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A B S T R A C T   

Energy efficiency, visualized energy, and production of environmental pollutants of a solar flat plate collector 
containing water/copper–aluminum hybrid nanofluid are evaluated. The results are compared with water/ 
aluminum oxide nanofluid and water. The Reynolds number (Re) for the investigation is between 700 and 2300, 
and the nanoparticles volume fraction is 0.1%. A developed model in the engineering equations solver is used to 
solve the governing equations. The outputs show that the most suitable collector operating fluid is the hybrid 
nanofluid. Collector energy efficiency employing hybrid nanofluid is more than other operating fluids, and its 
maximum increment applying mono and hybrid nanofluids relative to water is 3.86 and 4.23 %, respectively. 
The criterion evaluation performance of the collector in the presence of hybrid nanofluid is larger than mono- 
nanofluid of aluminum oxide–water. Environmental analysis of the collector shows that the productions of 
sulfur oxides, carbon dioxide, and nitrogen oxides in a solar flat plate collector are maximum and minimum for 
water and hybrid nanofluid, respectively. In the case of hybrid nanofluid, the rate of production reduction of 
carbon dioxide, sulfur oxides and nitrogen oxides are respectively 29.15 kg, 0.0149 kg and 0.0255 kg compared 
to water. However, these amounts are 26.64 kg, 0.0136 kg and 0.0233 kg for mono nanofluids, respectively.   

Introduction 

Because of the challenges of fossil fuels in supplying human energy, 
including global warming and environmental pollution, solar energy is 
the most promising solution to overcome these challenges [1–3]. As 
everyone knows, environmental pollution and its effects on climate and 
community life have led researchers to conduct extensive research on 
the environment and how to keep it healthy [4–6]. Today, solar energy 
is a good help to solve human crises, which includes various uses such as 
electricity supply, fresh water, heating, cooling, etc [7–9]. The most 
common use of solar energy for heat supply is solar flat plate collectors. 
This type of collector is known as one of the most efficient and unpol
luted heating systems [10]. The main disadvantage of this type of col
lector is its low efficiency. With the advancement of nanotechnology and 
the use of nanoparticles in various industries, many researchers have 
used them in their research [72–74]. Significantly, the utilization of 

nanofluids instead of conventional heat transfer fluids such as ethylene 
glycol or water can improve their performance [13–15]. Accordingly, 
this is an important method of studying solar collectors in the last decade 
[16,17]. Since the nanoparticles’ thermal conductivity is higher than the 
base fluid, the improvement of the overall performance of the collector 
is enhanced [18,19]. 

