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Abstract
Solar energy can be converted into thermal energy that can be utilized in both residential and industrial applications by using 
a parabolic through collector (PTC). Hybrid nanofluids are innovative heat transfer fluids made up of a base fluid and solid 
nanometer-sized particles (nanoparticles) that significantly boost the thermal properties of the fluid and, in turn, the system’s 
thermal performance. The working fluid for considered PTC used in this paper is a hybrid nanofluid. This study gives a 
comprehensive, thorough thermo-mathematical numerical analysis of PTC collectors employing multiwall carbon nanotube- 
aluminium oxide (MWCNT/Al2O3) hybrid nanofluids in a subtropical desert with moderate winters and very hot, sunny 
summers. A temperature variation in the components of the PTC, thermodynamic (energy, the exergy of the solar collector 
under hot desert conditions is carried out using an Engineering Equation Solver (EES). The numerical model was initially 
checked against published experimental data, and a reasonable agreement was achieved. Results reveal that an increase in 
nanoparticle concentration could positively influence the performance of the PTC collector. When the 1.5% MWCNT/1.5% 
 Al2O3-water hybrid nanofluid is regarded as a cooling fluid, the maximum outlet fluid temperature, energy, the exergy of the 
PTC collector are achieved. The PTC operates effectively on a summer day under hot climatic circumstances while limit-
ing performance on winter days. For the summer day, the maximum energy, the exergy generated by the PTC using a 1.5% 
MWCNT/1.5%  Al2O3-water hybrid nanofluid, is 5066 W, and 876 W, respectively.

Keywords Parabolic through collector (PTC) · Hybrid nanofluids · Multiwall carbon nanotube- aluminum oxide 
(MWCNT/  Al2O3) · Energy · Exergy

Introduction

Solar energy is the world’s most important and commonly 
available renewable energy source. Due to its many benefits, 
including its lack of environmental impact, the potential to 
last for generations, and high availability, solar power has 
attracted a lot of interest. Due to the quantity and inexhausti-
bility of the solar resource, solar thermal collectors and pho-
tovoltaic panels are seen as advantageous ways of capturing 
and turning solar energy into useful energy. This is possible 
because of the photo-conversion phenomenon occurring in 
the photovoltaic module, which is converting some of the 
sun's rays into usable electrical power [1–4]. A solar thermal 
(ST) collector is useful because it can turn the heat energy 
from the sun's rays into thermal heat that can be used [5–10]. 
Both concentrating and non-concentrating methods can be 
used to transform solar energy into thermal energy. The most 
common types of concentrating solar systems that may gen-
erate high temperatures are the linear Fresnel [11–14], solar 

 * Ibtissem Saddouri 
 ibtissemsaddouri35@gmail.com

 * Oussama Rejeb 
 Orejeb@sharjah.ac.ae

1 Université de Monastir,, Ecole Nationale d’Ingénieurs de 
Monastir (ENIM), Laboratoire d’Etudes des Systèmes 
Thermiques et Energétiques (LESTE), LR99ES31, 
5000 Monastir, Tunisia

2 Sustinable Energy Development Research Group, Research 
Institute for Science and Engineering (RISE), University 
of Sharjah, P.O. Box 27272, Sharjah, United Arab Emirates

3 Surface de Treatment and Materials Laboratory, Department 
of Renewable Energy, Faculty of Technology, University 
of Blida 1, Soumâa Street No. 270, 09000 Blida, Algeria

http://crossmark.crossref.org/dialog/?doi=10.1007/s10973-023-12342-7&domain=pdf


9702 I. Saddouri et al.

1 3

power tower, dish [15, 16], and parabolic trough collectors. 
With its technological maturity and economic competitive-
ness, parabolic trough collector (PTC) technology [17–21] 
has been tested and evaluated in many power production 
stations worldwide [22–31]. Direct solar radiation heats the 
working fluid in a PTSC system. The collector’s efficiency 
improves when the enclosure is comprised of glass, and con-
vection losses are reduced. This system uses the heat from 
the sun on the receiver to increase the intensity of the sun-
light. PTCs can be employed in temperatures ranging from 
50 to 400 degrees Celsius, which corresponds to the operat-
ing temperature range of the working fluid. [32] Under the 
climatic circumstances of Tunis, Tunisia (Latitude 36°50′ 
N and Longitude 10°44′ E), Chafie el al. [33] conducted an 
experimental analysis to estimate the thermal performance 
of a PTC. As a cooling medium, Transcal N. Oil was used. 
Based on their findings, the average energy efficiency for 
cloudy and sunny days was 19.72% and 8.51%, respectively. 
Numerous studies have been conducted to enhance PTCs' 
thermal and optical performance because of their substan-
tial benefits. Using vegetable oils [34], molten salts [35, 
36], and nanofluid [37–42] as a cooling fluid improves the 
physical properties of the heat transfer fluid (HTF), which 
in turn improves the thermal performance of PTC. On the 
other hand, inserts, tabulators, a wavy shape, or corrugated 
tubes [43–45] have been considered for their potential to 
alter the heat transfer exchange and hence the collectors' 
efficiency. Xiaowei Zhu el al. [46] proposed a wavy-tape 
insert for the parabolic trough collector to boost performance 
by increasing heat transmission within the absorber tube. 
Their findings show that the total entropy generation rate 
inside the absorber tube is reduced by between 30.2% and 
81.8%. Jaramilloel al. [47] suggested enhancing heat in the 
receiver tube by incorporating a twisted tape. They devel-
oped a thermodynamic model that can be used to evaluate 
the efficiency of a parabolic trough collector equipped with 
a twisted tape insert. They found that the Nusselt number, 
removal factor, friction factor, and thermal efficiency could 
be improved when a twisted tape insert was inserted. Yilmaz 
el al. [48]conducted numerical research into the feasibility 
of using wall-detached twisted tape to improve heat transfer 
in a parabolic trough receiver. Their research demonstrates 
a considerable improvement in heat transfer performance, 
a reduction in a circumferential temperature difference (up 
to 68%), and an increase in thermal efficiency (up to 10%) 
compared to a receiver with a simple absorber tube.

