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A B S T R A C T

Exploitation of solar energy is one of the most significant solutions for facing the current energy management
dangers. Flat plate solar collector (FPSC) is one of the most important applications of solar energy in different
domestic applications. The use of nanofluids in FPSCs, due to their superior thermo-physical properties, makes it
an effective way to enhance the performance of FPSCs. This paper sequentially reviews the studies carried on
metal, metal oxides, semiconductor crystalized oxides, and carbon based nanofluids used as heat transfer fluid
(HTF) within FPSCs. Various parameters that affect thermal performance of the FPSC such as type of nano-
particle, nanoparticle concentration, nanoparticle size, and mass flow rate of the nanofluid are extensively
analyzed in this review. The studies examine different types of single nanofluids or hybrid nanofluids with the
FPSC at the same operating conditions are also discussed. Based on the results reviewed in this work, it is
revealed that a significant improvement in energy and exergy efficiencies of the FPSC have been obtained by
using carbon based nanofluids compared to metal oxides nanofluids under the same conditions. It is also found
that the copper oxide nanofluid is the best amongst the metal oxides nanofluids as it improves the efficiency by
6.3–37.3% compared to conventional fluids when it is used with concentration varied from 0.025 to 2%, and
mass flow rate ranges from 1 to 8.8 kg/min. A noteworthy observations, proportionalities, and future trends for
each nanostructure type are also discussed with detailed and comparative approach.

1. Introduction

Among renewable energy sources, solar energy is the most pro-
mising one which is highly effective when it is particularly converted to
other energy sources such as thermal energy and electrical energy
(Prasad et al., 2017). Solar collectors are devices that convert solar
radiation into thermal energy. The total thermal capacities converted
by the solar collectors have reached at the end of 2013 nearly 375 GWh,
which means that 53.5×107m2 around the world is covered by solar
collectors (Bhutto et al., 2014) (see Fig. 1).

Many studies have been conducted to review and discuss the tech-
nologies used to develop the different types of solar collectors such as
flat plate solar collectors (Kabeel et al., 2016a; Nikolić and Lukić, 2015;
Suman et al., 2015), solar collectors with evacuated tubes (Mossa et al.,
2018), direct absorption solar collectors (Wang et al., 2018a; Hatami
and Jing, 2017), concentrating parabolic solar collectors (Eccher et al.,
2013), and photovoltaic/thermal solar collectors (Sahota and Tiwari,

2017). In addition, the design considerations and heat transfer behavior
as well as the effect of using thermal energy storage (TES) on the per-
formance of solar collectors are also investigated (Kabeel et al., 2017;
Carmona and Palacio, 2019).

The FPSC is one of the most important applications of solar energy
for domestic and industrial applications. It absorbed solar energy and
convert it into heat which transmitted via a suitable working fluid such
as water, oil, or ethylene glycol (Kong et al., 2015). The FPSC system
consists of absorber plate made of aluminum or copper painted with a
perfect selective coating to maximize the absorbed solar energy (Kabeel
et al., 2016b). Also, header and risers tubes are perfectly welded on the
absorber plate surface to ensure that heat transfer to the working fluid
easily (Bhandari and Nwaoha, 2013). In this type of collectors, the hot
working fluid passes from the collector to heat exchanger to convey
heat to the domestic water in an isolated storage tank. Furthermore, a
glass plate is used to cover the absorber in order to create a greenhouse
effect and reduce the top heat losses. The drawback of FPSCs is not only
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its low thermal efficiency but also the low convective heat transfer
coefficient between the absorber and working fluid (Li et al., 2017).

One of the recent trends to improve the performance of the FPSCs is
to utilize nanofluids as working fluids instead of conventional fluids.
The concept of “nanofluid” was first proposed by Choi and Eastman
(1995) that is defined as a colloidal mixture made of a base fluid and
nanoparticles (with size< 100 nm). They have superior thermo-phy-
sical properties, making it an effective means of providing more effi-
cient heat transfer and heat absorption compared to conventional li-
quids (Gupta et al., 2017; Azmi et al., 2016).

Several types of nanofluids have been used for an extensive domain
of engineering applications such as solar collectors, heat exchangers,
domestic refrigerators, cosmetics, and the production of some anti-
biotics and drugs (Sadeghinezhad et al., 2016). The use of nanofluids in
FPSCs has several advantages as:

1. Higher capacity for heat transfer because its thermal conductivity is
remarkably higher compared to the base fluid, as a result of
Brownian motion of the added nanoparticles (Leong et al., 2017;
Ganvir et al., 2017).

2. The nanoparticles possess superior extinction, transitivity and ab-
sorptivity coefficients, as a result of their high optical properties
compared to that of the conventional fluids (Wang et al., 2018b;
Verma et al., 2018a).

3. The nanoparticles have a small size within a considerable surface
area, which lead to a substantial increase in the nanofluid heat ca-
pacity and heat absorption. Therefore, the energy losses of the FPSCs
can be minimized (Mehrali et al., 2015).

4. The nanoparticles can significantly improve rapid mixing and tur-
bulence in the nanofluid flow (Chen et al., 2017).

5. Generally, the nanofluid possesses high heat transfer coefficient,
leading to an increase of the thermal efficiency of a FPSCs (Elsheikh
et al., 2017).

In this work, a review mainly summarizes the experimental, nu-
merical, and theoretical studies about all the common types of nano-
fluids used as HTF within FPSCs. It is important to state that this lit-
erature is focused on the thermal efficiency enhancement of the FPSC,
as it considers the main factor for determining the utility of utilization
nanofluids as HTF in the FPSCs. More specifically, the effect of various
parameters such as type of nanoparticle, nanoparticle concentration,
nanoparticle size, and mass flow rate of the nanofluid on the thermal

efficiency of the FPSC is extensively analyzed with detailed decisions.
Moreover, this review article also highlights further performance eva-
luation criteria such as the exergy efficiency, size reduction of the
collector, and pumping power, as well as, the effect of nanoparticle
concentration on the thermophysical properties of nanofluids.
Furthermore, aiming to identify the best type of nanofluid among the
studied nanofluids suitably used as HTF in the FPSCs. The studies ex-
amine different types of single nanofluids or hybrid nanofluids with the
FPSC at the same operating conditions are also discussed.

2. Basic mathematical formulation

In this section, the main theoretical equations for calculating the
FPSC efficiency and evaluating the thermo-physical properties of na-
nofluids are evaluated as below.

The useful heat gain of the heat transfer fluid is given by the fol-
lowing equation (Shalaby et al., 2018):

= −Q mC T Ṫ ( )u p out in (1)

where Qu is the useful heat gain in (kW), ṁ is the mass flow rate of the
HTF in (kg/s), Cp is the heat capacity of the HTF in (kJ/kg K), Tin and
Tout are the inlet and outlet temperature of the HTF in (K).

The energy efficiency of the FPSC is given by:

=η Q
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where I is the incident solar radiation (W/m2), Ac is the solar collector
area (m2).

The effective specific heat of the nanofluid can be calculated by
(Xuan and Roetzel, 2000):
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where Cp, ρ, φ are the specific heat (kJ/kg K), density (kg/m3) and
nanoparticles concentration, respectively. The subscripts of nf, np, and
bf refer to nanofluid, nanoparticle and base fluid, respectively.

The nanofluid density is calculated from (Pak and Cho; 1998), using
the following equation:

= − +ρ φ ρ φρ(1 )nf bf np (4)

The thermal conductivity of nanofluid is evaluated by Xuan et al.
(2003), which was exposed with respect to Brownian motion of

Fig. 1. Schematic diagram of a FPSC (Muhammad et al., 2016).
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nanoparticles, which can be calculated as follows:
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where K, dnp, σ, Tav and μ are thermal conductivity (W/mK), particle
size (m), Boltzmann constant (m2kg/s2 K), average temperature (K) and
dyamic viscosity (Pa s), respectively.

The thermal conductivity of the base fluid (water) can be evaluated
by Nieto de Castro et al. (1986) formula as follows:
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The logarithmic average temperature of HTF for calculation in the
above-mentioned equations is defined as:

= −

⎡⎣ ⎤⎦

T T T( )

ln
av

out in
T
T
out
in (7)

The nanofluid viscosity is estimated by formula presented based
(Corcione, 2011):
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where dbf is the molecular diameter of the base fluid:
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In which N, M and ρbf 0 are Avogadro number, molecular weight of
the base fluid and base fluid density at 293 (K), respectively.