New generations of refrigerants that have been introduced in the last 
decade are hybrid nanofluids (HYBNs). They are a good choice as a 
working fluid in solar collectors due to their ability to absorb solar ra
diation at wavelengths of 200 to 1100 nm [20,21]. Also, most studies in 
flat plate collectors using HYBNs have reported that the thermal effi
ciency of the collector when HYBN is employed is higher than mono 
nanofluids and base fluids [22]. Farajzadeh et al. [23] tested the effect of 
aluminum oxide/titanium dioxide-water HYBNs and aluminum oxi
de–water and titanium dioxide-water mono nanofluids on the perfor
mance of a solar flat plate collector (FPSC) numerically and 
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experimentally. The findings indicated that comparing to base fluid and 
mono nanofluids, the HYBN has a better operation. Accordingly, the rate 
of increase of collector thermal efficiency using HYBN is equal to 26%, 
19%, and 21% compared to water, aluminum oxide–water, and titanium 
dioxide-water, respectively. The evaluation of the performance of a 
FPSC from energy and exergy perspectives using magnesium oxide 
HYBNs/ MWCNTs-water and copper oxide/MWCNTs-water and mag
nesium oxide–water, copper oxide–water, and multi-walled carbon–
water was done by Verma et al. [24]. Their experimental findings 
indicated that the maximum thermal efficiency and collector exergy 
efficiency are obtained when MWCNTs-water mono nanofluid is 
employed as the operating fluid under different conditions. This in
cludes solar radiation intensity, volume fraction, rate of mass flow, and 
inlet temperature. Magnesium oxide/MWCNTs-water and copper oxide/ 
MWCNTs have second and third thermal efficiency values. Hussein et al. 
[25] combined CF-MWCNTs, CF-GNPs, and h-BN nanoparticles in water 
as the based fluid to prepare a new HYBN and evaluate the performance 
of a FPSC experimentally. They found that the thermal efficiency of 
collector using HYBN is better than the base fluid. The maximum 
increment in thermal efficiency of the collector using HYBN was re
ported to be 20% compared to water. Exergy and energy analysis of a 
FPSC was performed utilizing aluminum oxide/iron-water HYBN by 
Okonkwo et al. [26]. Their study showed that the collector’s perfor
mance when aluminum oxide–water mono nanofluid is employed is 
better than HYBN. Accordingly, an increment in the thermal efficiency 
and coefficient of heat transfer of aluminum oxide–water mono nano
fluid is equal to 2.16 and 72% compared to the base fluid, respectively. 
For aluminum oxide/iron-water HYBN they were equal to 1.79 and 56, 
respectively. On the other hand, they showed that the collector’s effi
ciency of exergy applying aluminum-water mono nanofluid and HYBN is 
5.7% and 6.9% higher than water, respectively. The influence of copper/ 
copper oxide–water HYBN on exergy and energy efficiencies of a FPSC 
was studied by JA and Kumar [27]. Their findings indicated that the 
collector’s efficiency of exergy and energy when HYBN is employed is 
higher than other operating fluids. They reported that the increment in 
the collector’s thermal efficiency by applying HYBN, copper–water, and 
copper oxide–water mono nanofluids is 2.175, 0.93, and 1.05%, 
respectively, compared to the base fluid. The increase was equal to 2.59, 
2.32, and 2.18% for the exergy efficiency, respectively. In an experi
mental study, Wole-Osho et al. [28] evaluated the performance of a 
FPSC using aluminum oxide/zinc oxide–water HYBN. They used 
different volume ratios of aluminum oxide to zinc oxide equal to 50:50, 
66.66:34.34, and 33.34–66.66% and showed that the rate of increase of 
collector thermal efficiency using aluminum oxide/zinc oxide HYBN is 
equal to 7, 5, and 4.5% compared to the base fluid, respectively. The rate 
of collector exergy efficiency increase was equal to 6, 7.5, and 9%, 
respectively. Sundar et al. [29] tested the performance of a FPSC 
experimentally applying iron oxide–water nanofluid and reported that 
the maximum increase in the collector’s thermal efficiency using 
nanofluid is about 27% compared to the base fluid. Tahat and Benim 
[30] evaluated the performance of a FPSC experimentally employing a 
combination of aluminum oxide and copper oxide nanoparticles in a 
mixture of water and ethylene glycol. They reported that the collector’s 
thermal efficiency applying a HYBN is 45% higher than that when the 
fluid is water. Sundar et al. [31] assessed the influence of nano- 
diamond/cobalt-water HYBN on FPSCs and indicated that for the vol
ume fraction of 0.15%, the collector’s thermal efficiency used HYBN is 
20% more than that employed the base fluid. 

Due to the environmental pollutants such as sulfur oxides, carbon 
dioxide, and nitrogen oxides for the life of human societies, their 
reduction is of particular importance in heat transfer systems. In FPSCs, 
the energy visualization approach is used to study the production of 
these environmental pollutants. Faizal et al. [32] examined the pro
duction of sulfur oxides, carbon dioxide, and nitrogen oxides for a FPSC 
applying copper oxide–water, aluminum oxide–water, titanium dioxide- 
water, and silicon-water dioxide nanofluids. Their study demonstrated 

that water is the most polluting fluid based on the production of pol
lutants. Stalin et al. [33] used a cerium oxide–water nanofluid with 
various volume fractions to perform an environmental analysis of a 
FPSC. They reported that the minimum amounts of sulfur oxides, carbon 
dioxide, and nitrogen oxides occur when the operating fluid of the 
cerium-water oxide nanofluid collector has a volume fraction of 0.05%, 
and the maximum amount of pollutants is related to the water. In 
another study, Faizal et al. [34] conducted an environmental analysis of 
a FPSC employing silicon dioxide-water nanofluid. The results revealed 
that silicon dioxide-water nanofluid is a more suitable working fluid 
than water due to the production of fewer pollutants. 

Previous researches have shown that the use of metal nanoparticles 
such as copper in water-based fluid enhances the thermal efficiency of 
the FPSC by 24% [35]. Moreover, one of the most widely used nano
particles is aluminum oxide and the cheapest nanoparticles used in solar 
collectors studies [36–41]. Since aluminum oxide/copper nano
composite has been synthesized in the laboratory and the suspension of 
particles of this nanocomposite in water has very good stability and also 
has better thermophysical properties than water [42–47,75,76], it can 
be a good option for FPSCs. Moreover, less attention has been paid to the 
environmental analysis of FPSCs employing HYBNs. Hence, in the pre
sent study, the influence of aluminum oxide/copper–water HYBN on the 
performance of a flat plate collector is compared with aluminum oxi
de–water mono nanofluid and base fluid. The nanoparticles volume 
fraction is 0.1%, and the Re is considered in the range of 700 to 2300. 
Also, the fluid flow regime in the collector is considered laminar. A 
model developed in the engineering equations solver is employed to 
solve the nonlinear governing equations. In this study, the effect of 
different fluids and nanofluids on the production of carbon dioxide, 
sulfur oxides and nitrogen oxides of a flat solar collector has been 
investigated, which has been less considered so far. Hybrid nanofluids 
have recently received more attention due to their greater advantages 
over conventional nanofluids. Improvements in the thermophysical 
properties and the thermal conductivity of hybrid nanofluids have been 
considered in this study. 

