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Abstract: This study proposes an innovative approach combining a dual-fluid (water and air) photovoltaic-
thermal sensor and a solar concentrator (dual-fluid CPVT), with the aim of evaluating their respective
efficiencies and optimizing solar energy conversion. This cogeneration system ensures the simultaneous
production of electricity and heat with enhanced efficiency, adapted to the climatic conditions of Mahajanga. A
one-dimensional transient numerical model was developed and simulated using MATLAB with the Runge-Kutta
method, providing an accurate assessment of the system's performance. A program was designed to evaluate the
electrical and thermal performance of the hybrid dual-fluid CPVT collector, whose reliability was verified by
comparison with experimental data from the literature. The integration of the solar concentrator, fins attached
to the upper absorber around the parallel tubes, as well as the simultaneous use of two heat transfer fluids,
significantly contributes to the improvement of heat transfer, thereby increasing the overall efficiency of the
system. The results obtained highlight the strong potential of this configuration, capable of simultaneously
optimizing electrical and thermal yields. This study, based on rigorous modeling and advanced simulations,
makes a significant contribution to the improvement of hybrid photovoltaic-thermal systems.
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I.  Introduction

The optimization of solar energy conversion is a key challenge for the development of efficient and
sustainable systems. Hybrid photovoltaic-thermal (PVT) collectors stand out due to their ability to
simultaneously generate electricity and heat [1,2]. However, the overheating of photovoltaic cells reduces their
efficiency, making the development of effective cooling solutions essential [3].

Improving the PVT system is particularly relevant for regions with high solar irradiance, such as
Mahajanga (Madagascar), where elevated levels of solar radiation offer considerable potential for solar energy
production. To make the best use of this resource, integrating a solar concentrator into the PVT system
represents a promising technology.

Studies have demonstrated the value of various PVT-CPC system configurations using water-based
heat transfer fluids aimed at improving thermal dissipation and increasing the overall efficiency of the collector.
These include the works of Tripathi and Tiwari (2017), as well as Deepali Atheaya et al. (2016) on a simple
absorber and tube design [4,5], those of Ahed Hameed Jaaz et al. (2010) and Mekadem and Mellouki (2022)
focusing on the use of water jets [6,7], and the research by Wenzhi Cui et al. on quasi-CPC systems [8]. Other
types of air-based PVT systems under concentration have also been studied. Among them are the works of
Tabet Ismail (2016) on a PVT system with flat reflectors [9], as well as those of Pasera Joaneés et al. (2024) on a
PVT-CCPH system integrating a cylindrical-parabolic concentrator and a heliostat [10,11].

The proposed dual-fluid solar-concentrated PVT system (dual-fluid CPVT) is a fusion of water-based
and air-based CPVT technologies. This hybrid system integrates both heat transfer fluids (water and air) within
the same collector, thereby optimizing thermal energy recovery while maintaining an optimal temperature for
the photovoltaic cells under solar concentration.

The main objective of this study is to analyze the energy performance of a hybrid dual-fluid CPVT
collector in order to maximize the efficiency of solar energy conversion into electricity, as well as the
simultaneous recovery of hot water and air. A compound parabolic cylindricalconcentrator was used for its
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ability to concentrate solar radiation without the need for a complex tracking system. This allows for better
radiation capture, ensures more uniform energy distribution over the PVT receiver, reduces hot spots, and
thereby enhances the electrical and thermal efficiency of the system [8,12]. However, this concentration leads to
an increase in the temperature of the cells, requiring efficient cooling.

To address this, an innovative cooling system has been proposed, based on the use of double aluminum
alloy absorbers (one of which is equipped with fins), parallel tubes, and two heat transfer fluids circulating in
the cooling channel. The extracted hot water could be used for domestic or industrial applications (heating,
domestic hot water production), while the recovered hot air could be utilized for drying agricultural products,
thus improving the overall energy efficiency of the system.

The work focused on the modeling and simulation of this hybrid system using MATLAB software.
Mathematical models were developed for each component to obtain accurate results regarding the electrical and
thermal performance of the system. The simulations will help assess cooling efficiency, the impact of the
concentrator on energy production, and the optimization of design parameters to maximize the hybrid system’s
efficiency.