Nanoparticles dispersed in a base fluid such as water or 
oil can improve heat transfer inside the PTC. Scientists have 
been intrigued by colloidal suspensions of nano-sized par-
ticles in a liquid media. In contrast with conventional heat 
transfer fluids, nanofluids have excellent thermal conduc-
tivities and heat transfer coefficients. Because solids have 
higher thermal conductivity values than liquids, adding solid 

nanoparticles to a fluid can result in a suspension with supe-
rior thermophysical properties. Incorporating nanofluids in 
PTC decreases thermal resistance by convection between 
the fluid and the tube, resulting in increased thermal pro-
ductivity. PTC's thermal improvement using nanofluid is 
analyzed by Hachicha el al. [49]. Results show that increas-
ing the MWCNTs nanoparticle concentration from 0.05% to 
0.1% and then to 0.3% increases the annual average Nusselt 
number by 12%, 16%, and 21%, respectively, compared to 
conventional fluid. Bellos et al. [50] developed a thermal 
analysis to evaluate the performance of PTC using CuO and 
 Al2O3 nanoparticles in synthetic oil transfer heat. Accord-
ing to their research, using nanofluids in PTC increased heat 
transfer enhancement by 50%, with CuO nanofluid perform-
ing better than  Al2O3 nanofluid. However, at a high concen-
tration ratio and a low mass flow rate of nanofluid, CuO and 
 Al2O3 showed a 1.26% and 1.13% improvement in PTC ther-
mal efficiency, respectively. Under Tehran's weather circum-
stances, energy and exergy evaluations of a parabolic trough 
solar collector (PTC) with  Al2O3/water and CuO/water as 
the cooling fluid were conducted by Ehyaei el al.[51]. Their 
research concluded that the annual average exergy efficiency 
could be improved by 1.98% and 0.93% when using  Al2O3/
water and CuO/water as cooling fluids, respectively.

There appears to be a significant lack of literature on the 
PTC behavior when a hybrid nanofluid is used as the cooling 
fluid. Furthermore, hybrid nanofluid is more feasible than 
carbon nanotubes since it is cheaper and has better thermal 
conductivity than nanofluids made from metal oxides. How-
ever, there is no research published in the literature on using 
a multiwall carbon nanotube-aluminum oxide (MWCNT/ 
 Al2O3) as a heat transfer in a PTC collector. On other hand. 
Furthermore, for the first time, this study gives a complete 
comprehensive numerical study on PTC collectors employ-
ing multiwall carbon nanotube-aluminum oxide (MWCNT/
Al2O3) hybrid nanofluids in a subtropical desert with mod-
erate winters and very hot, sunny summers. The following 
is the outline of the investigation: Section "System descrip-
tion" explains the PTC collector's design. We introduce the 
PTC mathematical model using a hybrid nanofluid in Sec-
tion "Thermodynamic modeling". Section "Performance 
criteria" discusses the PTC's effectiveness in a subtropical 
desert environment. Finally, the study's concluding conclu-
sions are presented in Section "Results and discussion".

System description

Figure 1 shows a schematic diagram of a parabolic trough 
collector (PTC). It is made up of a reflector, a glass enve-
lope, an absorber pipe, and a working fluid. The mirrors 
(reflector) were designed on parabola shape to convert 
and concentrated radiation rays on the absorber received. 
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Table 1 summarizes the key properties of this PTC collector. 
The PTC's solar flux is reflected on the reflector and then 
passes through the glass envelope to reach the absorber. The 

absorber is a tube which has a selective coating applied to it 
to increase its absorptivity and reduce thermal losses. The 
absorber distributes its heat to the cooling fluid circulating 

Absorber

Glass
enveloppe

Working fluid

Solar

reflector

Glass

enveloppe

Absorber

Beam
sunlight

Inlet fluid

Beam
sunlight

Outlet fluid

Qsol,abs

Qsol,g

Qconv,g,amb

Qconv,g,abs

Qconv,abs,wf

Qrad,g,abs

Qrad,g,sky

Fig. 1  Schematic diagram of the Solar PTC system

Table 1  Design conditions of the proposed system

Units Parameter Value Unit

PTC Width of the PTC 12.27 m
Length of the PTC 5.76 m
Diameter of inner of the glazing 0.115 m
Diameter of outer of the glazing 0.121 m
Diameter of inner of the pipe 0.066 m
Diameter of outer of the pipe 0.07 m
Reflectance of mirror 0.94 –

Nanoparticle Density of the   Al2O3 nanoparticle 3970 Kg  m−3

Thermal conductivity of   Al2O3 nanoparticle 40 W/m−1  K−1

Specific heat capacity of   Al2O3 nanoparticle 765 J/Kg−1  K−1

Density of the MWCNT nanoparticle 1600 Kg  m−3

Thermal conductivity of MWCNT nanoparticle 3000 W/m−1  K−1

Specific heat capacity of MWCNT nanoparticle 769 J/Kg−1  K−1

Base fluid 
(water)

Density of the base fluid (water) with the tem-
perature is given in (°C)

�bf = 1046.31 − 0.275328Twf − 0, 00186353T2

wf
Kg  m−3

Thermal conductivity of the base fluid (water) 
with the temperature is given in (°C)

Kw = 0.616523 + 0.00171586Twf − 0, 00000575035T2

wf
W/m−1 °C−1

Viscosity of the base fluid (water) with the tem-
perature is given in in (°C)

�w = 0, 00161596 − 0, 0000420691 Twf + 6, 41265.10−7 ⋅ T2

wf

−5, 21218.10−9 ⋅ T3

wf
+ 1, 69963.10−11 ⋅ T4

wf

Kg/ms

Specific heat of the base fluid (water) with the 
temperature is given in in (°C)

Cpw = 3906, 63 + 3, 94005Twf − 0, 059366 ⋅ T2

wf

+0, 000473391 ⋅ T3

wf
− 0, 00000143726 ⋅ T4

wf

J/Kg−1  °C−1
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inside the tube via convection and then heats it. The fluid's 
exit temperature is significantly larger than its inlet tempera-
ture. In addition, the annular space between the absorber 
and the glass envelope is vacuumed to reduce heat loss. As 
a result, the natural convection and radiation heat transfer 
exchanges between the glazing and the absorber pipe are 
considered. Multiwall carbon nanotube/aluminum oxide 
(MWCNT/  Al2O3) hybrid nanoparticles [52] are consid-
ered in our paper (Table 1). The deionized fluid is water. 
Using a hybrid nanofluid as a cooling fluid is beneficial 
because it increases the fluid's thermal conductivity, decreas-
ing the thermal resistance by convection between the tube 
and the fluid. In our numerical investigation, we chose the 
 Al2O3-MWCNT/water hybrid nanofluid. The hybrid nano-
fluid in this work is considered to be a homogenous mixture 
of water and  Al2O3-MWCNT nanoparticles, and the water 
and the nanoparticles are in thermal equilibrium and at the 
same flow velocity. No sedimentation and perfectly stable 
suspension between the nanoparticles and the base fluid are 
considered in our theoretical mathematical model (Fig. 2).

Thermodynamic modeling

PTC's mathematical model is made up of three heat energy 
balance equations: the glass envelope, the absorber pipe, and 
the working fluid [53–58]

For this research, the following assumptions are made:

• On the absorber tube, the distribution of solar flux is 
homogenous.