The base fluid viscosity can be obtained by formula presented (Esfe
et al., 2015):

= − −μ x2.414 10 (10)bf
5 Tav

247.8
( 140) (10)

3. Nanofluid properties

Dispersing nanoparticles in the base fluid has a direct effect on the
thermophysical properties of the nanofluid such as thermal con-
ductivity, viscosity, density and specific heat, (Angayarkanni and
Philip, 2015). In this section, thermo-physical properties of different
types of nanofluids will be briefly discussed.

Enhancing the thermal conductivity of nanofluids plays a vital role
in augmentation their convective heat transfer characteristics. The
thermal conductivity of nanofluids is affected by many factors such as
nanoparticles type, base fluid type, nanoparticles shape, nanoparticle
size, nanoparticles concentration, and temperature (Gorji and Ranjbar;
2017). Verma et al. (2017) experimentally investigated the thermo-
physical properties of different types of nanofluids in terms of the na-
noparticle concentration and temperature. In their experiments, several
concentrations of all nanofluids varying from 0.25 to 2.0 wt% were
prepared and studied. Their findings unveiled that nanoparticle con-
centration has a significant impact on the rise of thermal conductivity,
as shown in Fig. 2. It could be attributed to the better performance of
inherent heat conduction of nanoparticle compared to that of water. In
addition, the thermal conductivity increase with an increase in tem-
perature because of the energized water molecules and nanoparticles.
Moreover, it was observed that nanofluid viscosity increased as nano-
particle weight fraction increased as shown in Fig. 2. This is due to an
increase in frictional resistance between the nanoparticles and adjacent
layers of the base fluid as well as among nanoparticles themselves with
the formation of an intermolecular layers.

Density has also a significant effect on the heat transfer performance
of the nanofluids, as it directly affects the Nusselt and Reynolds

numbers, pressure loss, and friction factor. On the other hand, specific
heat is an important property used to characterize the nanofluid as it
plays a vital role in the heat transfer and heat storage processes. It is
also very important in any theoretical analysis performed on thermal
systems such as heat flow, energy and exergy analyses (Park et al.,
2014). The experimental results exhibited by Verma et al (2017) also
indicated that the density of nanofluids increases with increasing na-
noparticles concentration as shown clearly in Fig. 3. However, the
specific heat of nanofluids decreases with increasing nanoparticles
concentration which is beneficial to enhanced absorption and heat
transport capacity of nanofluids. The thermophysical properties of
various nanoparticles and base fluids are summarized in Table 1.

4. Developments on the use of metal and metal oxides nanofluids
within FPSCs

Different types of solid metal nanofluids such as Aluminum (Al),
Copper (Cu), and Sliver (Ag) nanofluids, as well as various types of
metal oxides nanofluids, like Aluminum oxide (Al2O3), Copper oxide
(CuO), Magnesium oxide (MgO), and Iron oxide (Fe3O4) nanofluids,
have been used as a HTF within FPSCs (Suganthi and Rajan, 2017). The
solid metal and metal oxides nanoparticles have relatively low density,
thus it could result in less sedimentation problems when used as HTF in
the FPSCs (Babita and Gupta, 2016).

The developments of FPSCs when one of metal and metal oxide
nanofluid is used as HTF are reviewed and discussed in this section,
followed by the utilization of semiconductor crystalized oxides, silicon
oxide, and carbon nanofluids. Finally, the studies that compare the
effects of testing different types of single nanofluids or hybrid nano-
fluids on the thermal performance of the FPSCs under the same con-
ditions are also discussed.

4.1. The use of aluminum and aluminum oxide nanofluids within FPSCs

Aluminum oxide (Al2O3)/water nanofluid is the most commonly
used nanofluid in FPSCs among other metal oxides, due to its high
thermal conductivity, low density and cheap price (Arthur and Karim,
2016). Different concentration values of Al2O3/water nanofluid at wide
range of mass flow rate were investigated by many researchers. In order
to figure out the effects of these concentrations and mass flow rates
values in the efficiency of FPSC, these values will be introduced, com-
pared and discussed in the following section.

In a very recent interesting study, Sundar et al. (2018) experimen-
tally investigated the FPSC when Al2O3/water nanofluid is used as HTF
under turbulent flow regime. They used two concentrations of Al2O3/
water nanofluid; 0.1 and 0.3% (wt.) with nanoparticles size 20 nm. The
FPSC is tested when twisted tapes with three different pitch ratio (H/D)
5, 10 and 15 are inserted inside its tubes. The FPSC is also tested free of
twisted tapes. Their results indicated that, when Al2O3/water nanofluid
with weight fraction 0.3% and mass flow rate 5 kg/min is used, the
efficiency of the FPSC with twisted tape of (H/D=5) increased by 18%
compared to plain pipe FPSC used water as HTF.

The effect of using Al2O3 nanoparticles (20 nm and 13 nm) sus-
pended in base water on the FPSC energy and exergy efficiencies, was
experimentally and theoretically investigated by Said et al. (2016a,
2016b). Two weight concentrations of nanofluid of 0.3% and 0.1%
were used, at mass flow rate varied from 0.5 to 1.8 kg/min. They
concluded that the collector efficiency improved by 3% when alu-
minum nanoparticles size decreased from 20 nm to 13 nm, when Al2O3

nanoparticles with fraction 0.1 wt% is used with mass flow rate 1.5 kg/
min. Moreover, their theoretical results found that the energy efficiency
was enhanced up 83.5% when nanoparticle with fraction 0.3 wt% is
used at flow rate of 1.8 kg/min.

From the results obtained from the above studies (Sundar et al.,
2018; Said et al., 2016a, 2016b), it is concluded that using Al2O3/water
nanofluid with the maximum wt. concentration (0.3% in these studies)
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gives the best performance of the FPSC. This conclusion is confirmed by
the numerical study introduced by Tora and Moustafa (2013) where
they studied the FPSC with Al2O3/water nanofluid with concentration
varied from 0.01 to 0.5% (wt.). It was found that the maximum im-
provement in FPSC efficiency, which reached 27%, is obtained when
the maximum concentration (0.5 wt%) of Al2O3/water nanofluid was
used when the mass flow rate is 4.2 kg/min.

Hawwash et al. (2016, 2017) experimentally and numerically

investigated the performance of FPSC by employing Al2O3/double
distilled water (DDW) nanofluid. A wide range of nanofluid con-
centrations of 0.1–3% were experimentally studied when the mass flow
rate was 5.4 kg/min. This mass flow rate is considered very high
compared to similar work reported by (Sundar et al., 2018; Said et al.,
2016a, 2016b; Tora & Moustafa, 2013). Their experiment unveiled that
the optimum efficiency is obtained when Al2O3/DDW nanofluid with
concentration of 0.15% is used with flow rate 5.4 kg/min; where the

Fig. 2. Variation of the thermal conductivity and viscosity of the nanofluid as a function of nanoparticle concentration for different nanofluids, (Verma et al., 2017).

Fig. 3. Variation of the density and specific heat of the nanofluid as a function of nanoparticle concentration for different nanofluids, (Verma et al., 2017).

Table 1
The thermophysical characteristics of various nanoparticles and base fluids.

Ref. Nanoparticle type Formula Density (kg/m3) Specific heat (J/kg.k) Thermal conductivity (W/m.K)

Said et al. (2016b) Aluminum oxide Al2O3 3690 773 40
Moghadam et al. (2014) Copper oxide CuO 6000 551 33
He et al. (2015) Copper Cu 8978 388 381
Said et al. (2015a) Titanium oxide TiO2 4230 692 8.4
Amini and Kianifar (2016) Magnesium oxide MgO 3560 955 45
Amini and Kianifar (2016) Iron oxide Fe3O4 5200 670 6.0
Roy et al. (2015) Silver Ag 10,490 429 429
Faizal et al. (2015) Silicon oxide SiO2 2330 765 36
Sharafeldin et al. (2017) Tungsten Trioxide WO3 7160 Not mentioned Not mentioned
Sharafeldin and Grof (2018) Cerium dioxide CeO2 7220 460 16
Said et al. (2015b) SWCNT SWCNT 1400 1380 3500
Yousefi et al. (2012b) MWCNT MWCNT 2600 710 3000
Vakili et al (2016) Graphene Nano Platelets GNP 200–400 Not mentioned 3000
Hawwash et al. (2017) Water H2O 997 4180 0.607
Sattler (2010) Ethylene glycol EG 1111 2400 0.255
Sattler (2010) Engine oil EO 884 1900 0.145
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efficiency of the FPSC improved by 18% compared to pure water.
However, their numerical results indicated that, the efficiency of the
heater increases with increasing the Alumina nanoparticles concentra-
tion until 0.5% weight fraction, after that, any further increment in
concentration has reverse effect on the collector performance as well as
increasing the pumping power.