Materials and methods 

This study uses a FPSC and a plate-and-tube model to analyze the 
aluminum oxide/copper–water HYBN. The tubes carrying the working 
fluid are in the middle of the plate. Fig. 1 shows a configuration of the 
FPSC studied in the present work. The absorber plate’S area is 2 m2 and 
the number of pipes is 6. 

Table 1 presents the structural specifications and optical properties 
of the collector. The number of glass covers is assumed to be 1, the 
collector angle with respect to the horizon is equal to 45◦, and the outer 
diameter of the pipes is assumed to be 11 mm. Also, the working fluid is 

Fig. 1. A view of the FPSC.  
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assumed as incompressible and Newtonian, and the fluid flow regime is 
considered laminar. 

Mathematical modeling 

Solar radiation moves through the FPSC glass cover and collides with 
the absorber plate and the tubes involved heat transfer fluid. A part of 
the absorbed radiation is transferred to the working fluid by the 
absorber plate and tubes, and the other part is wasted. Therefore, the 
amount of useful energy entering the working fluid or the useful energy 
leaving the collector is obtained according to the below equation [49]: 

Qu = Ac[S − UL(Tpm − Ta)] (1)  

where Ac, S, UL, Tpm, and Ta is the area of the absorber plate (m2), the 
absorbed solar energy (W/m2), the total coefficient of heat loss (W/ 
m2K), the absorber plate’s average temperature in K and the ambient 
temperature in K, respectively. 

As shown in Fig. 1, heat loss occurs due to the three paths of the top 
part of the absorber plate (air gap and glass cover), the bottom part, and 
the sides. Therefore, the total coefficient of heat loss contains of three 
parts: the top coefficient of heat loss Ut, the bottom one Ub, and the sides 
one Ue, and is defined as Eq. (2) [49]: 

UL = Ut +Ub +Ue (2) 

Insulation layers are used on the bottom and sides of the collector to 
decrease heat loss. The heat loss coefficient is calculated according to the 
following equation [50]: 

Ub =

(
Lb

kb
+

1
hb,a

)− 1

(3)  

where Lb is the insulation thickness at the bottom of the collector (m), kb 
is the thermal conductivity of the insulation (W/mK), and hb,a is the 
convection heat transfer coefficient at the bottom (W/m2K). 

The lateral coefficient of heat loss is calculated according to the 
below equation [50]: 

Ue =

(
Le

kb
+

1
he,a

)− 1Ae

Ac
(4)  

where Le is the insulation thickness at the collector side (m), he,a is 
convection coefficient of heat transfer at the side (W/m2K) and Ae are 
the collector side area (m2). In this paper, the values of he,a and hb,a are 
equal to 5 W/m2K. 

In this paper, the classical fin analysis method is used to calculate the 
performance of the FPSC. In fact, the absorber plate of the collector acts 
as a fin and transfers the absorbed heat to the operating fluid. A part of 
the heat enters the working fluid through fluid-carrying tubes exposed to 

sunlight. The classical fin analysis technique is presented in detail in 
references [49] and [50]. Here, only the required relationships are 
presented. 

The absorber plate’s average temperature is defined as follows [49]: 

Tpm = Ti +

(
Qu

AcULFR

)

(1 − FR) (5)  

where the inlet temperature (Ti), which in this paper is constant and 
equal to 305.15 K. FR is the heat transfer factor of collector that is 
calculated based on the following equation [49]: 

FR =
ṁCpf

AcUL

[

1 − exp
(
− AcULF′

ṁCpf

)]

(6)  

where ṁ, Cpf, and F’ is the mass flow rate (kg/s), specific heat of the 
working fluid and the collector efficiency coefficient. 

The coefficient of the collector efficiency is obtained according to the 
following equation [49]: 

F′

=

(

W
[

1
(D + (W - D)F )

+
UL

πDihfi

])− 1

(7)  

where W is the distance from the center to the center of the fluid- 
carrying tubes, D is tube’s outer diameter, F indicates the standard fin 
efficiency, and hfi is the convection coefficient of heat transfer of the 
working fluid. 

The standard fin efficiency is defined as follows [49]: 

F =
tanh(m(W − D)/2 )

m(W − D)/2
(8)  

where kp represents the absorber plate’s thermal conductivity and δp is 
the thickness of the absorber plate. 

The convection coefficient of heat transfer of the working fluid is 
calculated as follows [49]: 

hfi =
Nukbf

Di
(9) 

In Eq. (9), Nu represents the working fluid’s Nusselt number and kbf 
is the base fluid’s thermal conductivity. 