• The fluid is incompressible and has a unidirectional flow.

• Conduction heat in the glazing and absorber pipe is 
ignored.

• The sky is regarded as a gray body.
• Thermal diffusion is negligible in the glass envelope and 

tube.
• There is no accumulated dust on the receiver's envelope.
• The incident angle is considered equal to zero (Full track-

ing).
• Along with the collector, the external and interior con-

vective and radiative exchange coefficients are assumed 
to be constant.

Glazing envelope

The glass cover loses its heat through convection to the envi-
ronment 

(
Qconv,g→amb

)
 and radiation to the sky 

(
Qrad,g→sky

)
 , 

while it absorbs heat from the solar radiation through the 
reflecting mirror ( ltubWG�0�g�k(�) ) and exchanges the heat 
by natural convection ( Qconv,abs→g) and radiation ( Qrad,abs→g) 
with the absorber pipe.

An energy equation for glazing envelope can be expressed as:

The amount of solar radiation absorbed by the receiver 
glass envelope is proportional to the receiver's length ( ltub ), 
width (W), intercept factor ( � ), reflectance of the reflector 
( �0 ), and incidence angle modifier ( k(�) ), and the following 
equation can be used to calculate it:

The incidence angle modifier ( k(�) ) is estimated by the 
empirical correlation:

To simply the calculation, the incident angle equal to 
zero is considered, and the incidence angle modifier ( k(�) ) 
is equal to 1 (full tracking).

Assuming the sky is a black body with a temperature 
of Tsky , the infrared radiation heat exchanger transfer (
Qrad,g→sky

)
 from the PTC collector to the the sky can be 

determined as follows:

The convective heat transfer flux ( Qconv,g→amb ) from  the 
PTC collector to the surroundings used in this work is an 

(1)0 = ltubWG�0�g�k(�) + Qconv,abs→g + Qrad,abs→g − Qconv,g→amb − Qrad,g→sky

0 = Qsol,g + Qconv,abs→g + Qrad,abs→g − Qconv,g→amb − Qrad,g→sky

(2)Qsol,g = ltubWG�0�g�k(�)

(3)
k(�) = 1 −

(
2.2307 ∗ 10

−4
�

)
−

(
1.1 ∗ 10

−4
�
2
)

+

(
3.18596 ∗ 10

−6
�
3
)
−

(
4.85509 ∗ 10

−8
�
4
)

(4)
Qrad,g→sky = ltub�Dg,ext�g�(T

2
g
+ T2

sky
)(Tg + Tsky)

(
Tg − Tsky

)

Rrad,g,abs

Rsky,sky,g

Rconv,amb,g

γαgrmW

ltubWGρ0αgγk(θ)

ak(θ)G

Rconv,abs,wf

Rconv,g,abs

Quseful

Tsky

Tamb

Tg

Tg

Twf

Fig. 2  Schematic diagram of the Solar PTC collector
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empirical correlation depending directly on the velocity 
of the wind speed ( Vwind ) and the diameter of the glass 
envelope ( Dg,ext)

The free-molecular convection heat exchanges transfer 
Qconv,abs→g from the absorber pipe to the the glass enve-
lope  is proportional to the effective thermal conductivity 
of the annulus gas (keff) , the outer diameter 

(
Dab, out

)
 of the 

absorber pipe, and the following equation can be used to 
calculate it:

The infrared radiation heat exchanges transfer Qrad,abs→g 
can be calculate as:

Replacing the heat flux exchanges by their expression 
Eq. (1) becomes

Absorber pipe

The absorber pipe absorbs heat from the beam solar radia-
tion attenuated ( �0ltub��abs�gWGk(�) ), exchanges the heat 
by free-molecular convection ( Qconv,abs→g and radiation 
( Qrad,abs→g with the glass and by convection with the work-
ing fluid ( Qconv,abs→wf.

An energy equation for glazing envelope can be 
expressed as:

The amount of solar radiation absorbed by the receiver 
pipe is estimated as:

(5)Qconv,g→amb = ltub�Dg,ext

(
4V0.58

wind
)(D−0.42

g,ext
)

(
Tg − Tamb)

(6)

Qconv,abs→g = ltub�Dabs,ext

⎛
⎜⎜⎜⎝

2keff

Dabs,ext ln
�

Dg,int

Dabs,ext

�
⎞⎟⎟⎟⎠
(Tabs − Tg)

(7)

Qrad,abs→g = ltub�Dabs, ext

�

((
T2
abs
) + (T2

g

))(
Tabs + Tg

)

1

�ab

+
1−�g

�g

(
Dabs, ext

Dg, int

) (Tabs − Tg)

(8)

0 =ltub�Dabs,ext

⎛
⎜⎜⎜⎝

2keff

Dabs,ext ln
�

Dg,int

Dabs,o

�
⎞
⎟⎟⎟⎠
(Tabs − Tg)

+ ltub��grmWaGk(�) + ltub�Dg, ext�g�

�
Tsky − Tg

�

+ ltub�Dg,ext(D
−0.42
g,ext

)4V0.58
wind

�
Tamb − Tg

�

+ ltub�Dab,ext

�

��
T2
ab
) + (T2

g

���
Tab + Tg

�

1

�ab

+
1−�g

�g

�
Dab, ext

Dg, int

� �
Tabs − Tg

�

(9)0 = Qsol,abs − Qconv,abs→g − Qrad,abs→g − Qconv,abs→wf

The following equation describes the convection heat 
transfer from the absorber to the working fluid in accord-
ance with Newton’s law:

Replacing the heat flux exchanges by their expression 
Eq. (9) becomes

Working fluid

The following equation describes the heat balance of the 
working fluid that flows through the absorber pipe.