1. Material And Methods
2.1. Description of the system configuration under examination

The dual-fluid hybrid PVT collector consists of several distinct layers: a glass cover, photovoltaic (PV)
cells, an EVA film, a Tedlar layer, an upper absorber with fins, parallel tubes, heat transfer fluids (water and
air), a lower absorber, and thermal insulation. It is positioned between two symmetrical compound parabolic
cylindrical collectors, receiving both direct solar radiation and the radiation reflected by these concentrators.
These reflectors capture, focus, and amplify the intensity of the incident solar radiation on the surface of the
dual-fluid PVT collector.

The PV solar cells generate electricity, while a portion of the solar energy is converted into heat. The
water and air circulating beneath the PV module absorb this heat, thereby helping to reduce the temperature of
the cells. On one side, the heated water can be stored for thermal use (heating, domestic hot water, etc.). On the
other, the heated air can be evenly distributed into a drying chamber using a fan, thereby optimizing product
drying through efficient airflow circulation.

The water-based PVT collector is composed of the following layers: glass, PV cells, EVA film, Tedlar,
absorber, parallel tubes, heat transfer fluid (water), and thermal insulation. In contrast, the configuration of the
air-based PVT collector, studied by Pasera et al. [10,11], presents differences adapted to air circulation.

Figures 1 and 2 below illustrate the configuration of a hybrid solar CPVT collector using water and CPVT using
air.
Reflector,

Outlet water

Water tank

Warm wrater

Inlet water

Glass (top layer) PV module (second layer)

Figure 1: Schematic diagram of a water-based CPVT hybrid solar collector
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PV module (second layer)
Glass (top laye) Reflector

Figure 2:Schematic of an air-based hybrid CPVT solar collector

A cross-section of a dual-fluid hybrid CPVTsolar collector is shown in figure 3 [9,11,13,14,15].

Reflectar

Glass PV cells+EV A
Tedlar
Higher abs
Intel Water

Water tube —7, W ¢mmmm At inlet
Fin

T - > <4—— [nsulation
T et e e

Figure 3: Front view sketch of dual-fluid CPVT system

2.2 Mathematical modeling

2.2.1 Study hypothesis

The mathematical models used to simulate thedual-fluid CPVTsystem are based on the following assumptions
[9,10,13,14,15,16]:

—  The sky can be assimilated to a black body with an equivalent temperature calculated;
— Heat transfer is considered to be one-dimensional through the layers of the system;

— The ambient temperature is the same around the sensor;

— The floor temperature is taken to be equal to the ambient temperature;

— EVA's transmission coefficient is 100%;

—  The ohmic losses of the solar cells are neglected;

—  The mass flow rate is uniform in the air layer duct;

—  Fluid flow in the tubes is assumed to be uniform;

— The wind speed on the face of the collector is assumed to be constant;

—  The thermo-physical properties of water and air vary with temperature;

—  The thermal and geometric properties of the two absorbers are equal;

— The thermal properties of the fins and tubes are equal to those of the absorber;

—  The effect of shading and dust on the collector is negligible;

2.2.1 Equating the system
The mathematical model of the dual-fluid CPVT system is based on the energy balance equations for
the individual nodes, as shown in [7,9,10,13,14,15,16,17]:

Node 1: outer face of glass

dT,
mngg ( (;]:Xl J = 'A‘gGiC - h;O—r;VAg (Tg,ext - Ta ) - h;OﬂdAg (Tg,ext - Tg,int ) - h;a—dskyAg (Tg,ext - Tsky) (1)
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Node 2: inner face of glass pane
dT,

Jint cond cond
mngg (d—gtj = AgagGiC + hg Ag (Tg,ext _Tg,int ) - hg—ceIAg (Tg,int _Tcel ) (2)
Node 3: PV cell
cheI cond cond
rﬂcelcpcel T = AceltgacelGiC + hQl—ceIAceI (Tg,int - Tcel ) - hcel—tedAceI (Tcel - Tted ) - Qélec (3)