The influence of Al2O3/water nanofluid on the thermal efficiency
and total yearly cost of the FPSC was numerically evaluated by
Hajabdollahi and Premnath (2017). They carried out a comprehensive
thermo-economic numerical model using Particle Swarm Approach. In
this model, seven design variables of the FPSC namely the collector
length, and width, riser tubes number, tube diameter, insulation
thickness, HTF flow rate and nanofluid volume fraction were studied.
Their results revealed that the collector efficiency is improved by 2%
and the total annual cost decreased with nanoparticle addition with
0.1 vol% at mass flow rate of 7.5 kg/min.

The previous reviewed studies clearly unveiled that when Al2O3-
water naofluid is used as HTF within FPSC under the turbulent flow
regime (with high mass flow rate varied from 1.8 to 7.5 kg/min), the
maximum efficiency enchantment of the FPSC obtained when the op-
timum concentration was found less than or equal to 0.5 wt%, in the
case of using Al2O3/water nanofulid as a HTF in the FPSC.

On the other hand, when the FPSC is studied using Al2O3/water
nanofulid as a HTF under laminar flow regime. Gangadevi et al. (2013)
experimentally tested the FPSC at Al2O3 nanoparticle concentrations of
1–3% when the mass flow rate was 1.3 kg/min. It was found the highest
thermal efficiency improvement to be 30%, at 3 wt% and nanofluid
mass flow rate of 1.35 kg/min.

The later result is confirmed as, Tiwari et al. (2013) developed a
mathematical model of a FPSC using Al2O3 /water nanofluid with dif-
ferent fractions (i.e. 0.5%, 1%, 1.5%, and 2% (wt.). They reported that
the highest thermal efficiency improvement was 31.6% when the na-
nofluid concentration was 1.5%, respectively when the mass flow rate
was 1 kg/min.

Colangelo et al. (2013) also experimentally and theoretically in-
vestigated the performance of the FPSC using Al2O3 – water nanofluid
under laminar flow regime. It was unveiled that the maximum en-
hancement in the thermal efficiency and heat transfer coefficient were 9
and 25%, respectively, at mass flow rate of 1.2 kg/min, when the Al2O3

nanofluid concentration increased from 1wt% to 3wt%.
Recently, similar results were numerically found by Genca et al.

(2018) when they tested the FPSC under different flow conditions. It
was found that the maximum energy efficiency is obtained as 74.4%
when the maximum concentration (3 wt%) is used when the mass flow
rate is 0.96 kg/min (laminar flow regime). However, when the mass
flow rate increases to reach 3.6 kg/min, where the flow regime is
changed from laminar to turbulent flow, the maximum efficiency is
obtained as 83.9% when the volume fraction of Al2O3 nanoparticles
was 1%.

Moghadam et al. (2017) numerically investigated the heat transfer,
pressure drop and entropy generation of tube-on-sheet FPSC using
Al2O3/water nanofluid, under the laminar conjugated mixed convec-
tion mode. In this simulation, different prominent variables namely
nanoparticle weight fraction, nanoparticle diameter, Richardson and
Reynolds numbers were studied. Their analysis revealed that; as the
nanoparticle concentration and Richardson umber increased; the
thermal efficiency, the coefficient of heat transfer, the outlet tempera-
ture and the pressure drop increased, while the entropy generation
decreased, compared to using water. In addition, it was found that the
energy efficiency was maximized at 2 wt% nanoparticle concentration
at nanofluid mass flow rate of 1 kg/min.

Edalatpour and Solano (2017) presented a numerical investigation
of 3-D tube-on-sheet FPSC using Al2O3/water nanofluid. In this model,
the impact of weight concentration, nanofluid inlet temperature, coef-
ficient of heat transfer, heat flux, Reynolds number, Nusselt number,
exergy maximization and nanofluid pressure drop on the performance

of the modeled FPSC were analyzed. They indicated that, at constant
Reynolds number, as nanofluid concentration increases, the outlet
temperature and Nusselt number decrease, whereas, the heat transfer
coefficient increases. However, at constant nanofluid concentration, as
Reynolds number decrease, the outlet temperature increases, while, the
pressure drop and pumping power decrease. Also, lower entropy gen-
eration is obtained using Al2O3/water nanofluid compared to pure
water.

On the other hand, a few of researchers have been investigated the
performance of FPSC using aluminum – nanoparticles that dispersed in
water as a HTF in the FPSC. Yousefi et al. (2012a) carried out an ex-
perimental study to investigate the influence of Al/water nanofluid, at
nanoparticles concentration varied from 2 to % 4wt and mass flow
rates ranged from 1 to 3 kg/min. Their results indicated that the
thermal efficiency was enhanced by 28.6% at nanoparticles weight
fraction of 2 wt% and mass flow rate of 1 kg/min, respectively.

The influences of four different shapes of Aluminum nanoparticles
namely; cylindrical, blades, platelets and bricks, as well as, two dif-
ferent types of collector pipe materials i.e. steel and copper on the
performance optimization of the FPSC were theoretically investigated
by Mahian et al. (2014a). They used Boehmite Alumina/EG-water na-
nofluid as the working medium. Their results demonstrated that, the
exergy efficiency is maximized by employing 2 wt% brick-shaped na-
noparticles for copper pipes. Whereas, for steel pipes, the maximum
exergy efficiency is obtained by using 4 wt% blade-shaped nano-
particles. Then, (Mahian et al., 2014b) it was revealed that increasing
the collector pipe roughness led to a significantly reduction in the ex-
ergy efficiency, especially at high concentration rates of Al nano-
particles.

Table 2 presents panoramic vision about the performance devel-
opment of FPSCs using Al2O3 – water nanofluid. It is clearly seen in
Table 2 that the Al2O3/water nanofluid was used as HTF within FPSCs,
with wide range of concentrations varied from 0.05 to 3%, and mass
flow rates ranged from 0.96 to 7.5 kg/min. Fig. 4 shows a comparative
bar graph generated by the operating conditions of the reviewed results
in Table 2, that indicates the optimum Al2O3 concentration corre-
sponding the maximum efficiency improvement of the FPSC in terms of
nanofluid mass flow rate, under laminar and turbulent flow regimes.
The results demonstrated that the optimum Al2O3 nanoparticle con-
centrations for the maximum efficiency improvement are between 2
and 3% under the laminar flow regime. While, optimum concentrations
are found in the range from 0.15 to 1% under the turbulent flow re-
gime. The results summarized in Table 2 also figure out that using
Al2O3 nanofluid as a HTF within FPSC showed a good improvement in
the efficiency of the FPSC (2–31.6%) when it is used with concentra-
tions from 0.1 to 3 wt% , and mass flow rates ranged from 0.5 to 7.5 kg/
min

4.2. The use of copper and copper oxide nanofluids within FPSCs

Recently, Khin et al. (2017) theoretically analyzed the effect of
CuO/water nanofluid on the performance of the FPSC under laminar
flow regime. Their analysis relied on the calculation of the thermal
efficiency as function of the size and volume concentration of the na-
noparticles. It was indicated that the energy efficiency is ameliorated
when the concentration increases up to 2.0%, whereas, there is no
significant effect of the nanoparticles size on the thermal efficiency.
They concluded that, the FPSC efficiency is improved up to 5% when
2wt% CuO/water nanofluid is used at mass rate of 1.2 kg/min.

Moghadam et al. (2014) experimentally investigated the impact of
CuO/water nanofluid as HTF on the efficiency of the FPSC under dif-
ferent flow regime conditions. Weight concentration of 0.4% was used,
at mass flow rate varied from 1 to 3 kg/min. The density, thermal
conductivity and specific heat of CuO nanomaterial were 6000 kg/m3,
33W/mK and 551 J/kg K, respectively. Their results showed the
maximum improvement in the FPSC efficiency reached 21.7% when
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0.4% weight fraction of the nanoparticles is used at mass flow rate 1 kg/
min.

The utilization of CuO/water nanofluid as HTF in the FPSCs was
experimentally carried out by Michael and Iniyan (2015). They found
that using nanoparticles concentration of 0.05% improves the thermal
efficiency by 6.4%. Whereas, about 11% improvement in FPSC effi-
ciency is obtained when 0.025% volume fraction of CuO nanoparticles
was used as concluded by Shankar and Manivannan (2013).