As a function of the Nusselt number, the fluid's thermal 
conductivity, and the tube's hydraulic diameter, the heat 
transfer coefficient by convection is calculated as:

As a function of the Reynolds and the Prandtl number, 
the Nusselt number is estimated by the following correlation

It is the ratios of momentum diffusivity to thermal diffu-
sivity that is known as the Prandtl Number, and it estimated 
as:

The Reynolds number denotes the ratios of inertial forces 
to viscosity forces, and its calculated as:

(10)Qsol,ab = �0ltub��abs�gWGk(�)

(11)Qconv,abs→wf = ltub�Dabs,inthconv, abs→wf

(
Tabs − Twf

)

(12)

0 = �0ltub��abs�gWGk(�) + �Dabs, inhconv, abs→wf

�
Twf − Tabs

�

+ ltub�Dabs,ext

⎛
⎜⎜⎜⎝

2keff

Dabs,ext ln
�

Dg,int

Dabs,o

�
⎞
⎟⎟⎟⎠
(Tg − Tabs)

+ ltub�Dabs, ext

�

��
T2
abs
) + (T2

g

��
(Tabs + Tg)

1

�abs

+
1−�g

�g

�
Dab,ext

Dg,int

� �
Tg − Tabs

�

(13)ṁCfΔTf = ltub𝜋Dabs,inhconv, abs, wf
(
Tabs − Twf

)

(14)hconv,abs,wf = Nusseltwf
Kwf

Da

(15)Nusseltwf = 4.364 Rewf < 2300(laminar flow)

(16)
Nusseltwf = 0.023 ∗

(
Rewf

)0.8(
Pr
wf

)0.4

2300 < Rewf(Turbulent flow)

(17)Prwf =
Cwf�wf

kwf
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The following equation is applied to compute the work-
ing fluid's velocity:

For this research, we utilized water as the base fluid. 
The thermophysical properties of water, which vary with 
temperature, are employed. Predictions of water’s ther-
mophysical properties as a function of temperature can be 
obtained using the following empirical formulae presented 
in Table 1.

One of the most crucial thermophysical properties of a 
working fluid in a thermal system is its thermal conduc-
tivity 69–72. The effectiveness of a thermal system can be 
improved by using a working fluid with a greater thermal 
conductivity value. The ability of a material to transfer heat 
is quantified by its thermal conductivity. A function of parti-
cle volume fraction, the thermal conductivity particle shape 
of used two nanoparticles, and the base fluid can be formu-
lated to describe the thermal conductivity of hybrid nano-
fluids [59–65]. The following equation used in our study, 
which is based on the modified Maxwell model for hybrid 
nanofluids, provides an approximate approximation of the 
thermal conductivity of the hybrid nanofluid:

Density is a crucial factor in thermodynamics. Density 
significantly impacts the flow Reynolds number, pressure, 
and heat transfer capability of a hybrid nanofluid. The den-
sity of a hybrid nanofluid can be described as a function of 
the volume fraction, density, shape of the particles of the 
two nanoparticles utilized, and base fluid density [61–68]. 
Our work used a hybrid nanofluid, the density of which can 
be approximately calculated using the following equation, 
which is based on the modified Pak and Cho correlation:

Because of frictional effects, the viscosity of hybrid 
nanofluids is crucial in determining the needed pumping 
power. The viscosity of a hybrid nanofluid can be described 
as a function of the volume fraction, density, shape of the 
particles of the two nanoparticles utilized, and base fluid 
density [61–68]. The following equation, based on the modi-
fied Brinkman correlation for hybrid nanofluids, provides 

(18)Rewf =
Dabs,in�wfvwf

�wf

(19)vwf =
mwf

�

4
D2

abs,in
�wf

(20)

khnf = kbf

�np1knp1+�np2knp2

�hnf
+ 2kbf + 2

(
�np1knp1 + �np2knp2

)
− 2�hnfkbf

�np1knp1+�np2knp2

�hnf
+ 2kbf − 2

(
�np1knp1 + �np2knp2

)
+ �hnfkbf

(21)�hnf =

(
1 − �hnf

)
�bf + �np1�np1 + �np2�np2

an approximation of the viscosity of the hybrid nano-
fluid employed in our study:

Performance criteria

Energy analysis

In order to calculate the PTC’s effective gain output, we 
utilize the following formula.

PTC thermal efficiency is defined as the ratio of useful 
energy produced to solar energy collected by the PTC and it 
can be calculated as follows:

Exergy analysis

It is possible that the first law technique cannot yield an in-
depth understanding of the system (energy analysis). The 
system’s performance can be quantified and standardized 
using second-law energy efficiency. Exergy is an useful tech-
nique in thermodynamics for achieving irreversibility in a 
system. The heat transfer irreversibilities between the sun 
and the collector, the collector and the surrounding air, and 
within the collector all impact the quantity of usable energy 
provided by solar PTC collector. An exergy balance equation 
explicates what processes are wasteful in a thermodynamic 
solar collector system and supports engineers for achiev-
ing an optimal design, providing path for losses reduction. 
Exergy is also exchanged across control volumes via matter 
flows. While mass and energy are always preserved, nonide-
alities (sometimes called irreversibilities) like friction result 
in the destruction (or annihilation) of exergy inside a system.

A PTC collector (Fig. 3) system’s exergy balance is rep-
resented as:

The amount of available solar exergy collected by the 
PTC collector can be estimated using Petla's law, which 
is based on the relationship between the sun, ambient 

(22)�nf =
�bf(

1 − �np1 − �np2

)2.5

(23)Quseful = ṁCfΔTf

(24)𝜂energy, PTC = Quseful∕Qsol,abs = ṁCfΔTf∕𝜌0ltub𝛾𝛼abs𝜏gWGk(𝜃)

(25)Q̇exergy,sun + Q̇mass,in = Q̇mass,out + Q̇destruction
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temperatures, and the amount of solar radiation that reach 
the absorber pipe, and its calculated as:

In order to calculate the output PTC's exergy gain, we 
utilize the following formula.

To calculate the pressure drop in the absorber tube, the 
following equation is used:

The friction factor of the working fluid can be estimated 
using Petukhov equation, which is based on the Reylonds 
number, and is calculated as:

PTC exergy efficiency is described as the ratio of usable 
energy generated to exergy solar energy captured by the 
PTC, and it can be estimated as:

(26)Q̇exergy,sun = 𝜌0ltub𝛾𝛼abs𝜏gWGk(𝜃)

(
1 −

4

3

Tamb

Tsun
+

1

3

(
Tamb

Tsun

)4
)

(27)

Q̇exergy,th = Q̇mass,in − Q̇mass,out = ṁwfCf

(
Tout,wf − Tin,wf

)

− ṁwfCfTamb ln

(
Tout,wf

Tin,wf

)
− ṁwfTamb

(
Δp

𝜌wfTwf

)

(28)Δp = f
ltub�wf

Dabs,in

v2
wf

2

(29)f =
(
0.79 ln

(
Rewf

)
− 1.64

)−2

(30)
𝜂exergy, PTC = Q̇exergy,th∕Q̇exergy,sun =

ṁwfCf

(
Tout,wf − Tin,wf

)
− ṁwfCf Tamb ln

(
Tout,wf

Tin,wf

)
− ṁwfTamb

(
Δp

𝜌wfTwf

)

ltub𝛾𝛼abs𝜌0𝜏g WGk(𝜃)

(
1 −

4

3

Tamb

Tsun
+

1

3

(
Tamb

Tsun

)4
)

Results and discussion

Validation

The proposed model is verified by using the results of the 
experimental investigation conducted by Alfellag [66, 67]. 
According to their PTC, water serves as the working fluid. 
Table 1 lists the characteristics of the solar PTC. The current 
numerical model includes the same solar PTC parameters. Our 
results are in good accord with experimental results since we 
employ the same characteristics of the solar PTC in the present 
computational model (Table 2) (Fig. 4). Our model has proved 
to be accurate and can be used to assess the performance of 
solar PTC under various operating circumstances.