Node 4: tedlar layer

mtedcpted (d_t:dj = hggln—ted Ated (Tcel - Tted ) - hfgc?—absh Ated (Tted - Tabsh ) (4)

Node 5: top absorber layer

dT, con conv
mabscpabs (ﬂj = hted(—jabshAabs (Tted - Tabsh ) - habsh—airAabsh—air (Tabsh - Tair ) - Ufin (Tabsh - Tair )

dt (5)
d d
- hzggh—tubeAabsh—tube (Tabsh - Ttube ) - hzr;kl)sh—abslAabsh—absl (Tabsh - Tabsl )
With [11,17]: U, = Wl sie Mein-Aapsh-air (6)
conv
tanh Lc . %
7\’fin efin e,
nfin = Conv Aabsh—air = N'(Z'Hfin 'Lc ) + Aabsh + Atube ' Lc =L+ - and P= 2(" + efin ) (7)
I:)'hfin 2
’ }\‘fin 'efm

Where: Aabsh,air , L, P andeg, are respectively the total available area, corrected length, perimeter and
thickness of a fin.

Node 6: tube layer

Miyoe CPrue (d-:;—t,:bej = D oA ute (Taosn = Taune ) = Nt warP e -wet (Teape = Toat ) -
~hicbe i Aupe-air (Tuve = Tair ) = Nitbe-aostAuube-absl (Ttube — Tapsi )
Node 7: heat transfer fluid water
M et CPwat (dz\;’m j = higbe -watPube-wat (Ttube ~ Tt ) — My CPyar (Twat,out — Tovat,int ) ©)
Node 8:heat transfer fluid air
M. CPy;r (%J = heoan-airAasn-air (Taosn = Tair ) + Nt Aair-avst (Taost = Tair) 10)
+ Nigpeair e air Tue = Tair ) + Yo (Taosn = Tair ) = M5 CPie (Tair,out — Tirint )
Node 9: lower absorber layer
AT conv rad
My CPae (T) = D s Aair-aos (Tair = Tanst) NP aos (Tabsh - Tabsl) an

rad cond
+ htube—absIAtube—absl (Ttube - Tabsl ) - habsl—isAabsI—is (Tabsl - Tis,int )
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Node 10: inner face of the insulation

mistis (dTini”t ) = hgggld—isAis (Tabsl - Tis,int ) - h?s?ndAis (Tis,int - Tis,ext ) (12)

dt

Node 11: outer face of the insulation

miscpis (%j = hicsond'e‘is (Tis,int - Tis,ext ) - h;::—n;/Ais (Tis,ext - Ta ) - hirsaﬁsolAis (Tis,ext - Tsol ) (13)

2.2.3 Heat exchange coefficients

% Conductive heat transfer coefficient

In general, the conductive heat transfer coefficient between two layers of adjacent components m;and n; is given
by the empirical relationship as follows [11,13,14] :

hcond em- en- N
=l —+— 14
e i ey (14)

m;

+» Coefficient of radiant heat exchange [11,13,14].
The radiative exchange coefficient is calculated using empirical formulas as follows:

hgiky =& 'G'(Tgyext + T4y )(ng-eﬂ + TSiV ) o

yad :G(Tmi +Tni)(Tr$1i +Tnzi)

N ETEE

Where: 6 =5,67 x1078 | Stephan Boltzmann's constant ;
T, =0,0552.(T, )1’5 sthe sky temperature is given by the Swinbank relation (17)

Ta max_ Ta min (TSV _12) q Ta max + Ta min
with: T, = 5 .C0S o + 5 , ambient temperature (18)

(16)

«+ Convective heat transfer coefficients [11,13,14,15].
The Mac Adams correlation was used to determine the heat exchange between the glass and the environment:

h™ =5,6+3,8V,,, Where V. is the wind speed (19)

vent vent

Convective heat exchange coefficients are calculated by empirical correlations using the Nusselt number:

Nu,. A Nu, A
h;?rnv — air’vair and hs\ll)ar'{v — wat““wat (20)
h int
Heat transfer between absorber and fluid :
-1
e 1
hzggxair :[ = + J (21)
7\‘abs hZ?rnv

The physical properties of air are assumed to vary linearly with temperature, in accordance with the specific
expressions established by Ebrahim and Alfege [11,14] :
- Specific gravity: p,;, =1.1774-0.000359x T,;, ;(22)

- Specific heat : Cp,, = [1.0057 +0.000066xTair]x1009 ; (23)
—  Thermal conductivity: A ;, =0.02624 +0.0000758x T,

air !’