The effects of various weight fractions and sizes of certain Cu- na-
noparticles that dispersed in water on the performance of the FPSC was
experimentally under fully turbulent forced convection mode studied
by He et al. (2015). The thermo-physical properties of Cu nanoparticle
are 8978 kg/m3 density, 388W/mK thermal conductivity and 381 J/
kg K specific heat. It was found that the FPSC efficiency was improved
by 23.8% compared to water, using 0.1 wt% Cu nanoparticle fraction,
10 nm nanoparticles size, and mass flow rate of 8.8 kg/min. While, the
FPSC efficiency was improved by 24% in comparison to water, when
Cu/water nanofluid was used as HTF with nanoparticle concentration
of 0.5 wt% and tested under laminar flow regime with mass flow rate of
1.3 kg/min, according to the results reported by Jamal-Abad et al.
(2013).

Zamzamian et al. (2014) experimentally studied the influence of Cu-
synthesized/ethylene glycol (EG) nanofluid on the performance of the
FPSC. It was concluded that the thermal efficiency enhanced by 37.3%,
when the volume fraction and mass flow rate of the nanofluid were
0.2 wt% and 3 kg/min, respectively. This improvement is considered
the best among the improvements achieved when copper/water nano-
fluid is used as HTF in the FPSC.

Table.3 presents the performance developments when using CuO/
water and Cu/water nanofluids as HTFs in the FPSC. It is clearly seen in
Table 3 that the maximum concentration of CuO nanoparticles/water
used during the experimental studies included in this review is 0.5%.
This low concentration may be due to the high cost of copper nano-
particles compared with aluminum nanoparticles. Although, low con-
centrations of copper or copper oxides nanoparticles are tested, high
improvements in the FPSC are achieved as clearly seen in Table 3. The
results also demonstrated that, for copper and copper oxide nanofluids,
the optimum nanoparticle concentration values corresponding to the
maximum efficiency improvement, are between 0.4 and 2% under the
laminar flow regime. While, optimum concentrations are found less
than 0.2% under the turbulent flow regime as clearly presented in
Table.3. It is concluded that the copper and copper oxide nanofluids
improve the efficiency of the FPSC by 6.3–37.3% compared to con-
ventional fluids when the nanofluid concentration varied from 0.025 to
0.5%, and mass flow rate ranges from 1 to 8.8 kg/min. Hence, CuO/Ta
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water nanofluid is suitable option for FPSCs involved water heating
applications.

4.3. The use of magnesium and iron oxide nanofluids within FPSCs.

Owolabi et al. (2017) experimentally investigated the FPSC im-
plemented packed bed filled with Phase Change Material (PCM) for
latent heat storage (LHS) below the absorber plate of FPSC. They used a
HTF consisting of iron oxide nanoparticles dispersed in mixture of
water and propylene-glycol. They indicated that, the thermal efficiency
was improved by 9%, when the nanofluid with 0.5% weight fraction
was used with mass flow rate of 1.5 kg/min. Besides, the temperature of
water in the storage tank was 13 °C more than ambient during 5 h after
sunset when the system was integrated with the PCM. Moreover, it was
also found that using iron oxide nanoparticles with the FPSC saves
28.5% of the annual estimated cost.

The utilization of MgO/water nanofluid (size ∼40 nm) as a HTF in
the FPSC was also experimentally studied by Verma et al. (2016). They
tested the FPSC under a wide range of nanofluid volume concentrations
(from 0.25 to 2.0 wt%) and mass flow rates (from 0.5 to 2.0 kg/min).
They observed that the energy efficiency was enhanced by 9.35% when
MgO/water nanofluid was used with nanoparticle fraction of 0.75%
and flow rate of 1.5 kg/min. Moreover, the exergy efficiency improve-
ment was found to be 32.23% for the same previous nanofluid fraction
and mass flow rate.

Amini and Kianifar (2016) analytically studied the impact of MgO
and Fe3O4 nanoparticles dispersed in the base water of the FPSC. Na-
nofluid concentrations in the range of 1–4 % were studied. Their results
revealed that, using Fe3O4/water as the nanofluid, higher nanofluid
outlet temperature, energy and exergy efficiencies were obtained in
comparison to the use of MgO/water, when the concentration and mass
flow rate were 4% (wt.) and 0.75 kg/min, respectively.

4.4. The use of silver nanofluid within FPSCs

The silver nanofluid was tested as HTF in the FPSC by very limited
researchers. Ashly et al. (2016) theoretically and experimentally stu-
died the effect of silver nanoparticles suspended in water on the thermal
performance of a FPSC under turbulent flow regime. The impact of
Reynolds number (5000–250,000), solar intensity (900–1000W/m2)
and nanoparticle concentration (0.01–0.04%) are investigated. Their
experimental results showed that, the collector efficiency and nanofluid
heat transfer coefficient were improved by 12% and 58%, respectively,
compared to water as a base fluid, for 0.04 wt% at Reynolds number of
25,000. In addition, a computational model based Artificial Neural
Network (ANN) has been performed in MATLAB, and its results con-
firmed a very good verification with the experimental results.

Roy et al. (2015) experimentally studied the impact of using sliver/
water nanofluid in the FPSC at many various concentrations of sliver
nanoparticles (0.04%, 0.03%, and 0.01%). The results showed that, by

increasing the nanofluid concentration from 0.01% to 0.04%, the effi-
ciency of the collector was improved by 14.7% compared to water, at
mass flow rate of 6 kg/min.

The results obtained from these two studies regarding the use of
sliver oxide nanofluid within FPSCs unveiled that the silver nanofluid
tested under fully turbulent flow regime led to an improvement in the
thermal efficiency of the FPSC by 12–14.7 % when used with con-
centrations varying from 0.01 to 0.04 wt%.

5. Developments on the use of semiconductor crystalized oxides
nanofluids within FPSCs

Various types of semiconductor crystalized oxides nanofluids have
been used as a HTF within FPSCs such as Titanium oxide (TiO2),
Tungsten Trioxide (WO3), and Cerium dioxide (CeO2) nanofluids.

The utilization of TiO2-water nanofluid as HTF in the FPSC was
experimentally performed by Said et al. (2015a). The density, thermal
conductivity and specific heat of TiO2 nanoparticle were 4230 kg/m3,
8.4W/mK and 692 J/kg K, respectively. They used Polyethylene Glycol
(PEG 400) as a dispersant to improve the nanofluid stability and reduce
the problem of titanium nanoparticles sedimentation, which was the
major problem associated with the TiO2-water nanofluid as reported by
Jahanshahi et al. (2010). The nanoparticles concentrations were 0.3%
and 0.1%, whereas the mass flow rates varied from 0.5 to 1.5 kg/min.
Their results showed that the FPSC efficiency improved up to 64.9%
compared to 42.1% for the base fluid (water), at 0.3% weight con-
centration and mass flow rate of 0.5 kg/min. Besides, it was indicated
that the pumping power for TiO2 nanofluid was very close to for that
based water only.

Kiliça et al. (2018) recently carried out an experimental study to
investigate the influence of TiO2 – water nanofluid on the thermal ef-
ficiency of outdoor FPSC. Their results indicated that the thermal effi-
ciency was enhanced by 12.5% at nanoparticle weight fraction of 0.2%,
and mass flow rate of 2 kg/min. While, the collector efficiency was
improved by 16.5% and the entropy generation was decreased by
1.23% in comparison to distilled water, when TiO2/distilled water na-
nofluid was used as HTF with nanoparticle concentration of 0.5 wt%
and mass flow rate of 2 kg/min, according to the results reported by
Gan et al. (2018).

Chaji et al. (2013) designed a small FPSC using TiO2/water nano-
fluids with different fraction (i.e. 0.3%, 0.2% and 0.1% (wt.). They
reported that the thermal efficiency was enhanced by 2.6%, 5.2% and
7% when the nanofluid concentrations were 0.1%, 0.2% and 0.3%,
respectively when the mass flow rate was 1.8 kg/min.

Sharafeldin et al. (2017) experimentally investigated the FPSC using
WO3/water nanofluid (90 nm average size) as a heat transfer fluid.
Three nanofluid volume fractions of 0.0666, 0.0333 and 0.0167% were
investigated, as well as three mass flow rates were also studied; 1.17,
1.098 and 0.936 kg/min. They concluded that, using WO3/water na-
nofluid with maximum concentration and mass flow rate improves the

Table 3
Studies on performance development of FPSCs using Cu and CuO nanofluids.