FPSC energy efficiency is the ratio of useful output energy from the 
collector to the amount of solar radiant energy available at the collector 
inlet is defined as follows [49]: 

η =
Qu

AcGT
(10) 

The pressure drop in the flat plate collector with an inclination angle 
of β is calculated as follows [51]. 

ΔP = ρfg(Lsinβ + hL) (11) 

Comparison of the pumping power of base fluid and HYBN can be 
important. The pumping power relationship is defined as follows [52]: 

Wp = ṁ
Δp
ρf

(12) 

In this paper, performance evaluation criteria (PEC) is used at con
stant pumping power and constant pressure drop to determine the uti
lization of mono nanofluid and HYBN. 

The PEC at constant pumping power is expressed as follows [53]: 

PEC I =
(

Nunf

Nubf

)(
fnf

fbf

)− 1
3

(13) 

The PEC at constant pressure drop is as follows [54]: 

Table 1 
Dimensional specifications and optical properties of the studied FPSC [48].  

Parameter Value Unit 

Collector absorber plate area 2 (m2) 
Length 2 (m) 
Width 1 (m) 
Collector height 80 (mm) 
Pipe inner diameter 10 (mm) 
Distance from the center to the center of the pipes 150 (mm) 
Absorbent plate thickness 0.5 (mm) 
Absorbent plate thermal conductivity 385 (W/m K) 
Absorbent plate absorption coefficient 0.92 – 
Transparent coefficient of the glass cover 0.84 – 
Absorbent plate emissivity 0.05 – 
Emissivity of the glass cover 0.85 – 
Collector back insulation thickness 50 (mm) 
Insulation thickness of collector sides 25 (mm) 
Thermal conductivity of insulation 0.025 (W/m K)  

J. Mustafa et al.                                                                                                                                                                                                                                 



Sustainable Energy Technologies and Assessments 53 (2022) 102399

4

PEC II =
(

Nunf

Nubf

)(
fnf

fbf

)− 1
2

(14)  

Thermophysical properties of the base fluid and nanofluid 

The base fluid’s thermophysical properties are assumed to be a 
function of temperature and are calculated at the fluid’s average tem
perature. These properties can be extracted from [55] and [56] (see the 
Appendix). 

The thermophysical properties of Aluminum/Copper-Water HYBN 
and Aluminum monoxide-water nanofluid, including thermal conduc
tivity and dynamic viscosity extracted based on experimental results 
[44]. These properties have been used in several other studies related to 
heat transfer [57,58]. 

Table 2 presents the dynamic viscosity and thermal conductivity of 
aluminum oxide/copper–water HYBN and aluminum oxide–water mono 
nanofluid for a volume fraction of 0.1%. 

To determine the density and specific heat of HYBN and mono 
nanofluid, the thermophysical properties of nanoparticles are used 
based on Table 3. 

The relationship between the volume fraction of nanoparticles is 
expressed as follows: 

ϕ = ϕ1 + ϕ2 (15)  

where ϕ1 and ϕ2 are the volume fraction of aluminum oxide and copper 
nanoparticles, respectively. ϕ is the nanocomposite’s volume fraction. In 
this article, ϕ1 and ϕ2 equal to 0.0038% and 0.0962%, respectively. 

The density and specific heat and density of the nanocomposite and 
nanofluid are determined based on the (22-a) to (22-d) equations 
[61,62]. 

Validation 

To verify the present results, the results of the study of Jafarkazemi 
and Ahmadifard [63] are used. Jafarkazemi and Ahmadi-Fard [63] 
calculated the performance of a FPSC from exergy and energy perspec
tives theoretically and experimentally. They estimated the energy effi
ciency of the FPSC at various inlet temperatures. Fig. 2 compares the 
energy efficiency of the present study with those reported by Jafarka
zemi and Ahmadifard [63] according to the heat loss parameter. The 
average error between the present work’s results and the study of 
Jafarkazemi and Ahmadifard [63] is equal to 3.16%, indicating that the 
model developed in this study has high accuracy. 

Results 

To study the performance of the FPSC, different thermal and hy
drodynamic parameters are analyzed using aluminum oxide/copper–
water HYBN and aluminum oxide–water mono nanofluid. These 
parameters include energy efficiency, total heat loss coefficient, 
absorber plate temperature, Nusselt number, friction coefficient, pres
sure drop, and pumping power. In addition, the comparison of PEC at 
constant pumping power (PEC I) and constant pressure drop (PEC II) for 
nanofluids is also performed. The nanoparticles’ volume fraction of is 
constant and equal to 0.1%, the fluid inlet temperature is equal to 32 ◦C, 
and the Re is considered in the range between 700 and 2300. Also, 
impact radiation on the collector is assumed to be equal to 900 W/m2K, 

wind speed equal to 7 m/s, and ambient and sky temperatures are 20 ◦C 
[48]. 