]x107°. (25)

(24)
~  Dynamic viscosity: [1,;; =[1.983+0.00184x T,

air

In our case, the Nusselt number is calculated according to the flow regime, which is expressed by the following
equations [11,18]:
For laminar flow (Re,; <2300)
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0.0019x [P, -Re, -Dh /|_]“l
Nug =N, + 117 (Heaton's empirical correlation) (26)
1+0. 00563><[Pr h/L]
With: N, =54, Pr; =0.7

e For transient flow (2300 < Re,;, <6000)
Nu,;, =0.0214x(Re,,**~100)xPr, x| 1+(D, /L)’ | @7

With conditions : 0.5<Pr, <1.5 2300 < Re,; <10° and 0<D, /L<1
e For turbulent flow (Re,;, >6000)

Nu,, =0. 023><(Rea") x(Pry,) ®* (Tan and Charters' (1970) empirical correlation). (28)

air

With - 0.6< Pr, <160, Re,;, >10000 and L/D, >10

air —

The Prandtl and Reynolds number is defined by the following relationship [10,14] :

4(1H, - Nyyep (D, /2))
Pr; = “a"v Pair ang Re,; :@ ,with Dy, = c 21 :_eH )ex (29)
i C

air air
Where:Dy, £,and H, are hydraulic pipe diameter, sensor width and air pipe height respectively.

The thermo-physical characteristics of water are assumed to vary linearly with temperature [7,18,19,20,21]:
—  Volume density in kg.m™

Puat = —510.3061+15.19367( T,y ) —5.490006 1072 (T, )’ +8.538520x 10 (T, )° 30)
—~5.122868x10°® (T, )’
—  Specific heat in Jkg™.K™ :
Regimel: 0°C<T,, <137°C
Cpon 2.13974—9.68137 x107% (T, ) +2.68536 x10™° (T, )2] 1000 41868 e
| —2.42139x10°8 (T, )’

Regime 2: other temperatures
—11 1558 + 7.96443x10™ ( Wat) 1.74799x10™ ( wat )2]

s 1000 4.1868 (32)
| +1.29156 %107 (T,\q)

CPyar =

—  Thermal conductivity in W.m.K™ :
Mar =—2.893282 +3.003312x107% (T,

wat

+1.403673x1077 (T, )° ~8.019830x 1071 (T, )*
—  Dynamic viscosity in Pas :

)—9.604677x107° (T, ) 33)

250.4833 J

Wy = 2.340194%10°° x 1o(m w

Nusselt number according to flow regime [7,18,19,20,21,22] :
e For laminar flow (Re,, <2300)

Nu,,, =4.36 with L/D,, [ 50 (35)
e For transient flow (2300 < Re,, <6000)

fy =(0.79xIn(Re, ) —1.64)_2 wherefis the Darcy-Weisbach friction factor. (37)
(f,/8)x(Re,;—1000)x Pr,

— wat
14127, 8 /8(Pr23-1)

Nu

(Gnielinski relation). (38)
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e  For turbulent flow (Re,, >6000)
Nu,, =0.023x(Re, )0'8 X (Pr )0'4 (Dittus-Boelter relationship) (39)

2.3 Compound Parabolic Cylindrical Solar Concentrator[3,7,22]

The compound parabolic trough concentrator is an evolution of the simple parabolic trough
concentrator, offering better solar radiation capture, a more homogeneous distribution of energy on the dual-
fluid PVT receiver, thus reducing hot spots and improving the thermal and optical efficiency of the system.

