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ABSTRACT

This study addresses the critical need to improve the efficiency of solar flat plate collectors 
(FPC) where the key factors influencing their performance include the choice of working flu-
ids, exposure to sunlight, and minimizing heat loss. Carbon-based nanofluids, known for their 
exceptional thermal stability and heat transfer properties, emerge as a promising solution. This 
research presents an innovative approach by combining carbon-based (ethylene glycol-dia-
mond) and metal-oxide-based (alumina) hybrid nanofluids to boost collector efficiency. Ad-
ditionally, a two-step strategy is employed to reduce reflection losses. A triple glaze is applied 
to the collector’s top surface, followed by vacuum glazing. The latter, consisting of three layers 
of low-iron glass with an emissivity of 0.20 and a solar transmittance of 0.87 which reduces 
the glass thickness. This integration of vacuum glass and hybrid nanofluid results in an 82% 
increase in FPC efficiency. The nanofluids, with nanoparticles sized between 100 and 200 nm 
and material volume fractions of 0.3% for carbon-based and 0.1% for metal-oxide-based com-
ponents, circulate at 4 L/min. Ethylene glycol has an energy efficiency of 58%, alumina 68%, 
and diamond nanofluids 71.8%. Heat transfer coefficients are 0.88 for ethylene glycol, 0.93 
for alumina-based nanofluids, and 0.98 for diamond-based fluid. The hybrid nanofluids also 
exhibit heat loss ranging from 2.4 W/m.K to 4.0 W/m.K. Triple glaze vacuum layers achieve 
an efficiency peak of 82%, significantly reducing heat loss to 700W compared to single and 
double layers. The study utilizes Python in an Anaconda Jupyter notebook for detailed system 
modeling, facilitating thorough simulation of the system.
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INTRODUCTION

Today, the need for energy is on the rise, and meeting 
this demand relies heavily on costly energy sources, such as 

fossil fuels and petroleum. Solar energy is the most promis-
ing solution to address this energy demand. Solar thermal 
collectors play a pivotal role in harnessing the thermal radi-
ation from the sun and serve as energy sources. However, 

https://jten.yildiz.edu.tr
https://orcid.org/0000-0003-2920-1730
https://orcid.org/0000-0002-5286-552X
https://orcid.org/0000-0001-5879-3312
https://orcid.org/0000-0002-3903-1133
http://creativecommons.org/licenses/by-nc/4.0/


J Ther Eng, Vol. 11, No. 2, pp. 550−576, March, 2025 551

a significant portion of thermal energy is wasted owing to 
various factors, including collector performance, optical 
losses, and the characteristics of the fluid used. To enhance 
the efficiency of thermal collectors, ongoing research is 
dedicated to developing innovative heat transfer fluids and 
improving the thermal collector design. 

In [1], the FPC efficiency was significantly improved 
with hybrid nanofluids engineered for better thermal heat 
absorption. These nanofluids come in various formulations, 
including metal-based and metal-oxide-based options, 
enhancing heat-transfer fluids with impressive thermal 
conductivity. The research focuses on graphene-silicon and 
water-based hybrid nanofluids for FPCs, offering notably 
higher thermal conductivity and concentration ratios than 
previous nanofluids [2]. Two distinct hybrid nanofluids, 
blended with pure water, were used to optimize thermal 
energy extraction from FPCs [3]. Turbulence-inducing 
agents boost the heat transfer rates in combination with dis-
tilled water to enhance efficiency. Material concentration 
ratios of 0.01%, 0.05%, and 0.1% by weight improved the 
FPC performance compared with the current system [4].

Alumina (Al2O3) water-based nanofluids, containing 
20 nm particles at a volume of 0.1%, boost the FPC effi-
ciency by 23.6% at a 2 L/min flow rate [5]. In [6], zinc oxide 
(ZnO) and copper oxide (CuO) water-based nanofluids 
with 0.15% volume fraction achieved an efficiency increase 
of 77.64% at a flow rate of 0.0125 kg/s. Fe2O4/water-based 
nanofluids with a 0.5% particle concentration enhanced 
collector efficiency by 6.6%, aided by MATLAB coding for 
thermal calculations [7]. Meanwhile, cerium oxide (CeO2)-
water-based nanofluids with particle volume fractions of 
0.0167%, 0.0333%, and 0.066% and 25 nm particle size 
enhance the thermal collector efficiency by 10.74% [8]. 
These nanofluid compositions demonstrated significant 
improvements in FPC performance.

A blend of alumina (Al2O3) and titanium oxide (TiO2) 
nanofluids, each at a 0.1% weight ratio, featuring 20 nm and 
15 nm particle sizes, respectively, increased the collector 
thermal efficiency to 19-21% [9]. Titanium oxide in water 
nanofluids alone achieved a collector efficiency of 78% and 
an improvement of 9.80%. These gains depend on the sun-
light intensity and the inlet-outlet temperature difference 
[10]. In [11], a 0.5% ratio of alumina and crystal nanocellu-
lose nanofluids boosts the solar thermal collector efficiency 
by 2.8-8.46%, with viscosity inversely related to tempera-
ture. Hybrid nanofluids exhibit strong thermal conductiv-
ity, with copper-copper oxide (Cu-CuO)/water nanofluids 
increasing the collector conductivity by 17.52% and exergy 
efficiency by 2.3% [12]. These nanofluids offer substantial 
enhancements in the collector performance. 