Researcher Model Essential fluid Specifications of nanoparticles Optimum parameters

Type Volume
fraction (%)

Size (nm) Improvement in energy
efficiency (%)

Fraction (%) Mass flow rate
(kg/min)

Flow regime
type

Khin et al. (2017) Theoretical Water CuO From 0.1% to
3.5%

140–25 5% 2% 1.2 Laminar

Moghadam et al. (2014) Experimental Water CuO 0.4% 25 nm 21.7% 0.4% 1 Laminar
Michael and Iniyan (2015) Experimental Water CuO 0.05% 21 nm 6.3% 0.05% 6 Turbulent
Shankar and Manivannan

(2013)
Numerical Water CuO 0.025% – 11% 0.025% 5 Turbulent

He et al. (2015) Experimental Water Cu 0.1% 10 nm 23.8% 0.1% 8.8 Turbulent
Zamzamian et al. (2014) Experimental EG Cu 0.2% and 0.3% 20 nm 37.3% 0.2% 3 Turbulent
Jamal-Abad et al. (2013) Experimental Water Cu 0.05% 25 nm 24% 0.5% 1.2 Laminar
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collector efficiency by 13.5% compared to water at weight fraction of
0.0666 wt% and mass flow rate of 1.17 kg/min.

Another recent experiment is also carried by Sharafeldin and Grof
(2018), in order to investigate the effect of utilizing CeO2/water na-
nofluid on the efficiency of the FPSC. They reported that the density,
thermal conductivity and specific heat for the used CeO2 nanoparticle
were 7220 kg/m3, 16W/mK and 460 J/kg K, respectively. They found
that the improvement in the efficiency of FPSC was 10.75% when
CeO2/water was used with also 0.066% volume fraction and 1.17 kg/
min mass flow rate.

The results obtained from different recent developments regarding
the utilization of semiconductor crystalized oxides nanofluids with the
FPSCs are summarized in Table 4. It is obviously seen in Table 4 that
low concentrations of semiconductor oxides nanofluids are used
(≤0.5%) with mass flow rate ranged from 0.5 to 2 kg/min.

The reviewed results also demonstrated that the optimum nano-
particle concentration of TiO2 nanofluid are between 0.2 and 0.5 %
under the turbulent flow regime (Kiliça et al., 2018; Gan et al., 2018;
Chaji et al., 2013). While, the optimum concentration is found to be
0.3% under the laminar flow regime (Said et al. 2015a), as clearly
presented in Table.4. On the other hand, the optimum concentration of
both WO3 and CeO2 nanofluids is 0.066% under laminar flow regime
(Sharafeldin et al., 2017; Sharafeldin and Grof, 2018). The efficiency
improvement was 13.5% and 10.74% when WO3/water and CeO2/
water nanofluids were used, respectively, with a volume fraction of
0.066% and a mass flow rate of 1.17 kg/s. The results summarized in
Table 4 reveal that the use of the semiconductor oxides nanofluids in
FPSC have less improvements in thermal efficiencies compared to metal
oxides nanofluids presented in Tables 2 and 3.

6. Developments on the use of silicon oxide nanofluid within
FPSCs

Despite the low the thermal conductivity of SiO2 nanoparticle
compared to the other nanoparticles, some of researchers have been
investigated the use of SiO2 nanofluid within FPSCs. Noghrehabadi
et al. (2016) experimentally investigated a square FPSC with SiO2/
water nanofluid with weight concentration of 1% under laminar and
turbulent flow regimes. It was concluded that the thermal efficiency
was improved by 2.5% and 1% when 1wt% SiO2/water nanofluid was
used, when the mass flow rates of 2.8 and 0.5 kg/min were tested, re-
spectively.

A FPSC using SiO2/EG -water nanofluid with three nanoparticles
concentrations (0.5, 0. 75, and 1%) was tested by Salavati Meibodi
et al. (2015). It was noticed that the improvement in the collector ef-
ficiency reached 8% relative to the base fluid (EG-water) when the
maximum concentration (1%) was used at flow rate of 2.7 kg/min.

Javaniyan et al. (2017) experimentally investigated the influence of
SiO2/water nanofluid flowing through FPSC with metal porous foam
channel. SiO2 nanoparticles concentrations of 0.6%, 0.4% and 0.2%,
and nanofluid mass flow rates of 0.5, 1, and 1.5 kg/min were studied. It

was found that the nanofluids with nanoparticle concentrations of 0.4%
and 0.6% had a performance close to each other. Their experiments
results also showed that, for 0.6 wt% SiO2/water nanofluid, the highest
energy efficiency improvements of FPSC were 8% and 6% when mass
flow rates of 1.5 and 0.5 kg/min, were examined, respectively.

Performance evaluation, economic analysis and environmental
creations of the FPSC with SiO2/water nanofluid was analyzed by Faizal
et al. (2015). They reported the energy efficiency was improved by
23.5% compared to the base water when SiO2/water nanofluid was
used with 0.2 wt%, whereas, only an increase about of 3.7% was
achieved by increasing the concentration to 0.4% compared to 0.2%, at
mass flow rate of 3 kg/min. However, the energy efficiency was im-
proved by 11% compared to the base water when with 0.4 wt% and
mass flow rate of 1 kg/min. It was also observed that as the nano-
particles viscosity increased, the pumping power increased. Moreover,
it was also reported that the FPSCs using SiO2/water nanofluid could
offset about 170 kg less emissions of carbon dioxide and providing a
faster revenue period of 0.12 year.

Mahian et al. (2015) investigated theoretically the heat transfer,
pumping power, and entropy generation of a FPSC based 1.0 wt% SiO2/
water nanofluid, under turbulent flow regime. Two nanoparticle sizes,
i.e., 16 and 12 nm, as well as two pH values, i.e. 6.5 and 5.8 were
investigated. Their analyses reveled that; by using nanofluid, all of; the
thermal efficiency, coefficient of heat transfer, outlet temperature, and
pressure drop are increased, while the entropy generation is decreased,
compared to using water. Moreover, by increasing the pH of nanofluid,
the entropy generation increased for 16 nm nanoparticle size, but it
decreased for 12 nm nanoparticle size.

Table 5 displays the performance developments when using SiO2/
water nanofluid as HTF in the FPSC. The results presented in Table 5
reveal that the efficiency of the FPSC increases with increasing the
concentration and mass flow rate of SiO2 nanofluid.

It is clearly seen in Table 5 that low concentrations of SiO2 oxide
nanofluid were used (≤1%) with mass flow rate ranged from 0.5 to
3 kg/min. The obtained results show that when the SiO2 nanofluid is
examined under turbulent flow regime it improves the thermal effi-
ciency by 2.5–23.5 % compared to conventional fluids when the na-
nofluid concentration varied from 0.4 to 1 wt%, and mass flow rate
ranged from 1.5 to 3 kg/min. While, the thermal efficiency is improved
by 1–11 % when it is examined under laminar flow regime with a
concentration varying from 0.4 to 1 wt%, and a mass flow rate ranged
from 0.5 to 1 kg/min.

7. Developments on the use of carbon nanostructure materials
with FPSCs

Recently, significant developments have been achieved when the
FPSCs are used with carbon nanostructure nanofluids as a HTFs. These
materials such as; Single-Wall Carbon Nanotubes (SWCNT), Multi-
Walled Carbon Nanotubes (MWCNT), Graphene Nano Palettes (GNP),
Graphene oxide (GO) and Graphene. These significant developments

Table 4
Studies on performance development of FPSCs using semiconductor crystalized oxides nanofluids.

Researcher Model Essential fluid Specifications of nanoparticles Optimum parameters

Type Volume Size fraction
(nm)

(%) Improvement in energy
efficiency (%)

Fraction (%) Mass flow rate
(kg/min)

Flow regime
type

Kiliça et al. (2018) Experimental Water TiO2 0.2% 40 nm 12.5% 0.2% 2 Turbulent
Gan et al. (2018) Experimental DDW TiO2 0.5% 40 nm 16.5% 0.5% 2 Turbulent
Said et al. (2015a) Experimental PEG-400 TiO2 0.1 and 0.3% 21 nm 25.8% 0.3% 0.5 Laminar
Chaji et al. (2013) Experimental Water TiO2 0.1%, 0.2% and 0.3% 27 nm 7% 0.3% 1.8 Turbulent
Sharafeldin et al.

(2017)
Experimental Water WO3 0.0167%, 0.033% and

0.066%
90 nm 13.5% 0.066% 1.17 Laminar

Sharafeldin and Grof
(2018)

Experimental Water CeO2 0.0167%, 0.033% and
0.066%

40 nm 10.74% 0.066% 1.17 Laminar
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owing to, the carbon nanoparticles possess higher thermal con-
ductivities than other nanoparticles, due to their large inherent thermal
conductivity and low density when compared to metal and metal oxides
nanoparticles, as well as they also have very sturdy CeC covalent bonds
(Hajjar et al., 2014).

