reducing heat dissipation rates and negatively
impacting efficiency. While thicker reservoirs provide greater
thermal capacity, they may also increase thermal inertia, delaying
heat dissipation and reducing cooling efficiency. Therefore,
optimizing PCM concentration and reservoir thickness is crucial
to balance heat absorption and dissipation, achieving maximum
efficiency in PV/T systems. Overall, this analysis demonstrates
that while increasing PCM concentration and reservoir thickness
can enhance PV cell efficiency, there are diminishing returns
beyond certain thresholds. Therefore, optimizing the PCM
reservoir design is critical for achieving maximum efficiency in
PV/T systems. These findings are especially significant for large-
scale applications, as they directly impact electrical energy output
and overall system performance.

38.7 I T
38.6
38.5
38.4
38.3
38.2
38.1

37.9
37.8
37.7
37.6
375
37.4
37.3
37.2
37.1

Electrical energy output (W)

TT T T T T T T T T T T T T T T 117
N,

36.9

. I I
0.05 0.1 0.15 0.2
Concentration (¢)

Figure 9. PV Electric Power
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hows the relationship between PCM concentration
electrical power output of the PV system in a PV/T
sys using PCM. The horizontal axis (X) shows the PCM
concen Aati&n (¢) in-the range of 0 to 0.2, while the vertical axis
cS-Y):.fh(Ej’S She electfical power output in Watts (W). The graph
.ﬁhos@s Bvogurves PBased on the thickness of the PCM reservoir
gd)glaﬁelﬁ(d Oﬁl) meters (blue line) and (d = 0.015) meters
‘gg@n&ne@ Baseéj) on the graph, the electrical power output
-gn(;gasa Wlth the—increase in PCM concentration. The larger
ScM raselgolr th;a.ness (d = 0.015) produces higher electrical
s Blg the thinner reservoir (d = 0.01). At low PCM
%ﬁ@eﬁﬁat@ (¢ =Bj01), the electrical power reaches about 37 W
Hor %0. @) and 37.3 W for (d = 0.015). With increasing PCM
gort_g_engatgn up t9\-(¢ = 0.2), the electrical power increases to
«@bdgt %:6‘%\1 for (t= 0.015) and 38.5 W for (d = 0.01).
A =3 :
ihch 1118'ease in pcﬂcr output indicates that PCM helps keep the
_g’V‘:_‘QeIFtamperath low, which positively impacts the energy
go@er@on efficieicy of the PV cell. With a more stable and
go@r tgnperatureu?he PV cell can operate more optimally, thus
‘g)rcducﬁ&'g greater ggower. In addition, the difference in power
t Detween th o reservoir thicknesses (d = 0.01) and (d =
%)‘g more s1gn-1-ﬁcant at low to medium PCM concentrations
‘Cbu@e@s to shnﬁ‘ﬁ at high PCM concentrations (¢ = 0.2),
dRéatfig that 1ncreas1ng reservoir thickness has a specific
§ff_%t1\mness limit. Overall, the use of PCM in the PV/T system
Q‘alﬂ&@lﬁcantly increase PV power. With a larger reservoir
Zhidness (d=10.015) and optimal PCM concentration (¢ 0.1), the
E_st_mm an produce more extraordinary power, indicating the
%otgltlg for improving energy performance in PV/T applications.
hiS n@rative aligns to evaluate the impact of PCM on cell

@Tfigie@y and electrical energy output in the PV/T system.
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Figare 10 illustratebs-the relationship between concentration (¢)
andhermal energyeJ) for two reservoir thickness values, d=0.01
(bl@ line) and d %) 015 (green line). In general, it is observed
thagFhermal energy=tends to decrease as particle concentration in
thegluld increases._This occurs due to the increasing number of
parficles that the.r fluid movement, thereby reducing the
efffifiency of therffal energy transfer within the system. The
higher the concentfation, the more significant the impact of this
resgtance on energy" distribution within the fluid. The pattern of
the@al energy vatiation can be observed at the three main
cor@entrations uséd’in this study: ¢=0.02, ¢=0.1.1¢=0.1, and
(])Z%Z. At ¢:0.02,El;hermal energy is relatively high, where the
resegvoir with d = 84015 maintains a higher thermal energy value
thaﬁd =0.01. As thg concentration increases to ¢=0.1, a bending
ancEintersection oﬁhe lines occur, indicating that the thermal

w
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energy values for both reservoir thicknesses are nearly identical
at this point. This suggests that at a specific concentration,
reservoir thickness is no longer a dominant factor in determining
the system's thermal energy. At ¢=0.2, thermal energy decreases
for both reservoir thicknesses, with d = 0.01 experiencing a
sharper decline compared to d = 0.015, demonstrating that thinner
reservoirs are more sensitive to concentration changes and
experience more significant thermal energy loss.