Thermophysical properties of hybrid nanofluids

To evaluate the performance of the PTC using hybrid nano-
fluid as a cooling fluid, it is necessary to understand the 
effects of nanoparticle concentration and fluid temperature 
on thermophysical properties (density, specific heat, viscos-
ity, and thermal conductivity) for different hybrid nanofluid 
concentrations. The basis fluid in this research is water, and its 
thermophysical parameters, including viscosity, specific heat 
capacity, thermal conductivity, and density, are acquired via 
the Engineering Equation Solver (EES) software library. The 

Fig. 3  Schematic exergy flow 
diagram of the Solar PTC col-
lector

Exergy of sun

Output exergy
of mass flow

Exergy of destruction

Input exergy of
mass flow



9708 I. Saddouri et al.

1 3

thermophysical properties of the working fluid are reduced 
when the temperature of the operating fluid rises. On the other 
hand, increased nanoparticle concentration improves thermal 
conductivity, as seen in Fig. 5. 

The convection transfer coefficient is defined by dividing 
the Nusselt number and the cooling fluid's conductivity by 
the hydraulic diameter.

The heat transfer coefficient by convection (Fig. 6) was 
improved by 0.75% when using the mono nanofluid (0.25% 
MWCNT-water), by 4% when using the hybrid nanofluid 
(0.25% MWCNT-water and 0.25%  Al2O3-water), and by 
27.1%, when using the hybrid nanofluid (1.5%MWCNT and 
1.5%  Al2O3-water), in comparison with using water as the 
cooling fluid.

Case study of the proposed system

The proposed PTC is evaluated under "hot desert climate" 
expressed by Ouarzazate, Morocco (30.55 N, 6.55 W). In 
addition, comprehensive assessments have been performed 
on the proposed system in terms of the output fluid tempera-
ture, thermal and exergy efficiency, usable heat power, and 
exergy powers.

According to the Köppen climate classification, Ouarzaz-
ate has a hot desert climate (BWh), with warm winters and 
hot, sunny summers. The average temperature in the coldest 
month (January) is 9.8 °C, while the average temperature in 
the warmest month (July) is 30.8 °C. The yearly sun hours are 
3416, with the highest monthly sunshine hours of 335 in June 
and the lowest monthly sunshine hours of 2413 in November.

Figures 7–9 depict the ambient temperature, beam solar 
radiation, and the wind speed on typical days (January 13, 
April 30, July 13, and October 7) for each of Ouarzazate's 

four seasons. Figure 8 displays the beam solar radiation on 
typical days (January 13, April 30, July 13, and October 
7) for each of Ouarzazate’s four seasons: The summer has 
the greatest average temperature (July 13) while the winter 
has the lowest (January 13). Maximum beam solar radia-
tion irradiation occurs in July at 944.9 W  m−2, April 30 at 
887.3 W  m−2, October 7 at 801.2 W  m−2, and January 13 at 
582.7 W  m−2. Figure 8 depicts the beam solar radiation of 
days (January 13, April 30, July 13, and October 7) for each 
of Ouarzazate's four seasons: The summer has the greatest 
average temperature (July 13) while the winter has the low-
est (January 13). Maximum sun irradiation occurs in July at 
944.9 W  m−2, April 30 at 887.3 W  m−2, October 7 at 801.2 
W  m−2, and January 13 at 582.7 W  m−2.

Variations in different components of the PTC

For typical days (January 13, April 30, July 13, and October 
7) under Ouarzazate climatic conditions, the transient evo-
lution of the absorber and outlet temperature using water, 
hybrid nanofluid presented by 0.25% MWCNT/0.25% 
 Al2O3-water, and 1.5% MWCNT/1.5%  Al2O3-water is 
depicted in Figs. 10, 11. 

Figures 10 and 11 show that on a cloudy day (13/01), 
the PTC’s absorber pipe temperature rises from 274.3 K to 
372.1 K with water as the cooling fluid, from 274.3 K to 
348.9 K with 0.25% MWCNT/0.25%  Al2O3-water, and from 
274.3 K to 345.2 K with 1.5% MWCNT/0.2%  Al2O3-water. 
In comparison, the outlet fluid temperature rises from 
274.3 K to 323.1 K with water as the cooling fluid, 274.3 K 
to 323.7 K with 0.25% MWCNT/0.25%  Al2O3-water, and 
274.3 K to 324.6 K with 1.5% MWCNT/1.5%  Al2O3-water 
hybrid nanofluid. On a spring day (30/04), when using water 
as the cooling fluid, the PTC's absorber pipe temperature 
goes up from 286 to 407.4 K, from 286 to 380.9 K when 
using a 0.25% MWCNT/0.25%  Al2O3-water, and from 286 
to 376 K when using a 1.5% MWCNT/1.5%  Al2O3-water. 
When water is utilized as the cooling fluid, the PTC's out-
put fluid temperature goes up from 286 to 357.2 K, and 
when 0.25% MWCNT/0.25%  Al2O3-water hybrid nano-
fluid is employed, it goes up from 286 K to 358.3 K, and 
from 286 K to 359.7 K when using a 1.5% MWCNT/1.5% 
 Al2O3-water hybrid nanofluid. For a summer day (13/07), 
the PTC's absorber pipe temperature rises from 296.1 K 
to 442.9 K with water as the cooling fluid, 296.1 K to 
412.9  K with 0.25% MWCNT/0.25%  Al2O3-water, and 
296.1 K to 406.9 K with 1.5% MWCNT/1.5%  Al2O3-water, 
while the outlet fluid temperature rises from 296.1 K to 
370.6 K with water as the cooling fluid, 296.1 K to 372.1 K 
with 0.25% MWCNT/0.25%  Al2O3-water hybrid nano-
fluid, and 296.1 K to 373.6 K with 1.5% MWCNT/1.5% 
 Al2O3-water hybrid nanofluid. On an autumn day (07/10) 
(30/04), when using water as the cooling fluid, the PTC’s 
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absorber pipe temperature goes up from 287.6 to 415.9 K, 
from 287.6 to 388.4 K when using a 0.25% MWCNT/0.25% 
 Al2O3-water, and from 287.6 to 382.2 K when using a 0.25% 
MWCNT/0.25%  Al2O3-water. When water is utilized as the 
cooling fluid, the PTC's output fluid temperature goes up 
from 287.6 to 352.7 K, and when 0.25% MWCNT/0.25% 
 Al2O3-water hybrid nanofluid is employed, it goes up from 
287.6 to 353.7 K; when using a with 1.5% MWCNT/1.5% 
 Al2O3-water hybrid nanofluid, it goes up from 287.6 to 
354.9 K.