Fig. 3 shows the energy efficiency of the FPSC for various working 
fluids in terms of Re. Fig. 3 demonstrates the higher energy efficiency of 
the collector by employing the HYBN and mono nanofluids instead of 
the base fluid. Also, the collector’s efficiency of energy using HYBN as 
the working fluid is higher than mono nanofluid. At Re of 700, the rate of 
increase of collector energy efficiency using aluminum oxide–water 
mono nanofluid is equal to 3.86% compared to the base fluid, and for 
aluminum oxide/copper–water HYBN is equal to 4.23%. As the Re en
hances, the collector energy efficiency for all working fluids is intensi
fied. However, the increase in collector energy efficiency for nanofluids 
is slightly less than for water. At Re of 2300, the rate of increase of 
collector energy efficiency for HYBN and mono nanofluid is equal to 
3.29 and 3.16%, respectively, relative to water. On the other hand, 

Table 2 
Thermophysical properties of HYBN and mono nanofluid [44].  

Nanofluid knf (W.m-1 K− 1) μnf (Pa.s) 

Aluminum oxide/copper–water  0.619982  0.614055 
Aluminum oxide–water  0.000972  0.0009041  

Table 3 
Thermophysical properties of nanoparticles used in this study [59,60].  

Nanoparticle ρ (kg.m− 3) cp (J.kg-1K− 1) 

Al2O3 3970 765 
Cu 8933 385  

Fig. 2. The energy efficiency obtained from the present study and reported by 
Jafarkazemi and Ahmadifard [63]. 

Fig. 3. The energy efficiency of base fluid, mono nanofluid, and HYBN in terms 
of Re. 
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according to Fig. 3, it can be seen that the collector energy efficiency 
diagrams become asymptotic by increasing the Re. By enhancing the Re 
from 700 to 2000, the increase in collector energy efficiency for water, 
mono nanofluid, and HYBN is equal to 2.02, 1.72, and 1.63%, respec
tively. Besides, by enhancing the Re from 2000 to 2300, the enhance
ment in collector energy efficiency for water, mono nanofluid, and 
HYBN is equal to 0.42, 0.3, and 0.27%, respectively. 

According to Fig. 3, the collector’s energy efficiency employing 
HYBNs is slightly more than aluminum monoxide-water nanofluid. 
Compared to mono nanofluid, the increase of collector energy efficiency 
using HYBN at Reynolds numbers of 700 and 2300 is 0.36% and about 
0.13%, respectively. 

Due to the constant amount of radiation flux and radiation properties 
of the collector, the amount of energy absorbed by the collector is 
constant. Therefore, an increment or reduction of energy efficiency de
pends on changes in the amount of useful energy output from the col
lector (Qu). The amount of useful energy is also affected by the amount 
of heat loss. For this reason, it is important to investigate the amount of 
heat loss. According to Eq. 1, the amount of heat loss depends on the 
coefficient of total heat loss (UL) and the average temperature of the 
absorber plate (Tpm). Therefore, these two parameters are examined 
below. 

The total heat loss coefficient following Eq. (2) contains of a top, 
bottom, and side coefficients of heat loss. In Figs. 4a and 4b, the top 
coefficient of heat loss and Fig. 5, the total heat loss coefficient of the 
FPSC for the base fluid and nanofluid, are plotted at different Reynolds 
numbers. Calculations show that about 83% of UL belongs to Ut, and only 
17% belongs to the bottom and sides coefficients of the heat loss for all 
working fluids. 

As shown in Fig. 4, the collector’s coefficients of top and total heat 
loss in the presence of the HYBN is less than the mono nanofluid and 
water. This is because of the higher heat transfer coefficient of the HYBN 
compared to other working fluids. Furthermore, it is concluded that a 
lower total heat loss coefficient for HYBN leads to higher collector ef
ficiency of energy than base fluid and mono nanofluid. By enhancing the 
Re, the total heat loss coefficient for all working fluids decreases due to 
an increasing trend of convection heat transfer coefficient with the Re. 

One of the most influential parameters in collector performance in 
terms of energy and lifetime is the absorber plate’s temperature. Fig. 5a 
shows the average temperature of the flat plate collector absorber plate 
for HYBN, mono nanofluid, and water in terms of Re. For a given Re, the 
temperature of the absorber plate with HYBN is lower than that of the 
mono nanofluid and base fluid. For example, at Re of 700, the rate of 
decrease of absorber plate temperature for HYBN and mono nanofluid is equal to 5.19 and 4.72 K, respectively, relative to water. At Re of 2300, it 

is equal to 4.4 and 4.22 K, respectively. 
According to Fig. 4, the trend of changes in the diagrams of the two 

figures is similar. The higher the absorber plate’s temperature, the 
higher total heat loss coefficient, and vice versa. On the other hand, 
based on Fig. 3, the trend of energy efficiency is opposite to the coeffi
cient of total heat loss and the absorber plate’s average temperature. 
Therefore, increasing or decreasing the collector energy efficiency de
pends on the total heat loss coefficient and the absorber plate’s average 
temperature. 