An interesting phenomenon observed in this graph is the bending
of the green line (d = 0.015) around ¢=0.1. At this point, the two
lines almost intersect, showing that the effect of reservoir
thickness on thermal energy becomes insignificant. Beyond this
point, the green line continues to decline but slower than the blue
line. This indicates that thicker reservoirs retain more thermal
energy at higher concentrations. This phenomenon is also
supported by other studies, as reported in [31], which state that at
specific concentrations, the effect of reservoir thickness on
thermal energy diminishes because heat transfer mechanisms
between particles within the fluid become a more dominant
factor. As concentration increases, particle interactions become
more significant, rendering differences in reservoir thickness less
influential on the system's thermal energy. Thus, it can be
concluded that increasing particle concentration in the fluid leads
to a decrease in thermal energy, with a more significant effect on
thinner reservoirs (d = 0.01). An equilibrium point exists around
$=0.1 where reservoir thickness is no longer necessary in
determining the system’s thermal energy.

— d=0.01
— d=0.015

Thermal Efficiency (%)
oo
&G
L S B B B B B B B

. . . .
0.05 0.1 0.15 0.2
Concentration (¢)

Figure 11.Thermal Efficiency

Figure 11 illustrates the relationship between PCM concentration
(¢) and thermal efficiency (%) of a PV/T system using PCM as a
heat storage medium. The horizontal axis represents the PCM
concentration ranging from 0 to 0.2, while the vertical axis
indicates thermal efficiency in percentage (%). The graph
presents two curves corresponding to different PCM reservoir
thicknesses: d = 0.01 m (blue line) and d = 0.015 m (green line).
The graph analysis reveals that thermal efficiency increases with
rising PCM concentration. A larger PCM reservoir thickness (d =
0.015 m) consistently results in higher thermal efficiency than a
thinner reservoir (d = 0.01 m). At a low PCM concentration of
$=0.02, the thermal efficiency is approximately 56% for d =0.01
m and 62% for d = 0.015 m. As the PCM concentration increases
to $=0.1, the thermal efficiency improves further, demonstrating
the positive impact of PCM concentration on system
performance. At the highest PCM concentration of ¢=0.2, the
thermal efficiency reaches 63% for d = 0.01 m and 72% for d =
0.015 m, highlighting a significant improvement in thermal
performance.
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in thermal efficiency can be attributed to the ability
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absorb and store heat during the phase change process.
absorbs excess heat energy generated by the PV module and
po gradually r:ri._leases it to the cooling fluid, preventing rapid heat
;C.l cgi,isgpaﬁﬁ)n% thicker PCM reservoir (d =0.015 m) enhances heat
-gjorpgeeapmcity, Iéading to more efficient heat transfer to the
go@n@ﬂfgd. Thi§ _reduces heat loss to the environment and
‘gmjgovgs $he ovgrall thermal performance of the system.
gﬂ@taﬁling': high -thermal efficiency is crucial for enhancing
g’V@‘ %%tega perfq-%lance, especially in water heating and space
geagn%pgicatioﬂé. The graph indicates that optimizing PCM
gx)@eﬁﬁat@ and=jising a thicker reservoir improves system
gfﬂ@ien‘ﬁ .Fhus, iicorporating PCM in PV/T systems enhances
%asﬁ_v%c@ling a§d increases thermal efficiency, ultimately
cgzplﬁcibgtiﬂgto a mpze efficient and sustainable system operation.
= 3

e

iigﬁre%ﬂZ?llusUEs the relationship between total energy
_gfﬁger%y wand RGM concentration (¢) for two reservoir

i@l@ses: d = 001 meters (blue line) and d = 0.015 meters
g'gr%n éne). The ﬁ?ﬂi_rizontal axis represents PCM concentration,
‘ga ingIfrom 0 to @52, while the vertical axis shows total energy
=2 mierq’ﬁ_y asa percj‘atage. Overall, higher PCM concentration for
g;o thickness values increases total energy efficiency. Initially,
«Qt <§= g105, the efﬁ%iency for d = 0.01 is approximately 73.2%,
évhaea-ﬁ-' d = 0.015 achieves around 75.2%, indicating a higher
h@a@ir@: efficiency for the thicker PCM reservoir. As the
G:oraenﬁation increases, the green curve (d = 0.015) shows a
Rigkt }%teau around ¢ = 0.1, reaching around 75.8%, suggesting
gina_l:th £ fficiency gains slow down at this point. In contrast, the
Bl c@ve (d = 0.01) rises more linearly, reflecting ongoing
%ffgiermy improvement. The two curves converge at a
gongendation of ¢ = 0.2, with d = 0.015 nearing 76.2% and d =
.08 apgroaching 76%.
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Theiconvergence okthe curves at higher concentrations indicates