MWCNT consists of various concentric graphene cylinders whereas
SWCNT consists of a single graphene cylinder. The diameter of
MWCNTs may be 30 nm when compared to 0.7–2.0 nm for typical
SWCNT. MWCNT and SWCNT are similar in certain features. However,
they also have striking differences (Iijima & Ichihashi, 1993; Usmani
et al., 2017). SWCNTs are an allotrope of sp2 hybridized carbon similar
to fullerenes. The SWNT structure is a cylindrical tube including six-
membered carbon rings similar to graphite. While, the structure of
MWNT contains several tubes in concentric cylinders.

The influence of using SWCNT-water nanofluid on the heat transfer
characteristics, pressure drop and the entropy generation of a FPSC was
experimentally and theoretically studied by Said et al. (2015b, 2014),
as schematically shown in Fig. 5.

Two weight concentrations of nanofluid of 0.3% and 0.1% were

used when the mass flow rate varied from 0.5 to 1.5 kg/min. They re-
ported that the density, thermal conductivity and specific heat for the
used SWCNT were 1400 kg/m3, 3500W/mK and 1380 J/kg K, respec-
tively. Their experiments results showed that the highest energy and
exergy efficiency of FPSC reached up to 95% and 26.25% when using
SWCNT-water nanofluid with concentration 0.3 wt% and mass flow rate
of 0.5 kg/min compared to 42% and 8.77%, respectively, when water
was used as HTF. It was also observed that using SWCNT-water nano-
fluid could minimize the entropy generation by 4.34%, whereas the
heat transfer coefficient improved by 15.33% compared to water as a
base fluid. Besides, a marginal increase in pumping power was esti-
mated by 1.2% higher than that values associated with water.

The impact of utilizing MWCNT/water nanofluid on the efficiency
of a FPSC was experimentally investigated by Yousefi et al. (2012b).
The nanofluid weight concentration was 0.2%, whereas, the nanofluid
mass flow rates was 2 kg/min. Their results showed that the collector
efficiency improved when the (Triton X-100) was used as a surfactant.
They concluded that the energy efficiency improved by 28.6% when
MWCNT/water nanofluid was used with concentration of 0.2 wt% and

Table 5
Studies on performance development of FPSCs using SiO2 nanofluid.

Researcher Model essential fluid Optimum parameters

Volume fraction
(%)

Size (nm) Improvement in energy
efficiency (%)

Fraction (%) Mass flow rate
(kg/min)

Flow regime
type

Noghrehabadi et al.
(2016)

Experimental Water 1% 12 nm 2.5%
1.0%

1% 2.8
1

Turbulent
Laminar

Salavati Meibodi et al.
(2015)

Experimental Water- EG 0.5%, 0.75% and
1%

10 nm 8% 1% 2.7 Turbulent

Faizal et al. (2015) Experimental Water 0.2% and 0.4% 10 nm 27%
11%

0.4%
0.4

3
1

Turbulent
Laminar

Javaniyan et al. (2017) Experimental Water 0.2%, 0.4% and
0.6%

7 nm 8%
6%

0.6%
0.6%

1.5
0.5

Turbulent
Laminar

Fig. 5. Schematic diagram of the experimental system (Said et al., 2015b).
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mass flow rate of 2 kg/min. In a mother work by the same authors
Yousefi et al. (2012c) found that the maximum enhancement in the
thermal efficiency was 30%, respectively, at mass flow rate of 3 kg/min,
when the MWCNT nanofluid concentration increased from 0.2 wt% to
0.4 wt%.

Sadripour (2017) numerically studied the impact of MWCNT/water
nanofluid on the performance of heat sink FPSC implementing with
insulator mixers. A domain using control volume method accredited
with the simple algorithm analysis was investigated to solve the gov-
erning equations numerically. In their study, the effects of Reynolds
number (50–12,000), solar intensity (700–1000W/m2) and nanofluid
concentration (0.01–1%) were investigated. The performance of the
collector was optimized by comparing the various parameters to get the
optimal status. It was found that the energy efficiency improved by
12.7% compared to water, when the MWCNT was used with the max-
imum studied concentration (0.1%) when the mass flow rate equals
3.3 kg/min.

Vincely and Natarajan (2016) tested the FPSC with using GO na-
noparticles based in de-ionized (DI) water as an absorbing fluid. The
effect of nanofluid concentrations (0.005%, 0.02% and 0.05%) were
studied. In addition, the GO- nanofluid properties such as the specific
heat, the thermal conductivity and the viscosity were measured and
their effects with respect to temperature were studied. It was concluded
that, when using 0.02 wt% GO nonofluid, the heat transfer coefficient
and thermal efficiency increased by 11.5% and 7.3%, respectively
compared to water when the mass flow rate equals 1.002 kg/min.

The effect of using GNP/water nanofluid as HTF on the performance
of FPSC has been experimentally investigated by Vakili et al. (2016).
They reported that the thermal efficiency of the FPSC was improved by
23.2%, 19.7%, and 13.5% when the GNP nanoparticles concentrations
0.005%, 0.001%, and 0.0005%, respectively, were used at mass flow
rate of 0.9 kg/min.

Ahmadi et al. (2016) experimentally and theoretically analyzed the
influence of graphene/water nanofluid on the efficiency of the FPSC.
Their findings unveiled that, the collector efficiency increased by 18.9%
compared to water as a base fluid, at 0.02% nanoparticle concentration
and mass flow rate of 0.9 kg/min. They also found that, there was a
perfect agreement between the theoretical and experimental results.

Table.6 represents the research carried out for improving the per-
formance of FPSCs using carbon nanostructure materials. It is clearly
seen in Table 6 that the concentrations of the carbon based nanofluids
that have been studied as a HTF within FPSCs so far are very low
(0.0005–0.3%) compared to the studied metal and metal oxide based
nanofluids (0.05–4%) that discussed above. Despite, very low con-
centrations of carbon based nanofluids are tested, high improvements
in the FPSC efficiency are achieved as clearly seen in Table 6. The
maximum improvement in the efficiency of the FPSC (53%) was ex-
perimentally obtained when the SWCNT-water nanofluid was used with
a weight concentration of 0.3% when the mass flow rate was 0.5 kg/

min (Said et al., 2015b). The reviewed results presented in Table.6 also
demonstrated that the optimum nanoparticle concentration of MWCNT
nanofluid was between 0.1 and 0.4 % under the turbulent flow regime
(Sadripour 2017; Yousefi et al., 2012b, 2012c). While, the optimum
concentration of SWCNT nanofluid was found to be 0.3% under the
laminar flow regime as obtained by Said et al. (2015b).

While, the optimum concentration was less than 0.05% for the
graphene and graphene oxide nanofluids when they used as HTFs in the
FPSCs as clearly presented in Table. 6. Moreover, the optimum nano-
particle concentration of the GNP nanofluid was found 0.005% under
laminar flow regime (Vakili et al, 2016).

In addition, the results presented in Table 6 shows that a significant
improvements in the thermal efficiency of the FPSC have been obtained
using carbon based nanofluids (7.3–53%), specifically MWCNT and
SWCNT compared to metal and metal oxides nanofluids (2.5–37.3%)
under different flow conditions. This could be attributed to the better
thermal conductivity of carbon nanoparticles compared to that of metal
and metal oxides nanoparticles.

8. Comparison between the different types of nanofluids used as
heat transfer fluid in the FPSCs

The nanofluid type is considered one of the most fundamental cri-
teria influencing on the performance of the FPSCs when it is used as the
HTF. It is preferred that it possess high thermal conductivity, low
density and high optical properties (such as absorption, transmittance,
and scattering) (Rashid et al., 2014; Saidur et al., 2011). However, the
selection of the nanofluid type nanofluid cannot be explored from the
results introduced above because every nanoparticles material was
studied alone at certain operating and weather conditions which were
not similar in other studies. Hence, the comparison is not fair in this
case. Therefore, this section focuses on displaying the experimental,
numerical and theoretical studies, where several nanofluids were tested
with the FPSC at the same operating and weather conditions. Aiming to
identify the best type of nanofluid among the studied nanofluids sui-
tably used as HTF in the FPSCs.

Verma et al. (2017) experimentally investigated the effect of using
different types of nanfluids on the energy and exergy efficiencies of an
indoor FPSC. In their experiments, several concentrations of all the
studied nanfluids varying from 0.25wt% to 2.0 wt% were prepared. In
this study, all of the examined nanofluid properties like; thermal con-
ductivity, density, specific heat and viscosity have been measured.
Moreover, a Transmission Electron Microscopy (TEM) and Zeta poten-
tial techniques were performed, in order to determine the size and
surface properties of the nanoparticles. Their results showed that the
nanoparticles were of different size (within nano range) and shape, such
as, circular, disc shape, hexagonal and triangular. It was also indicated
that the extreme improvement in energy efficiency when using
MWCNT/water nanofluid was 23.47%, followed by 16.97%, 12.64%,

Table 6
Studies on performance development of FPSCs using carbon nanostructure materials.