An increment in the heat transfer factor decreases the absorber 
plate’s temperature and consequently enhances the energy efficiency of 
the collector. Fig. 5b shows the collector heat transfer factor for water 
and nanofluids in terms of Re. The collector heat transfer factor has the 
maximum and minimum values for HYBN and water, respectively. 
Table 4 shows the amounts of FRUL, FR(τα), and ηen for the FPSC for 
different working fluids at Re of 2000. Higher FR(τα) and a lower FRUL 
increase the energy efficiency and indicate that the working fluid is 
more suitable for the flat plate collector. According to Table 4, the 
maximum amount of FR (τα) and the minimum amount of FRUL are 
related to the aluminum oxide/copper–water HYBN, followed by the 
aluminum oxide–water mono nanofluid, and the base fluid. Therefore, 

Fig. 4a. Top heat loss coefficient for different working fluids in terms of Re.  

Fig. 4b. Total heat loss coefficient for different working fluids in terms of Re.  

Fig. 5a. Absorber plate temperature for various working fluids versus Re.  
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from the energy point of view, the most suitable working fluid for the 
FPSC in the present problem is a HYBN. 

Fig. 6a shows the pressure drop of HYBN, mono nanofluid, and base 
fluid at different Reynolds numbers. The pressure drop of aluminum 
oxide–water mono nanofluid is more than the base fluid and less than 
the HYBN. The use of nanoparticles in the base fluid causes a drop in 
pressure, which is one of the most important challenges in applying 
nanofluids in flat plate collectors. According to Fig. 6a, the pressure drop 
is increased with the Re because of an increase in the coefficient of 
friction. At Re of 2300, the increase in pressure drop of HYBN and mono 
nanofluid is equal to 1.3 and 1.7%, respectively, relative to water. 

Evaluation of the pumping power generated in the flat plate collector 
circuit due to the base fluid, HYBN, and mono nanofluid is shown in 
Fig. 6b at various Reynolds numbers. Pumping power and pressure drop 

diagrams have a quantitatively similar trend. The use of nanofluids in
creases the pumping power and cost of the system. At Re of 2300, the 
pumping power of the system for water, mono nanofluid, and HYBN is 
1.12, 1.4, and 1.5 W, respectively. Although the amount of pumping 
power due to nanofluids is more than the base fluid, their amount is 
negligible. 

To assess the advantages of employing nanofluid, PEC is calculated. 
In this research, two types of PEC are used, PEC at a constant pumping 
power (PEC I) and at a constant pressure drop (PEC II). 

Figs. 7 and 8 depict PEC I and PEC II in terms of Re, respectively. In 
general, HYBNs have higher PEC than base fluids and mono nanofluids. 
Also, increasing the Re enhances the PEC. The PEC I for HYBN and mono 
nanofluid at Re of 700 is 1.77 and 1.85, respectively, and at Re of 2300 is 
2.77 and 2.89, respectively. The high values of PEC I are very significant 
for solar flat panel collectors, indicating the advantage of nanofluids. 
When the deposition and agglomeration of nanofluids are resolved in the 
future, the replacement of HYBNs with base fluids is a definite matter. 
According to Figs. 7 and 8, the value of PEC1 increases with increasing 
Reynolds number. The increase in heat transfer rate with increasing 
Reynolds number is the cause of this PEC1 behavior. These figures also 
show that the PEC1 values for hybrid nanofluids are higher than those 
for conventional nanofluids in similar Reynolds numbers, which in
dicates that the application of hybrid nanofluids is useful and effective. 

The PEC for a constant pressure drop is slightly less than that for a 

Fig. 5b. Collector heat transfer factor for various working fluids versus Re.  

Table 4 
FRUL, FR (τα) and ηen for FPSC for base fluid, mono nanofluid, and HYBN at Re =
2000.  

Working fluid FRUL FR(τα) ηen 

Water  3.594  0.7191  0.6711 
Aluminum oxide–water  3.573  0.7408  0.6931 
Aluminum oxide/copper–water  3.571  0.7418  0.6942  

Fig. 6a. Pressure drop of the base fluid and nanofluids versus Re.  

Fig. 6b. Pumping power of different working fluids in FPSC versus Re.  

Fig. 7. PEC at a constant pumping power in terms of Re.  
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constant pumping power based on Eqs. 31 and 32. Accordingly, PEC I at 
Re of 700 is equal to 1.65 and 1.73, and at Re of 2300 is equal to 2.66 
and 2.77, respectively. 