Fll
N\ A g B /
[ =
Cytindeical parahal'if : > k=) -~ Cj.r_lififdrical parabolic 2
£ PYT bifluid
¥ £

Figure 4: Compound Parabolic Cylindrical Concentrator

% Geometrical considerations
The concentrator's geometric parameters are defined in terms of aperture width, acceptance angle (9, )
and height. The following relationships are used to determine the key dimensions [7,22,23] :

f:CD(1+sin6a); AB -CD
2 sin(6,)
(40)
_ AB+CD c _AB__1
2.tan(6,)’ ¢ cD sin(0,)

Where : f ,AB,CD, H ,and Cg are respectively the focal line, entrance pupil width, exit pupil width, height
and geometric concentration factor of the reflector.

« Energy concentration (C,)
The energy concentration of a solar collector is defined as the ratio between the solar energy captured

by the concentrator aperture and the energy actually received by the bi-fluid PVT receiver. It depends on the
optical efficiency and the geometric concentration factor [11,22].

N . -C
Ce =Cq xNope = Cyq ><(pccp) "X Mg With My =179 (41)
Where: pg,,N, andn;, represent the reflectivity of the mirrors, the average number of reflections a ray
undergoes before reaching the bi-fluid PVT and the interception factor.

2.4 Electrical model of a dual-fluid PVT system

The electrical behavior of the PVT system is strongly influenced by the intensity of solar irradiation
and the temperature of the photovoltaic cells. For a single-diode model, the expression for the electric current
leaving the photovoltaic collector is written as follows [10,15] :

Vo, + 1o, R Vo, + 1o, R
IPv=Np.|ph—Np.l{exp(qzll\l—z_rs}—l}——w = PVE S (42)
ST sh

Where: Iy, lo, Rs, Ran, 0, N, Np, n and K are respectively photon current, diode saturation current, series
resistance, parallel resistance, electron charge, number of cells in series, number of cells in parallel, ideality
factor, Boltzmann constant.
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Current and voltage values vary with solar irradiation intensity and cell temperature, as shown in the following
equations [10,15]:

—  Output current variation: 1(G;C, Ty ) = lor +Al =1 +K; (%jAT+(%—l]ISC’ref (43)

ref ref

—  Output voltage variation: V(G,C, Ty ) = Vs + AV =V, + Kk, - AT =Ry - Al (44)

ref {

' el

G.C
~  Short-circuit current variation: I (G,C, T, )=(—'Jx(ki AT+ Isc’ref) (45)

ref

- . G,C
—  Short-circuit current variation: V. (G;C, T ) = Vo ref + Ky -AT+n-In [4] (46)

ref
With: AT =T, —T. (47)
Where kjand k,are respectively the coefficient of variation of current and voltage as a function of temperature.

2.5 Performance of the PVT dual-fluid hybrid collector
The electrical power and thermal power produced by the PVT dual-fluid hybrid solar collector are
given by the following equations [11,13,15,24] :

Qstec = Tg-Gi-CSpey Mret .exp[B(TCel — T )] where Giis the global solar irradiance. (48)

che,wat = rh'prat'(-rwat,out _Twat,int ) and che,air = r'n'cpair'(-rair,out _Tair,int) (49)

Qurepvr bi-fivid = Qurewar + Quneair  (50)
The electrical and thermal efficiencies of the PVT dual-fluid hybrid solar collector are determined by the
following two expressions [15,24,25] :

QeIec and n _ che,PVT_bi—quid
= ~ -~ the,PVT_bi-fluid = o~ ~
SceI'Gi'C SceI'Gi'C

The overall efficiency of a dual-fluid PVT is the sum of the thermal efficiency and the thermal efficiency
equivalent to the electrical efficiency [25,26,27,28].

Npvr_bi-fluid = Nine T Nelec, the (52)

- MNey
With: Melec,the = o

Nelc = (51)

, Where Cg is the thermal energy conversion factor between 0.2 and 0.4 [28,29].
f

2.6 Study site
The study concerns Mahajanga (15°43' S, 46°19' E), northwest of Madagascar, with 14 years of
meteorological data from ASECNA. Solar irradiance was estimated using Page's model [2,11].

2.7 Electrical characteristics
The polycrystalline silicon photovoltaic collector described in Table 1 has been evaluated to
international standards at 1000 W.m?, AM 1.5 and 25°C.