thaCthe cooling ef@&t of PCM reaches its maximum limit. This
beﬁvior is more e®ident for d = 0.015 around ¢ = 0.08 and d =
0.0garound o= 001: _5, beyond which further PCM additions no
lon@r yield signi@ant efficiency improvements. This indicates
thaBthe heat storage capacity of the PCM for each thickness is
ful-&;utilized. Resédrch has shown that increasing PCM volume
frackfon helps reddée PV module temperatures and enhance
elegrical efﬁcienﬁe However, studies have also noted that
additional materialfdoes not significantly improve efficiency once
the‘g_PCM reaches:t its heat storage limit. For instance, [32]
derg)nstrated that%)sing paraffin-based PCM can lower panel
ten‘%eratures an(& boost output power, but its cooling
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eff@tiveness is infloenced by material type, composition, and
thiéRness. In con*sion, optimizing PCM concentration and
resgvmr thlcknes&ls critical for achieving maximum energy
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efficiency in PV/T systems. Using thicker reservoirs (d = 0.015)
helps reach peak efficiency faster and provides better thermal
stability, making it an effective strategy for large-scale energy
applications.

Comparative Analysis of the Efficiency and Thermal
Stability of PV/T Systems Using NEPCM

Previous studies have shown that a new design of an aluminum-
based thermal collector can improve heat transfer efficiency, with
a reduction in the maximum temperature of the PV/T-PCM cell
by up to 12.8°C, as well as an increase in the electrical efficiency
of the PV/T system by 6.2% and the PV/T-PCM system by 7.2%
numerically and 7.6% experimentally [23]. These results align
with the current research, which explores the impact of Nano-
Encapsulated Phase Change Material (NEPCM) in minimizing
operational temperatures and improving the system's overall
efficiency. Furthermore, a study by Khan et al. demonstrated that
combining PCM with nanofluids can increase the efficiency of
PVT systems by up to 25% [21]. This research supports these
findings, showing an over 50% improvement in efficiency using
NEPCM, indicating that the innovative combination of PCM and
nanofluids offers significant efficiency benefits. On the other
hand, research by Solgi et al. explained that using PCM in PV
systems can drastically reduce the panel temperature, enhancing
electrical output power [22].

These findings align with the results of this study, which shows
that NEPCM not only functions as a heat absorber but also
enhances the thermal stability of the system. Additionally,
Ghalambaz et al. found that using nanoparticles in conventional
PCM can increase the heat transfer rate by up to 30% [18].
However, this research indicates that NEPCM is more effective
in improving overall efficiency than PCM without nanofluids.
Zeng et al. also emphasized that nanofluids' design and flow
configuration significantly influence thermofluidic performance
[20]. This study found that variations in the reservoir thickness
significantly affect efficiency, underscoring the importance of
design considerations in optimizing PVT systems. Finally, the
research by Yang et al. highlighted the importance of developing
enhanced PCMs for energy storage applications [27].

This research focuses on NEPCM, showing thermal efficiency
improvements and the potential for extending the lifespan of PVT
systems. Therefore, this study provides evidence that using
NEPCM in PVT systems can lead to better efficiency and thermal
management while emphasizing the need for continued research
in renewable energy technologies to address existing challenges.
Additionally, it is essential to note that the concentration of the
nanofluid cannot be raised to its maximum level, as doing so
would result in the complete cessation of flow. This is due to the
increased viscosity at higher concentrations, which hinders the
fluid's ability to flow efficiently through the system, potentially
causing blockages and reducing the overall performance of the
heat transfer system.

CONCLUSIONS

This study successfully developed a PV/T system model using
nanofluid-encapsulated PCM, demonstrating enhanced thermal
management and energy conversion efficiency. The COMSOL

https://doi.org/10.25077/jnte.v14n1.1306.2025
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¥Cs simulations showed that increasing nanoparticle
ion (¢p) reduces average PV cell temperature,
ving efficiency. At a concentration of ¢ = 0.2, the cell
efficiengy Eﬁaches @proximately 76% ford=0.01 and 76.2% for

%S,xAddltl ally, larger particle diameters (d = 0.015)
1e1.6ed‘;—)hg1er efficiencies than smaller ones (d = 0.01),
a@cu@rlﬁat low%medlum concentrations. For instance, at ¢ =
Iﬁth@otﬁ energy, efficiency for d = 0.015 is 75.8%, while for
%5 (654 lt='1=s 75.2%: However, the model's limitations must be
ckgo dged pa-nt?wularly the assumptions in the FEM model,
ucg‘ as geady -dfdte conditions and uniform nanoparticle
1@bﬁiﬂ10 nd the] absence of experimental validation. Future
es@ércg sBould focus on validating the FEM model with
xparlrm:ngl studigs to enhance both electrical and thermal
ffgxquy l%ul’ther&)re evaluating the environmental impact of
si @ Tanotluid-eacapsulated PCMs is essential to ensure
§gm§blenand eceZriendly energy solutions.
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