Researcher Model Essential fluid Specifications of nanoparticles Optimum parameters

Type Volume Size
fraction (nm)

(%) improvement in energy
efficiency (%)

Fraction (%) Mass Flow
rate (kg/min)

flow regime
type

Said et al. (2015b) Experimental Water SWCNT 0. 1% and 0. 3% 20 nm 53% 0.3% 0.5 Laminar
Yousefi et al. (2012b) Experimental Water MWCNT 0.2% 10 nm 28.3% 0.2% 2 Turbulent
Yousefi et al. (2012c) Experimental Water MWCNT 0.4% 10 nm 35% 0.4% 3 Turbulent
Sadripour (2017) Numerical Water MWCNT From 0.01% to

0.1%
– 12.7% 0.1% 3.3 Turbulent

Vincely and Natarajan
(2016)

Experimental Deionized
water

GO 0.05%, 0.02% and
0.005%

20 nm 7.3% 0.02% 1 Laminar

Vakili et al. (2016) Experimental Deionized
water

NP 0.005%, 0.001%
and 0.0005%

50 nm 23.3% v 0.9 Laminar

Ahmadi et al. (2016) Experimental Water GGraphene % and 0.02% 20 nm 18.9% 0.02% 2.6 Turbulent
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8.28%, 5.09% and 4.08% for graphene/water, CuO/water, Al2O3/
water, TiO2/water, and SiO2/water, respectively, when the nanfluid
concentration was 0.75 wt% and the mass flow rate was 1.5 kg/min, as
clearly seen in Fig. 6. It was also reported that the entropy generation
for MWCNT/water nanofluid was dropped strongly by 29.32% followed
by 21.46%, 16.67%, 10.86%, 6.97% and 5.74%, respectively for gra-
phene/water, CuO/water, Al2O3/water, TiO2/water, and SiO2/water.

Similar results were numerically found by Ekramian et al. (2014)
when they tested the FPSC under turbulent flow regime using four types
of nanofluids (i.e. MWCNT, CuO, Al2O3, SiO2) with nanoparticles con-
centrations varied from 1 to 3%. They found that MWCNT-water na-
nofluid was the best option to obtain maximum efficiency using 1 wt%
at mass rate of 3 kg/min, whereas CuO -water nanofluid was the best
option to achieve maximum efficiency using 3 wt% at the same flow
rate. While, the least efficiency of the FPSC was obtained by using SiO2

– water nanofluid.
Faizal et al. (2013) investigated the performance of a FPSC using

four different types of nanofluids, namely, CuO/water, SiO2/water,
TiO2/water and Al2O3/water. They found that, CuO was the best option
to obtain maximum efficiency, due to high thermal conductivity of
copper oxide nanoparticles. It was also reported that the size reduction
of the collector is found to be 25.6%, 22.1%, 21.6%, 21.4% for CuO/
water, SiO2/water, TiO2/water and Al2O3/water, respectively using
3 wt% at mass rate of 3.8 kg/min, as seen in Fig. 7. Thus, the collector
size reduction results in decreasing of the operation and construction
costs of the FPSC.

Devarajan and Munuswamy (2016) experimentally studied a FPSC
using three types of nanofluids i.e. CuO, Al2O3, ZrO2 as a HTFs. They
found that, the collector efficiency by adding 0.4 wt% of CuO, Al2O3,
ZrO2 and the base fluid (water) was 55%, 51.3%, 47% and 38%, re-
spectively, at mass rate of 2.8 kg/min.

Alim et al. (2014) numerically investigated the influence of using
various metal oxides based water nanofluids i.e. CuO, Al2O3, SiO2, and
TiO2 on the energetic and exergtic performance of FPSC. Nanoparticle
concentrations and flow rates were varied in their analysis from 1 to 4%
and 1 to 4 kg/min, respectively. It was concluded that CuO/water na-
nofluid was the best option, as the exergy efficiency and convective
heat transfer coefficient enhanced by 4.35% and 22%, respectively,
while, the pumping power increased by 1.6% using 3 wt% nanoparticle
concentration at mass rate of 3 kg/min.

Mahian et al. (2014c) theoretically analyzed the performance of
mini channel FPSC with various nanofluids types, i.e. SiO2/water,
Al2O3/water, Cu/water and TiO2/water, under turbulent flow mode.
They found that Cu/water with concentration 4% (wt.) gave the max-
imum thermal efficiency and after that TiO2/water, Al2O3/water, and
SiO2/water nanofluids are in ranks of second to fourth, when the mass
flow rate was 0.5 kg/s.

In order to figure out the effect of using hybrid nanofluids (a blend
of two or more various nanoparticles dispersed in the essential fluid) on
the thermal efficiency of the FPSC. Recently, Farajzadeh et al. (2018)
numerically and experimentally studied a FPSC with three different
nanofluids. They used TiO2/water (15 nm − 0.1 vol%), Al2O3/water
(20 nm −0.1 vol%) and hybrid of TiO2- Al2O3/water as nanofluids.
Their experiments indicated that the energy efficiency of the collector
using hybrid TiO2- Al2O3 nanofluid was 26% higher than the corre-
sponding ones using pure water as a base fluid. It was also 21% and
16% higher than the corresponding values obtained when TiO2/water
or Al2O3/water nanofluids was examined alone, respectively, when the
flow rate was 2 kg/min. Moreover, they developed a numerical model
using Computational Fluid Dynamics (CFD), which was validated by
comparison its output results with the experimental obtained results.

Verma et al. (2018b) conducted experiments to assess the thermal
behavior of CuO and MgO hybridized with MWCNTs in base fluid
(water) for performance improvement of FPSCs at various mass flow
rates (0.5–2 kg/min) and different nanoparticle concentration of the
nanofluid (0.25–0.2 wt%). It was reported that the thermal efficiency
improvements of FPSC for MgO/MWCNTs and CuO/MWCNTs hybrid
nanofluids were 20.5% and 18% with respect to water when the con-
centration mass flow rate of the nanofluid were 0.75 wt% and 1.5 kg/
min, respectively.

Nasrin and Alim (2014) developed a numerical investigation of a
FPSC using five nanofluids i.e. Alumina/water, Copper/water, (double
Copper and Alumina)/water, copper oxide/water and silver/water.
They observed that, the best performance of the FPSC was obtained by
using (double Copper and Aluminum)/water nanofluid compared to the
others, considering all types of the studied nanofluids were tested at
weight fraction of 5%.

Table 7 displays the FPSCs tested with several single nanofluids or
hybrid nanofluids, considering the results displayed in Table 7 and
based on the experimental findings obtained by Verma et al. (2017) and
numerical results reported by Ekramian et al. (2014), MWCNT/water is
the best performance among the studied nanofluids, whereas, SiO2 is
the least performance. CuO/water nanofluid are also recommended
based on the experimental results obtained by Verma et al. (2017),
Devarajan and Munuswamy (2016), Faizal et al. (2013) and Alim et al.
(2014). The use of hybrid nanofluids is also considered a promising HTF
within FPSCs, where, TiO2- Al2O3/water hybrid nanofluid was re-
commended by Farajzadeh et al (2018), and MgO-MWCNTs/water was
recommended by Verma et al (2018b) and (double Copper and Alu-
minum)/water hybrid nanofluid was recommended by Nasrin and Alim
(2014).

Fig. 6. Thermal efficiency enhancement for different nanofluids (Verma et al.,
2017).

Fig. 7. Size reduction for FPSC for four different types of nanofluids (Faizal
et al., 2013).
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9. Difficulties and challenges

Despite of the growing interest in recent years with nanofluids ap-
plications in FPSCs, there are some defects and difficulties that should
be taken in account and need to be addressed when optimizing the use
of the nanofluids in the FPSCs. Herein, the most difficulties and chal-
lenges of utilizing nanofluids in FPSCs are introduced as follows:

1. The low stability of nanofluids represents the main problem, espe-
cially when they are used with high nanoparticles concentrations.
The nanoparticles happen to have a conglomerate over time, due to
its high surface area to volume ratio and its high surface tension
(Devendiran & Amirtham, 2016). This low stability leads to a re-
duction in thermal conductivity with time (Raj and Subudhi 2018).
Several methods have been performed and examined to improve the
stability and homogeneity of the nanofluids (Fuskele and Sarviya,
2017). Nonetheless, adding surfactants was found the most cost-ef-
fective method (Ghadimi and Metselaar, 2013; Xuan et al., 2013; Xia
et al., 2014).