Table 1: Electrical characteristics of a KC200GT photovoltaic module [10,30].

Experimental peak power Ppax 200 W

Voltage at point of maximum power Vpm 26.3V

Current at point of maximum power Iy 7.61A

Open circuit voltage V. 329V
Short-circuit current Iy 8.21 A

Voltage temperature coefficient k, —0.123 V/°C
Current temperature coefficient k; 0.00318 A/°C
Operating temperature —40 °Cto +85 °C
Number of cells in series N, 54

Number of parallel cells N, 1

Reference yield 15%

Dimension (L x1x h) 1425 mm x 990 mm x 36 mm
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2.8 Component characteristics of the PVT dual-fluid hybrid module
Table 2 shows the characteristics of the various sensor components.

Table 2: Characteristics of the PVT dual-fluid hybrid collector components [14,15,24].

0 S Glass PV Tedlar | Absorber | Tube Insulation | Unit
Features cell
Density 2200 2330 | 1300 | 2700 2700 | 60 (kg.m™)
Specific heat 670 836 1400 | 900 900 700 (J.kg'K™)
Thermal conductivity 0.93 148 0.033 | 237 237 0.04 (W. K*m™)
Emissivity 0.88 0.93 0.88 0.04 0.04 0.85 -
Thickness 0.003 0.0003 | 0.0005 | 0.005 0.001 | 0.004 (m)
Absorption coefficient 0.066 0.85 0.5 0.75 0.75 0.066 -
Pipe outside diameter 0.014 (m)
Inside pipe diameter 0.012 (m)
I11. Result
3.1 Variation in solar irradiation and ambient temperature at Mahajanga
X 12.1218
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Figure 5: Temporal variation in solar irradiance and ambient temperature

Figure 5 illustrates the evolution of monthly mean hourly solar irradiance and ambient temperature as a
function of the typical day of the month in question, over a 14-year period. Irradiance increases in the morning,
peaks at 940 W.m? around midday, and then gradually decreases. The ambient temperature reaches a maximum
of 32.92°C at 12:48 p.m., slightly after the irradiation peak, due to the thermal inertia of the materials. It is lower
in the morning than in the evening.

3.2 Variation of geometric parameters and concentration ratios of the reflector
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; Y 11.4737
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Figure 6: Variation of the reflector’s geometric parameters and concentration ratios
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Figure 6 shows the impact of the acceptance angle (6,) on the characteristics of a compound parabolic
cylindrical concentrator. The height (H) decreases sharply with (6,), while the focal length (f) increases. A small
angle requires a deeper concentrator to capture the maximum amount of radiation, whereas a larger angle
reduces its height. The geometric concentration ratio (Cg) reaches a maximum of 11 before gradually
decreasing, while the energy concentration ratio (Ce) peaks at 2 for an acceptance angle of 14°, then declines.
This decrease is explained by increased light dispersion and optical and thermal losses, which reduce the
concentration efficiency at higher angles.

3.3 Cell temperature of the different hybrid PVT collectors

50— ' ' ™ X 12.3621 '
PVT Y 46.1234

water °
PVT . X 12.408
PVT Y 40.5708

N
&
T

N
(=]

@ m—
X12.627
Y 34.8122

Cell temperature (°C)
(8] W
=) O

N
W

20 1 1 1 1 Il 1 1
6 8 10 12 14 16 18

True solar time (h)
Figure 7:Cell temperature evolution for different hybrid PVT systems

Figure 7 illustrates the daily evolution of cell temperatures for three PVT collector configurations
(water-based, air-based, and dual-fluid) under the climatic conditions of Mahajanga. The PV modules used are
identical but integrated into different cooling systems. The mass flow rates are set at 0.02 kg-s™ for water (total
flow rate) and 0.028 kg-s™ for air. All the curves show a gradual rise in temperature until solar noon, followed
by a decrease at the end of the day. The water-based PVT exhibits the highest temperature (46 °C), due to
limited heat exchange despite the high heat capacity of water. The air-based PVT reaches a maximum
temperature of 40.6 °C, thanks to the integration of fins that enhance heat transfer with the air. The dual-fluid
system, combining water and air, maintains the lowest temperature (34.8 °C) due to the complementary action of
the two fluids and the presence of fins. Water efficiently extracts heat from the inner layers, while air facilitates
thermal exchange, and the fins increase the heat transfer surface, thereby optimizing overall cooling. Thus, the
dual-fluid system offers the best thermal management, limiting overheating and enhancing the energy
performance of the collector. Our work is partially based on the studies of Oussama EI Manssouri et al. [15,24]
and Hasila Jarimi et al. [28], which also focus on dual-fluid PVT systems. However, our configuration presents
specific features, particularly in terms of the cooling circuit.