Environmental analysis 

To analyze the environmental effect of the solar flat panel collector, 
the energy visualization approach is used. For this purpose, it is assumed 
that the flat plate collector consists of 10 kg of copper and 30 kg of glass 
[32]. The energy visualization coefficients for copper and glass are 70.6 
and 15.9 MJ/kg, respectively [64], which other researchers have used 
for the environmental analysis of FPSC [32–34]. Based on this, the 
visualized energy for the FPSC is 1183 MJ for waters. 

The collector surface reduction method is used to assess the amount 
of visualized energy of the collector when other working fluids are 
employed. The required collector surface is calculated as follows: 

Ac =
ṁCpf(To - Ti)

ηGT
(23) 

The required collector surface is calculated for the same collector’s 
outlet and inlet temperature for nanofluids and the base fluid and based 
on the amount of collector’s thermal efficiency for nanofluids (Fig. 3). 
Thus, the reduction collector surface is 4.06 and 3.71%, respectively, 
when working fluid is aluminum oxide/copper–water HYBN and 
aluminum oxide–water mono nanofluid. 

Coal, oil, and natural gas are important sources of electricity gen
eration that also pollute the environment. Table 5 shows the production 
of carbon dioxide, nitrogen oxides, and sulfur oxides for these fuel 
sources. 

The amount of visualized energy for HYBN and mono nanofluid is 
calculated according to the amount of surface reduction. Also, according 
to Table 5, the amount of different pollutants is obtained for each of the 
collector working fluids. Table 6 presents the amount of visualized en
ergy as well as the amounts of production of each of the environmental 
pollutants, including carbon dioxide, nitrogen oxides, and sulfur oxides. 

According to Table 6, the amounts of pollutants for HYBN are less 
than other working fluids. The rate of carbon dioxide production 
reduction for HYBN and mono nanofluid is 29.15 and 26.64 kg, 
respectively, relative to water. Also, the reduction of sulfur oxides for 
HYBN and mono nanofluid is 0.0149 and 0.0136 kg, respectively, 
relative to water. The reduction of nitrogen oxides is also 0.0255 and 
0.0233 kg, respectively. 

Accordingly, the most polluting working fluid is water and the 
cleanest one from an environmental point of view is aluminum oxide/ 
copper–water HYBN. 

Conclusions 

In this study, different thermal and hydrodynamic parameters of a 
FPSC were evaluated using three various working fluids, including 
water, aluminum oxide/copper–water HYBN, and aluminum oxide–
water mono nanofluid. The nanoparticles’ volume fraction was equal to 
0.1%. After analyzing the results, it was found that:  

- The thermal efficiency of the collector with HYBN is more than other 
working fluids. Its maximum increase in collector thermal efficiency 
compared to water and aluminum oxide–water mono nanofluid was 
4.23 and 0.36%, respectively. Also, the maximum increment in 
thermal efficiency using aluminum oxide–water mono nanofluid was 
3.86% compared to water.  

- The amount of pumping power and pressure drop of HYBN was 
higher than other working fluids, but it was not significant. 

The absorber plate’s temperature was reduced when the nanofluids 
were employed instead of the base fluid. The maximum decrease in the 
absorber plate’s temperature for the HYBN and mono nanofluid was 
5.19 4.72 K, respectively, relative to water. 

The PEC values at a constant pumping power and PEC at a constant 
pressure drop indicated that employing the HYBN instead of the mono 
nanofluid and base fluid was more beneficial.  

- The maximum production of environmental pollutants, including 
carbon dioxide, nitrogen oxides, and sulfur oxides in a solar panel 
collector, occurred when water was applied as the working fluid, and 
the minimum amount of these pollutants occurred when HYBN was 
employed. 
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Fig. 8. PEC at a constant pressure drop in terms of Re.  

Table 5 
Production values of carbon dioxide, nitrogen oxides, and sulfur oxides for 
different fuel sources [65].  

Fuel CO2 (kg/MJ) NOx (kg/MJ) SOx (kg/MJ) 

Coal  0.274 0.00031 0.0005 
oil  0.220 0 0 
Natural gas  0.113 0 0.00003  

Table 6 
Visualized energy and amounts of pollutants for different working fluids in a 
FPSC.   

Water Aluminum 
oxide–water 

Aluminum oxide/ 
copper–water hybrid 

Visualized 
energy, MJ 

1183  1139.11  1134.97 

Carbon dioxide, 
kg 

718.08  691.44  688.93 

Sulfur oxides, kg 0.36673  0.35312  0.35184 
Nitrogen oxides, 

kg 
0.62699  0.060373  0.60153  
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Appendix 

Complementary correlations and equations 

The amount of absorbed solar energy depends on the radiative properties of the collector, including the glass transparent coefficient (τc) and the 
absorption coefficient of the absorbent plate (αp), as well as the total amount of impact radiation on the collector GT and is calculated based on the 
following equation [49]: 

S = 1.01τcαpGT (A-1) 