The evolution of the temperature of all the output flu-
ids, including water, hybrid nanofluid, presented by 0.25% 
MWCNT/0.2%  Al2O3-water and 1.5% MWCNT/0.25% 
 Al2O3-water is followed by the trend of solar radiation. It 
peaks in the morning and drops back down to ambient by 
afternoon. The highest readings are recorded at 1:40 p.m. 
on January 13, 1:50 p.m. on April 30, 1:30:00 p.m. on July 
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Fig. 5  Thermophysical properties of hybrid nanofluids
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14, and 1:40:00 p.m. on October 7. It should be noticed 
that these times coincide with the peak values of the direct 
solar radiation absorbed by the solar PTC. When the 1.5% 
MWCNT/1.5%  Al2O3-water hybrid-nanofluid  is regarded 
as a cooling fluid, the maximum outlet fluid and the low-
est absorber pipe given by PTC are reached for all distinct 
scenarios of the variation in examined weather conditions. 
1.5% MWCNT/1.5%  Al2O3-water hybrid nanofluid has 
a higher convective heat transfer coefficient than 0.25% 

MWCNT/0.25%  Al2O3-water. Increasing the nanoparticles 
concentration improves the thermal properties of the cool-
ing fluid, such as its thermal conductivity, density, and vis-
cosity. This improves the convective heat transfer between 
the cooling fluid and the absorber tube wall, which means 
fewer losses between the absorber pipe and output fluid tem-
perature. Consequently, a smaller temperature gradient (a 
lower absorber pipe and higher output fluid temperature) 
is obtained.

Heat useful and exergy power

For typical days (January 13, April 30, July 13, and October 
7) under Ouarzazate climatic conditions, the transient evolu-
tion of the useful heat and exergy power using water, hybrid 
nanofluid presented by 0.25% MWCNT/0.25%  Al2O3-water, 
and 1.5% MWCNT/1.5%  Al2O3-water is depicted in 
Figs. 12, 13. For a chosen cloudy day (13/01) in the Ouar-
zazate region, the maximum useful heat gain provided by 
PTC using water, 0.25% MWCNT/0.25%  Al2O3-water, 
and 1.5% MWCNT/1.5%  Al2O3-water hybrid nanofluid as 
a cooling fluid is 3112 W, 3149W, 3154W, respectively, 
while the maximum exergy output by PTC using 0.25% 
MWCNT/0.25%  Al2O3-water, and 1.5% MWCNT/1.5% 
 Al2O3-water hybrid nanofluid as a cooling fluid is 376.3 W, 
368.1W, 394.2W, respectively. For a chosen springer day 
(30/04) in the Ouarzazate region, the maximum useful heat 
gain provided by PTC using water, 0.25% MWCNT/0.25% 
 Al2O3-water, and 1.5% MWCNT/1.5%  Al2O3-water hybrid 
nanofluid as a cooling fluid is 4689W, 4760W, and 4772 
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W, respectively, while the maximum exergy output by 
PTC using water, 0.25% MWCNT/0.25%  Al2O3-water, 
and 1.5% MWCNT/1.5%  Al2O3-water hybrid nanofluid as 
a cooling fluid is 767.7W, 791.7W, and 808.8 W, respec-
tively. For a chosen summer day (13/07) in the Ouarzaz-
ate region, the maximum useful heat gain provided by PTC 
using water, 0.25% MWCNT/0.25%  Al2O3-water, and 1.5% 
MWCNT/1.5%  Al2O3-water hybrid nanofluid as a cooling 
fluid is 4973W, 5052W, and 5066 W, respectively, while 
the maximum exergy output by PTC using water, 0.25% 
MWCNT/0.25%  Al2O3-water, and 1.5% MWCNT/1.5% 
 Al2O3-water hybrid nanofluid as a cooling fluid is 829.9 
W, 857W, 876W, respectively. For a chosen autumn day 
(07/10) in the Ouarzazate region, the maximum useful heat 
gain provided by PTC using water, 0.25% CuO/water, 0.25% 
MWCNT/0.25%  Al2O3-water, and 1.5% MWCNT/1.5% 

 Al2O3-water hybrid nanofluid as a cooling fluid is 4242 
W, 4302W, 4312W, respectively, while the maximum 
exergy output by PTC using water, 0.25% MWCNT/0.25% 
 Al2O3-water, and 1.5% MWCNT/1.5%  Al2O3-water hybrid 
nanofluid as a cooling fluid is 636.5 W, 655.5W, 669.7 W, 
respectively. Exergy production and usable heat gain sup-
plied by PTC, including water, 0.25% MWCNT/0.25% 
 Al2O3-water, and 1.5% MWCNT/1.5%  Al2O3-water hybrid 
nanofluid, all follow the trend of solar radiation. The high-
est readings are recorded at 1:40 p.m. on January 13, 1:50 
p.m. on April 30, 1:30:00 p.m. on July 14, and 1:40:00 p.m. 
on October 7. It should be noticed that these times coincide 
with the peak values of the direct solar radiation absorbed by 
the solar PTC. When the 1.5% MWCNT/1.5%  Al2O3-water 
hybrid nanofluid is regarded as a cooling fluid, the maxi-
mum exergy production and usable is achieved. Increasing 
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the convective heat transfers between the cooling fluid and 
the absorber tube wall decreases their temperature gradient, 
resulting in a higher outlet fluid temperature. As a result, 
higher exergy production and usable heat gain are supplied 
by PTC.

Thermal and exergy efficiencies

The thermal and exergy efficiencies utilizing water, hybrid 
nanofluid provided by 0.25% MWCNT/0.25%  Al2O3-water, 
and 1.5% MWCNT/1.5%  Al2O3-water are illustrated in 
Figs. 14, 15 for typical days (January 13, April 30, July 13, 
and October 7) under Ouarzazate climatic conditions.