3.4 Evolution of electrical characteristics (I-V and P) of hybrid photovoltaic-thermal (PVT) collectors

X 26.7815
X 25.9446_ Y 191.2

T ‘ 7| Y 185.386 ]
PVTwmer —

PVT . X 25.5613

PVTa" Y 182.724
bi-fluid =
2 g
=z | Xo )
5 Y 7.70305 A~
=) <
E S
& =
Q
2
m

0 . s s . PN
0 5 10 15 20 25 30 35

Voltage (V)
Figure 8: Current-voltage-power (1-V-P) for a PVT system using air, water and a bi-fluid
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Figure 8 illustrates the comparison of the 1-V-P characteristics of the water-based PVT, air-based PVT,
and dual-fluid PVT solar collectors, with a water mass flow rate of 0.004 kg-s™ (flowing through each tube) and
an air flow rate of 0.028 kg's™, under the same solar irradiation peak in Mahajanga. The I-V-P curves show that
the dual-fluid PVT system reaches the highest electrical power output (191.2 W), followed by the air-based PVT
(185.4 W), and then the water-based PVT (182.7 W), although all exhibit a similar short-circuit current (7.7 A),
confirming equal exposure to solar irradiation. These performance differences are explained by the cooling
efficiency of each system, which directly affects the temperature of the photovoltaic cells. Indeed, a lower
temperature improves the voltage at the maximum power point (MPP), thereby increasing the electrical power
output. Thus, the electrical performance is closely linked to the thermal dissipation capacity of the PVT system.

3.5 Cell temperature of dual-fluid hybrid PVT and CPVT collectors
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Figure 9:Cell temperature fluctuations in dual-fluid PVT and CPVT systems

Figure 9 shows the daily evolution of cell temperature in a hybrid dual-fluid PVT system, with and
without solar concentration (C = 2). It can be observed that the temperature follows the solar irradiation profile,
reaching a maximum of 37 °C with concentration, compared to 35°C without concentration. This slight
temperature increase highlights the effectiveness of the combined cooling system (air-water) assisted by fins,
which limits cell overheating. Thus, the thermal stability ensured by this system helps maintain optimal
electrical efficiency throughout the day.

3.6 Evolution of electrical characteristics (I-V and P) of dual-fluid PVT and CPVT systems
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Figure 10:Comparison of 1-V-P characteristics of dual-fluid PVT and CPVT modules

Figure 10 compares the I-V-P characteristics of PVT and CPVT solar collectors in dual-fluid mode
(water and air used simultaneously), fitted with fins (N = 22), with air and water flow rates set at 0.028 kg.s™
and 0.004 kg.s™per tube respectively. The dual-fluid CPVT collector generates a short-circuit current (Isc) of
15.39 A, approximately double that of the PVT dual-fluid (7.70 A), thanks to the concentration of solar
radiation, which increases current density. Open-circuit voltages (\Voc) are similar for both systems, at around
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26.7 V, indicating good thermal control thanks to bi-fluid cooling and the presence of fins. In terms of
maximum power, the dual-fluid CPVT reaches 379.04 W against 191.2 W for the dual-fluid PVT, reflecting a
significant improvement and confirming the superiority of the dual-fluid CPVT system for solar energy
conversion. In addition, the curves show a more stable electrical behavior and a reduction in internal losses in
the dual-fluid CPVT, demonstrating that the integration of a solar concentrator combined with dual-fluid cooling
is a particularly effective strategy for optimizing the electrical performance of photovoltaic modules

3.7 Energy performance of dual-fluid PVT and dual-fluid CPVT systems
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Figure 11:Evolution of the energy performance of dual-fluid PVT and dual-fluid CPVT systems

Figure 11 shows the evolution of the electrical and thermal outputs of the dual-fluid PVTand dual-fluid
CPVT systems as a function of true solar time in Mahajanga. Performance follows the intensity of solar
irradiation, peaking at around 12 noon, then gradually decreasing at the end of the day.