The coefficient of heat loss depends on various parameters such as emissivity (εp) and absorber tube’s temperature, emissivity (εc) and the number 
of glass cover N, ambient temperature, air transfer heat transfer coefficient, and collector angle from the horizon (β). Ut is calculated using the 
following relation [50]: 

Ut =

⎛

⎜
⎜
⎜
⎝

N
C

Tpm

(
Tpm - Ta

N + f

)0.33
+ 1

hw

⎞

⎟
⎟
⎟
⎠

− 1

+
σ
(

T2
pm + T2

a

)(
Tpm + Ta

)

1
εp + 0.05N(1 - εp)

+ 2N + f - 1
εc

- N
(A-2.1) 

Wind heat transfer coefficient is hw [49] where Vw is the wind velocity (m/s). 

f =
(
1 - 0.04hw + 0.0005h2

w

)
(1 + 0.091N) (A-2.2)  

C = 365.9
(
1 - 0.00883β + 0.0001298β2) (A-2.3)  

hw = 2.8 + 3Vw (A-2.4)  

m =

̅̅̅̅̅̅̅̅̅
UL

kpδp

√

(A-3) 

To calculate the base fluid’s Nusselt number, the Shah equation is used [66]. 

Nubf =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

1.953
(

RePr
Di

L

)1
3

RePr
Di

L
⩾33.33

4.364 + 0.0722
(

RePr
Di

L

)

RePr
Di

L
< 33.33

(A-9.1) 

The nanofluid Nusselt number is also obtained based on the relationship of Suresh et al. [45]: 

Nunf = 0.031(RePr)0.68
(1 + ϕ)95.73 (A-9.2) 

where ϕ is the volume fraction of nanoparticles. Moreover, Pr and Re represent respectively the Prandtl and Reynolds numbers and are obtained as 
follows [67]: 

Pr =
μfCpf

kf
(A-9.3)  

Re =
4ṁr

πDiμf
(A-9.4) 

where ṁr is the mass flow rate of each tube (riser) (kg/s). 
Since the collector tubes of the FPSC are parallel, the rate of mass flow of each riser is obtained by dividing the total rate of mass flow of the 

collector by the number of risers, n, which is as follows [68]: 

ṁr =
ṁ
n

(A-9.5) 

The output useful energy from the collector received by the working fluid is used to enhance the temperature of the fluid. Its relation to define the 
output fluid’s temperature is defined as belows [49]. 

Qu = ṁCpf(To - Ti) (A-10.1) 

where To is the working fluid’s output temperature in K. The working fluid’s average temperature is calculated as follows [49]: 

Tm = Ti +

(
Qu

AcULFR

)(

1 -
FR

F′

)

(A-10.2) 

hL represents the total head loss that is the sum of the collector’s major and minor head losses. hL is defined as follows [69]: 
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hL =
8ṁ2

r

ρ2
f gπ2D4

i

(

f
L
Di

+
∑

KL

)

(A-11.1) 

Here, KL is 0.5 for the fluid entering each riser and 1 for the fluid leaving the riser [51,69,70]. 
In Eq. (15), f represents the friction coefficient of the working fluid that is calculated applying the equation of Hagen-Poiseuille. 

fbf =
64
Re

(A-11.2) 

The coefficient of nanofluid friction is obtained employing the relation of Suresh et al. [45]. 

fnf =
26.44

Re0.8737(1 + ϕ)156.23 (A-11.3) 

The base fluid’s thermophysical properties are assumed to be a function of temperature and are calculated at the fluid’s average temperature. 
Water density is obtained as follows [55]: 

ρbf = − 3 × 10 - 3T2
m + 1.505Tm + 816.781 (A-15.1) 

The specific heat of water is calculated as follows [55]: 

Cpbf = - 4.63 × 10 - 5 × T3
m + 0.0552 × T2

m − 20.86 × Tm + 6719.637 (A-15.2) 

The thermal conductivity of water is calculated using the relation of De Castro et al. [56]: 

kbf = 0.6067

[

− 1.26523 + 3.70483
(

Tm

298.15

)

− 1.43955
(

Tm

298.15

)2
]

(A-15.3) 

The dynamic viscosity of water is calculated using the following equation [71]: 

μbf = 2.414 × 10 - 5 × 10 247.8
Tm − 140 (A-15.4) 

The density and specific heat and density of the nanocomposite and nanofluid are determined based on the (22-a) to (22-d) equations [61,62]. 

ρnp =
ρnp1ϕ1 + ρnp2ϕ2

ϕ
(A-15.5)  

Cpnp =
Cpnp1ρnp1ϕ1 + Cpnp2ρnp2ϕ2

ρnpϕ
(A-15.6)  

ρnf = (1 − ϕ)ρbf +ϕρnp (A-15.7)  

Cpnf =
(1 − ϕ)ρbfCpbf + ϕρnpCpnp

ρnf
(A-15.8)  
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