The maximal exergy efficiency obtained by PTC utiliz-
ing water, 0.25% MWCNT/0.25%  Al2O3-water, and 1.5% 
MWCNT/1.5%  Al2O3-water hybrid nanofluid as a cooling 

fluid on a selected overcast day (13/01) in the Ouarzazate 
area is 9.204%, 9.442%, and 9.642%, respectively. The maxi-
mal exergy efficiency obtained by PTC utilizing water, 0.25% 
MWCNT/0.25%  Al2O3-water, and 1.5% MWCNT/1.5% 
 Al2O3-water hybrid nanofluid as a cooling fluid on a selected 
summer day (13/07) in the Ouarzazate area is 12.59%, 13%, 
and 13.29%, respectively. The maximal exergy efficiency 
obtained by PTC utilizing water,  0.25% MWCNT/0.25% 
 Al2O3  Al2O3-water, and 1.5% MWCNT/1.5%  Al2O3-water 
hybrid nanofluid as a cooling fluid on a selected autumn 
day (07/10) in the Ouarzazate area is 11.36%, 11.7%, and 
11.96%, respectively. The greatest exergy efficiency is 
attained when the 1.5% MWCNT/1.5%  Al2O3-water hybrid 
nanofluid is used as a cooling fluid, increasing the convec-
tive heat transfers between the cooling fluid and the absorber 
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tube wall, resulting in a higher output fluid temperature. As 
a consequence, PTC provides increased exergy efficiency.

Overall summary

Table  3 present a detailed comparison between the 
PTC with water, PTC with hybrid nanofluid (0.25% 
MWCNT/0.25%  Al2O3-water), PTC with hybrid nanofluid 
(1.5% MWCNT/1.5%  Al2O3-water) from the output fluid 

temperature, usable heat and exergy powers viewpoints 
under hot desert climate climatic conditions. The PTC’s 
maximum thermal power output increased by 1.8% using 
a hybrid nanofluid (1.50% MWCNT/1.50%  Al2O3-water). 
However, it can be improved by optimizing design param-
eters such as mass flow rate, inlet water temperature, nano-
particle concentration, size, and diameters. Their practical 
execution faces a variety of obstacles and limits, which are 
examined in depth in details in the following section.
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Fig. 12  Useful heat gain for typical days (January 13, April 30, July 13, and October 7) under Ouarzazate climatic conditions
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Practical limitations and challenges of the use 
of the hybrid nanofluid in the PTC

The use of hybrid nanofluids as the working fluid in a PTC 
has only been tested and studied numerically. Only a few 
experimental efforts have been stated to address the evalu-
ation and enhancement of the PTC over one day employing 
hybrid nanofluids as a working fluid. To assess the viabil-
ity of commercial-scale hybrid nanofluid-based solar sys-
tems, conducting experimental long-term, feasible studies 
in terms of energy, exergy and economic performance is 
essential. In summary, whereas the hybrid nanofluids offer 
potential advantages for PTC collectors, using MWCNT/
Al2O3-water as a heat transfer can boost efficiency and 

Table 2  Design conditions of the proposed system

PTC input parameters [66, 67]

Length 3.6 m
Width 1.22 m
Diameter of inner of the glazing 0.057 m
Diameter of outer of the glazing 0.06 m
Diameter of inner of the pipe 0.0158 m
Diameter of outer of the pipe 0.0178 m
Absorptance of the glazing 0.02 –
transmittance of the glazing 0.9 –
Emittance of the glazing 0.86 –
Mass flow rate 1 G.P.M
Intercept factor 0.48 –
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Fig. 13  Exergy output for typical days (January 13, April 30, July 13, and October 7) under Ouarzazate climatic conditions
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exergy performances by 1, 87% and 5.5%, respectively, 
compared to the base fluid. However, their practical imple-
mentation faces several difficulties and constraints (such 
as instability and high pumping power) discussed below 
that must be understood, solved and improved, focused on 
realizing their practical potential.

Instability Nanofluids are more than just a mixture of 
solid particles and fluid. Because of their high surface 
activity, nanoparticles tend to clump together. The 
agglomeration process generates particle sedimenta-
tion and duct sealing, reducing the nanofluids' suitable 
physical properties. As a result, nanofluid stability must 

be carefully evaluated. The concentration of nanoparti-
cles, dispersing agents, viscosity, pH quantity, type of 
nanoparticles, the diameter of nanoparticles, and ultra-
sonication time are the most important characteristics 
determining the stability of nanofluids. Developing a 
stable nanofluid is required for optimizing nanofluid 
aspects. Nanoparticle aggregation and agglomeration 
increase the deposition probability, leading to decreased 
stability. Several approaches, such as pH adjustment 
of suspension, enhancement of surface activators, and 
use of ultrasonic vibrators, should be examined in the 
future to avoid nanoparticle aggregation and establish 
a stable combination.
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Fig. 14  Thermal efficiency for typical days (January 13, April 30, July 13, and October 7) under Ouarzazate climatic conditions
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High pumping power requirements A critical issue with 
hybrid nanofluids is the unavoidable increase in friction 
factor. Because of the high friction factor, significant 
pumping power is required, preventing the benefits of 
hybrid nanofluids' enhanced heat transfer abilities from 
being achieved. The viscosity of the nanofluids increases 
when the concentration of the nanoparticles increases, 
leading to an increase in the friction factor. The viscos-
ity is a resistive characteristic that generates shear stress 

against the force applied to the nanofluid. Viscosity is 
the driver of momentum transfer between nanofluid lay-
ers, and it appears when the layers move. Intermolecular 
forces are responsible for this. The presence of nanoma-
terials in the base fluid increases intermolecular forces, 
resulting in increased viscosity. Surfactants can reduce 
nanofluids' viscosity by negatively charging the nanopar-
ticles, which causes them to repel each other and increase 
the number of collisions between the particles.
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Fig. 15  The exergy efficiency for typical days (January 13, April 30, July 13, and October 7) under Ouarzazate climatic conditions
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Table 3  Major findings from this study

PTC with water PTC with hybrid nanofluid 
(0.25% MWCNT/0.25%  
 Al2O3-water)

PTC with hybrid nano-
fluid (1.5% MWCNT/1.5%  
 Al2O3-water)

Major findings

Outlet cooling temperature
Winter day (13/01)
1.3 °C to 50.1 °C 1.3 °C to 50.7 1.3 °C to 51.6 °C Maximum outlet cooling temperatures for the PTC 

with a hybrid nanofluid (0.25% MWCNT/0.25%  
 Al2O3-water) and the PTC with a hybrid nanofluid 
(1.50% MWCNT/1.50%   Al2O3-water) are 1,197% 
and 2,994% higher than for the PTC with water as 
the cooling fluid, respectively, on a winter day

Spring day (30/04)
13 °C to 84.2 °C 13 °C to 85.3 °C 13 °C to 86.7 °C Maximum outlet cooling temperatures for the PTC 

with a hybrid nanofluid (0.25% MWCNT/0.25%  
 Al2O3-water) and the PTC with a hybrid nanofluid 
(1.50% MWCNT/1.50%   Al2O3-water) are 1,3064% 
and 2,9691% higher than for the PTC with water as 
the cooling fluid, respectively, on a springer day