The results show that the dual-fluid CPVT system offers superior performance, both electrically and
thermally, compared with the dual-fluid PVT. At its peak, the electrical power of the dual-fluid CPVT reaches
379 W, almost double that of the dual-fluid PVT (191 W). This improvement is mainly due to the integration of
a solar concentrator, which increases the energy flow incident on the photovoltaic cells.

In thermal terms, power recovery is also higher for the dual-fluid CPVT : up to 1342 W for air (655 W
for the dual-fluid PVT) and 64 W for water (30 W for the dual-fluid PVT). These gains are attributed to
improved radiation capture and optimized heat recovery architecture.

Despite the rise in cell temperature in the middle of the day, the electrical efficiency of the dual-fluid
CPVT remains stable (minimum 14.2%) thanks to a high-performance bi-fluid cooling system, compared with
14.4% for the dual-fluid PVT. This thermal control limits the degradation of photovoltaic performance.

Thermal efficiency is also in favor of the dual-fluid CPVT. The air fluid achieves an almost constant
efficiency of 50% between 9 a.m. and 4 p.m., while that of water remains low (2.4%), probably due to the
overall cooling of the collector induced by the high air flow rate and the integration of fins on the upper
absorber plate, which reduce the internal temperature available for heat exchange with water.

IV. Discussion And Conclusion

This study has demonstrated the high potential of the hybrid dual-fluid CPVT collector for the efficient
conversion of solar energy into electricity and heat. By coupling a dual-fluid photovoltaic-thermal collector
(using both water and air) with a compound parabolic cylindrical concentrator, the system achieves significantly
higher energy performance compared to a conventional dual-fluid PVT system.

The integration of an additional solar concentrator and a finned heat exchanger significantly enhances
thermal recovery, while also allowing for a reduction in photovoltaic cell temperature through active cooling.

To theoretically determine solar irradiation, the Page model was used. The nonlinear equations
governing the system were implemented in MATLAB code and solved using the Runge-Kutta method.
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Numerical simulation results show that the integrated cooling system allows for a significant reduction
in PV cell temperature, thereby improving their efficiency. More specifically, with a concentration factor of C =
1, the cell temperature decreases by 34.8 °C, offering an electrical efficiency of 14.4%, whereas without cooling,
the temperature reaches around 65 °C in Mahajanga, according to Pasera et al. (2024) [10]. For C = 2, the
temperature of the CPVT dual-fluid system’s cells is reduced by 37 °C, resulting in an efficiency of 14.3%.

In terms of energy performance, the optimized electrical power of the dual-fluid CPVT reaches 379 W,
compared to 191 W for the dual-fluid PVT. The maximum recovered powers for the air and water fluids reach
1342 W and 64 W, respectively, compared to 655 W and 30 W for the dual-fluid PVT system.

These results confirm the excellent potential of this hybrid system, which stands out for its ability to
simultaneously maximize both electrical and thermal efficiencies. However, the performance of the dual-fluid
CPVT system strongly depends on several internal parameters (heat exchanger geometry, number of fins, mass
flow rate) and external parameters (solar concentration factor, ambient temperature, wind speed). Excessive use
of heat-dissipating elements or poor thermal management can degrade electrical performance despite thermal
gains. Therefore, optimizing operating conditions is essential to ensure a good balance between electrical
production and thermal recovery.

Looking ahead, further work will aim to refine the analysis of the thermal efficiency of the dual-fluid
CPVT system, particularly by studying the detailed influence of each key parameter. Thanks to its advanced
design and enhanced performance, this hybrid system emerges as a credible and effective alternative for clean
solar energy production, addressing the growing need for sustainable and versatile energy solutions.
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