2. Complexity in the process of nanoparticles manufacturing as there
are two common methods for producing nanofluids namely single
and two step methods. In both methods, nanoparticles are manu-
factured in processes that incorporate reactants in the form of ion
exchange or reduction reactions, which in turn affects the

nanofluids performance in solar collectors (Yu and Xie, 2012).
3. The nanofluids are relatively expensive, due to the complexity of the

nanoparticles manufacturing process. This represents one of their
main defects which impede the use of nanofluids in engineering
applications (Villarejo et al., 2017; Pantzali et al., 2009). Hence, the
lowest weight fraction of nanoparticles that possesses relatively high
thermal conductivity should be employed (Raja et al., 2016).

4. The high viscosity of the nanofluids over that of the conventional
fluids results in an undesirable increment in the pumping power
(Kole and Dey, 2013).

5. Normal synthesized nanofluids are mostly used as HTF in the solar
collectors, wherefore, novel synthesized nanofluids are an inter-
esting aspect such as the magnetic photo thermal and blended
plasmonic nanofluids in order to explore new types of nanofluids
with highly reusability and superior solar energy absorption prop-
erties, which will become a major challenge for further system de-
velopment (Wang et al., 2018b; Ren et al., 2018).

6. Most of the studies carried out are focused on the use of metal and
metal oxide nanofluids (mostly Al2O3) in the FPSCs that have been
studied rigorously, while using carbon nanofluids have been little
tested. Therefore, further studies on carbon-based nanofluids are
essential to study their effect on the performance of FPSCs.

7. A very limited researchers have investigated the performance of
FPSWCs using hybrid nanofluid as HTF in the FPSCs. The reviewed

Table 7
Studies on comparison of different types of nanofluids based on FPSCs.

Researcher Model Essential fluid Specifications of nanoparticles The best performance

Type Volume fraction (%) Size (nm)

Verma et al. (2017) Experimental Double
Distilled Water

MWCNT
Graphene
CuO
Al2O3

TiO2

SiO2

0.25%,0.5%, 0.75%,
1.0%, 1.5%, and 2.0%

7
20
42
45
44
10

The maximum improvement in energy efficiency when
using MWCNT/water nanofluid was 23.47%, followed
by 16.97%, 12.64%, 8.28%, 5.09% and 4.08%,
respectively for graphene/water, CuO /water, Al2O3/
water, TiO2 /water and SiO2/water at nanoparticle
concentration of 0.75 wt% and mass flow rate of
1.5 kg/min

Ekramian et al. (2014) Numerical Water MWCNT
CuO
Al2O3

SiO2

1%, 2% and 3% – MWCNT was the best option to obtain maximum
efficiency using 1 wt%, at mass rate of 3 kg/min,
respectively

Faizal et al. (2013) Numerical Water CuO
Al2O3

TiO2

SiO2

2−3.2% – The size reduction of the collector was found to be
25.6%, 22.1%, 21.6% and 21.4% for CuO/water, SiO2/
water, TiO2/water and Al2O3/water, respectively,
using 3wt% at mass rate of 3.8 kg/min

Devarajan and
Munuswamy (2016)

Experimental Water CuO
Al2O3

ZrO2

0.1%, 0.2%, 0.3%, and
0. 4%

– The collector efficiency by adding 0.4 wt% of Al2O3,
CuO, ZrO2 and the base fluid (water) was 55%, 51.3%,
47% and 38%, respectively.

Alim et al. (2014) Theoretical Water CuO
Al2O3

TiO2

SiO2

1%, 2%, 3% and 4% 25
45
40
10

The exergy efficiency and convective heat transfer
coefficient increased by 4.35% and 22%, respectively,
while, the pumping power increased by 1.6% using
3wt% Cu/water at mass rate of 3 kg/min

Mahian et al (2014c) Theoretical Water CuO
Al2O3

TiO2

SiO2

1%, 2%, 3% and 4% Cu/ water nanofluid with 4% (wt.) gave the maximum
thermal efficiency and after that TiO2/water, Al2O3/
water, and SiO2/water nanofluids are in ranks of
second to fourth, when the mass flow rate 0.5 kg/s

Nasrin and Alim (2014) Numerical Water Cu
Al
Al – Cu
CuO
Ag

5% – Double Copper and Alumina/water nanofluid gave the
maximum efficiency enhancement of the FPSC,
compared Alumina/water, Copper/water, copper
oxide/water and silver/water nanfluids

Farajzadeh et al. (2018) Experimental and
Numerical

Deionized
Water

TiO2

Al2O3

TiO2- Al2O3

0.1% and 0.2% 15 nm
20 nm

The thermal efficiency of the FPSC using (TiO2- Al2O3)
hybrid nanofluid was 26% higher than the
corresponding ones using pure water as a base fluid

Verma et al. (2018b) Experimental Water MWCNT-
MgO
MWCNT-CuO
MWCNT
CuO
MgO

0.25%,0.5%, 0.75%,
1.0%, 1.5% ,and 2.0%

–
–
7 nm
42 nm
40 nm

The maximum improvement in energy efficiency was
23.5%, 20.5%, 18%, 12.7%, and 9.3%, for MWCNT/
water, MWCNT-MgO/water, MWCNT-CuO/water, CuO
/water and MgO/water nonofluids, respectively,
compared to water base fluid at nanoparticle
concentration of 0.75 wt% and mass flow rate of
1.5 kg/min
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results of these studies show that hybrid nanofluids can be con-
sidered as an effective tool to improve the efficiency of the FPSC.
However, there are many effective parameters of the used hybrid
nanofluids within FPSCs and different optimization approaches can
be employed to explore optimum values. Consequently, further ex-
perimental and optimization studies are needed to explore the im-
pact of different factors such as the type of nanoparticles forming
the hybrid nanofluid, the weight fraction ratio, the nanoparticles
constituent concentrations, the constituent nanoparticles sizes, and
the base fluid type.

8. Moreover, the economic aspects and environmental influences of
the use of nanofluids in the FPSCs are still problematic and out of
view. Hence, techno-economic and environmental analyses should
be investigated to assess the viability of using nanofluids in FPSCs.

9. Finally, the high energy and exergy efficiency improvements in the
experimental studies indicates a promising future in the use of na-
nofluids. However, there is a need for establishing standards for
performing appreciate studies with nanofluids so as to enhance the
commercialization of nanofluids applications in solar collectors.

10. Conclusions and future recommendations

This study introduces a comprehensive review on the use of nano-
fluids for improving the energetic and exergetic performance of FPSCs.
From the literature study, significant conclusions are summarized
below. Furthermore, some future trends for optimizing the use of na-
nofluids with the FPSCs are also suggested.

By reviewing and comparing the results obtained from several in-
vestigations, it was concluded that:

Significant improvements in energy and exergy efficiencies of the
FPSC have been obtained using carbon nanostructure based nano-
fluids, specifically MWCNT and SWCNT compared to metal and
metal oxides based nanofluids.
The use of the metal oxides nanofluids in FPSC leads to a higher
energy and exergy efficiencies compared to semiconductor crystal-
ized oxides nanofluids.
Using Copper oxide nanofluid as HTF in FPSC is recommended
among the metal oxides nanofluids as it improves the efficiency by
6.3–37.3% compared to conventional fluids when the nanofluid
concentration varied from 0.025 to 2 wt%, and mass flow rate
ranges from 1 to 8.8 kg/min.
The aluminum oxide nanofluid is the most common used types of
nanofluids as a HTF within FPSC that also showed a good im-
provement in the efficiency of the FPSC (2–31.6%) when it is used
with concentrations from 0.1 to 3 wt% , and mass flow rate ranges
from 0.5 to 7.5 kg/min.
The optimum Al2O3 nanoparticle concentrations corresponding the
maximum efficiency improvement, are between 2 and 3% under the
laminar flow regime. While, optimum concentrations are found in
the range from 0.15 to 1% under the turbulent flow regime.

From the results given in this work, it is obvious that few studies
have been conducted to compare the improvements on the FPSC effi-
ciency when different types of single nanofluids or hybrid nanofluids
are used. In addition to the economic analysis of utilization the different
nanofluids are out of view in most of these studies. Therefore, the fol-
lowing research topics are suggested for future work:

1. Testing the FPSC with carbon nanostructure, copper oxide and
aluminum oxide nanofluids, on the same conditions with detailed
economic analysis, so, a meaningful comparison may be obtained.

2. Studying the performance of the FPSC with hybrid nanofluids i.e. a
blend of two or more various nanoparticles dispersed in the essential
fluid as it is considered a promising HTF within the FPSCs

3. Investigation the performance of the FPSC with built-in PCM as

latent heat storage when the nanofluids are used as HTF.
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