Summer day (13/07)
23.1 °C to 97.6 °C 23.1 °C to 99.1 °C 23.1 °C to 100.6 °C Maximum outlet cooling temperatures for the PTC 

with a hybrid nanofluid (0.25% MWCNT/0.25%  
 Al2O3-water) and the PTC with a hybrid nanofluid 
(1.50% MWCNT/1.50%   Al2O3-water) are 1,5368% 
and 3,0737% higher than for the PTC with water as 
the cooling fluid, respectively, on a summer day

Autumn day (7 October)
14.6 °C to 79.7 °C 14.6 °C to 80.7 °C 14.6 °C to 81.9 °C Maximum outlet cooling temperatures for the PTC 

with a hybrid nanofluid (0.25% MWCNT/0.25%  
 Al2O3-water) and the PTC with a hybrid nanofluid 
(1.50% MWCNT/1.50%   Al2O3-water) are 1,2547% 
and 2,76035% higher than for the PTC with water as 
the cooling fluid, respectively, on an autumn day

Thermal power generated
Winter day (13/01)
3112W 3149W 3154W Maximum thermal power generated by the PTC 

with a hybrid nanofluid (0.25% MWCNT/0.25%  
 Al2O3-water) and by the PTC with a hybrid nano-
fluid (1.50% MWCNT/1.50%   Al2O3-water) are 
1,1889% and 1,34961% higher than by the PTC with 
water as the cooling fluid, respectively, on an winter 
day

Spring day (30/04)
4689W 4760W 4772 W Maximum thermal power generated by the PTC 

with a hybrid nanofluid (0.25% MWCNT/0.25%  
 Al2O3-water) and by the PTC with a hybrid nano-
fluid (1.50% MWCNT/1.50%   Al2O3-water) are 
1,51418% and 1,7701% higher than by the PTC 
with water as the cooling fluid, respectively, on an 
springer day

Summer day (13/07)
4973W 5052W 5066 W Maximum thermal power generated by the PTC 

with a hybrid nanofluid (0.25% MWCNT/0.25%  
 Al2O3-water) and by the PTC with a hybrid nano-
fluid (1.50% MWCNT/1.50%   Al2O3-water) are 
1,58857% and 1,87,009% higher than by the PTC 
with water as the cooling fluid, respectively, on an 
summer day
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Conclusions

Innovative heat transfer fluids called hybrid nanofluids com-
bine a base fluid with solid nanometer-sized particles (nano-
particles) to greatly improve the fluid's thermal characteristics 
and the system's thermal performance. In this study, a hybrid 
nanofluid was employed as the working fluid for the PTC. In 
a subtropical desert with mild winters and sweltering, sunny 
summers, this research presents a complete thermo-math-
ematical numerical analysis of PTC collectors using multi-
wall carbon nanotube-aluminium oxide (MWCNT/  Al2O3) 
hybrid nanofluids. An Engineering Equation Solver is used to 

calculate the effects of temperature changes on the solar col-
lector's thermodynamic (energy, exergy) performance in a hot 
desert environment (EES). After first comparing the numerical 
model to previously published experimental data, a satisfac-
tory level of agreement was found. The results show that a 
higher concentration of nanoparticles may improve the PTC 
collector's functionality. PTC collector output temperature, 
energy, and exergy maximums are attained when the hybrid 
nanofluid of 1.5% MWCNT/1.5%  Al2O3-water is considered 
a cooling fluid. In hot weather, the PTC performs well, but in 
cold weather, it struggles. Energy output and exergy output 
from a PTC operating with a 1.5% MWCNT/1.5%  Al2O3-water 

Table 3  (continued)

PTC with water PTC with hybrid nanofluid 
(0.25% MWCNT/0.25%  
 Al2O3-water)

PTC with hybrid nano-
fluid (1.5% MWCNT/1.5%  
 Al2O3-water)

Major findings

Autumn day (7 October)
4242 W 4302W 4312W Maximum thermal power generated by the PTC 

with a hybrid nanofluid (0.25% MWCNT/0.25%  
 Al2O3-water) and by the PTC with a hybrid 
nanofluid (1.50% MWCNT/1.50%   Al2O3-water) 
are 1,414% and 1,65% higher than by the PTC 
with water as the cooling fluid, respectively, on an 
autumn day

Exergy power generated
Winter day (13/01)
376.3 W 386.1W 394.2W Maximum exergy power generated by the PTC 

with a hybrid nanofluid (0.25% MWCNT/0.25%  
 Al2O3-water) and by the PTC with a hybrid nano-
fluid (1.50% MWCNT/1.50%   Al2O3-water) are 
2,6043% and 4,7568% higher than by the PTC with 
water as the cooling fluid, respectively, on an winter 
day

Spring day (30/04)
767.7W 791.7W 808.8 W Maximum exergy power generated by the PTC 

with a hybrid nanofluid (0.25% MWCNT/0.25%  
 Al2O3-water) and by the PTC with a hybrid 
nanofluid (1.50% MWCNT/1.50%   Al2O3-water) 
are 3,9% and 5,35365% higher than by the PTC 
with water as the cooling fluid, respectively, on an 
springer day

Summer day (13/07)
829.9 W 857W 876W Maximum exergy power generated by the PTC 

with a hybrid nanofluid (0.25% MWCNT/0.25%  
 Al2O3-water) and by the PTC with a hybrid 
nanofluid (1.50% MWCNT/1.50%   Al2O3-water) 
are 3,2654% and 5,5548% higher than by the PTC 
with water as the cooling fluid, respectively, on an 
summer day

Autumn day (7 October)
636.5 W 655.5W 669.7 W Maximum exergy power generated by the PTC 

with a hybrid nanofluid (0.25% MWCNT/0.25%  
 Al2O3-water) and by the PTC with a hybrid nano-
fluid (1.50% MWCNT/1.50%   Al2O3-water) are 
2,98% and 5,21% higher than by the PTC with water 
as the cooling fluid, respectively, on an autumn day
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hybrid nanofluid on a summer day are 5066 W and 876 W, 
respectively. 1,58,857% and 1,87,009 enhancements in the 
maximum thermal power produced by the PTC using a hybrid 
nanofluid (0.25% MWCNT/0.25%  Al2O3-water), and using 
hybrid nanofluid (1.50% MWCNT/1.50%  Al2O3-water) for 
the summer day, whereas that for the winter day are 1,1889% 
and 1,34,961%, respectively, in comparison with the typical 
PTC system using water as the cooling fluid.

More research is needed in the future to perform long-term, 
practical investigations on the energy, exergy, and economic 
performances of the PTC employing a hybrid nanofluid as a 
cooling fluid.
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