The performance of thermal collectors was evaluated 
based on energy and exergy parameters, employing four 
types of nanofluids: alumina (Al2O3)/water, magnesium 
(Mg)/water, titanium (Ti)/water, and copper oxide (CuO)/
water, all operated at flow rates ranging from 1 to 4 L/min 
[13]. Efficiency was found to increase with higher fluid 

density. Additionally, the effectiveness of graphene-based 
nanofluids was examined under sunlight intensities of 600 
W/m2, 800 W/m2, and 1000 W/m2, with mass flow rates 
ranging from 1.2 to 1.5 L/min, resulting in a potential effi-
ciency enhancement of up to 7.9% [14]. Another study 
explored the use of graphene and crystal nano-cellulose 
nanofluids, with concentrations ranging from 0.3% to 0.5% 
and a volumetric fraction of 0.5%, to improve collector 
performance [15]. Furthermore, the utilization of copper 
oxide nanofluids in distilled water was found to enhance 
thermal performance by up to 4% across various tempera-
tures, simultaneously reducing pressure while augmenting 
energy transfer and heat gain for FPCs [16]. Table 1 pro-
vides a comparative analysis of the properties of the various 
nanofluid types. There are two primary categories of nano-
fluids: metal-based and carbon-based, with metal oxide 
being another form. Carbon-based nanofluids exhibit supe-
rior thermal conductivity and heat-bearing capacity when 
compared to other nanoparticles. Metal-based nanofluids 
also demonstrate commendable thermal conductivity and 
volume fraction. In contrast, metal-oxide-based nanofluids 
generally possess lower thermal conductivity compared to 
carbon-based and metal-based nanofluids [17].

For FPCs, low-emissivity coatings on glass materials 
reduce optical losses. Selective glass layers, such as tin-
doped indium oxide and aluminium-doped zinc oxide, 
minimize reflection loss and enhance the FPC efficiency. 
Single-glaze, low-nonselective absorbers, and double-glaze 
high-selective absorbers also boost the collector perfor-
mance [19]. In [20], double-glazed, low-emissivity glass 
coatings improved the efficiency at low ambient tempera-
tures. Low-emissivity coatings with up to 85% solar trans-
mittance are employed in FPCs to further enhance their 
efficiency.

Figure 1 depicts the heat collection process using nano-
fluids in FPCs via a heat exchanger. One side carries the 
nanofluids and collects and stores energy from the collec-
tors. In contrast, water cools the nanofluids and returns 
them to the tank after heat storage. The circulating pump 
controls the fluid flow through the collector, which is regu-
lated by a flow control valve. Increasing the number of glass 
covers reduces the top heat loss and boosts efficiency by 
40% at higher temperatures. To minimize heat loss, both 
the adsorbent plate and cover should have an emittance 
value of 0.1 [21]. In [22], anti-reflecting and self-cleaning 
coatings were introduced to enhance FPC efficiency.

Conventional solar FPCs typically employ a single 
glass cover with high transmittance, low iron content, and 
a high anti-reflective coating to minimize reflection loss. 
Lower-emissivity coatings are used to enhance the collec-
tor efficiency at high temperatures. Introducing an air gap 
between the selective absorber and cover reduces radiation 
losses. Double glass covers were used to further minimize 
the top and reduce losses. These double glass covers incor-
porate a low-emissivity coating between the two layers, 
significantly reducing reflection loss. The double glass is 
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composed of low iron content with 8 mm thickness, boast-
ing a low emissivity coating value of 0.94 and a transmissiv-
ity of 0.5. Figure 2 illustrates a design featuring single and 
double glass covers.

In [23], thermal FPCs were theoretically evaluated using 
vacuum glazing to optimize the internal and external energy 
absorption configurations of the absorber. A low-emis-
sivity coating with a value of 0.20 and a transmittance of 

Table 1. Different nanofluids and their characteristics [17, 18]

Particle size 
(nm)

Volume fraction 
(%)

Thermal 
Conductivity 
(W/m/k)

Thermal 
enhancement %

Efficiency of FPC %

1. Metal
Gold <400 0.05-0.1 320 22 Improve efficiency by 

2.3-23% overall [39]Silver <100 0.3-0.9 424 18
Copper 50-100 0.1 398 41
Aluminum <10 0.10 273 35
Steel 10 0.01-0.05 46 25
2. Metal-oxide
Alumina (Al2O3) 28 3-8 40 41 Efficiency improve up to 

26.33% [39]Cupric (CuO) 100 7.5 77 52
Iron-oxide (FeO) 15 3-5 7 30
Titanium dioxide (TiO2) 15 0.5-5 8.37 30
Zinc-oxide (ZnO) 10 0.1-0.5 29 25
Silicon dioxide (SiO2) 12 1-4 23 23
3. Carbon
Carbon black 190 4.4-7.7 0.182 10 Efficiency improved up 

to 28.6% [39]Graphene oxide Not specified 0-0.6 2000-5000 6.47
Diamond/MWCNT 5-15µm 0.14-0.24 900-2320 10
4.Working fluids
Water ≥ 1µm 0.5-14.50 0.68 5 [70]

Ethylene glycol 5-50microm 14.25 0.257 4.93 Efficiency improve by 
5% [70]

 

 Flat plate thermal collector                                      Heat exchanger  

                                                         NF inlet Water inlet 

                                                                                   

 Fresh water circuit 

 NF outlet Water outlet 

 

 

 Nano fluid circuit  

 

 

                    Flow control valve 

 

 Circulating pump                           Nano fluid supply tank  

Figure 1. Flat plate heat collection process with nanofluids [From Chamsa-Ard et al. [17], with permission from MDPI].
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0.85 yielded the highest efficiency. The absorber was sealed 
using vacuum glazing with a glass temperature tolerance of 
156°C. The vacuum glass consists of 4 mm tempered glass 
panes with a 0.3 mm gap. Figure 3 depicts the vacuum cre-
ation process between glass panes using edge spacers and 
soldering techniques, ensuring a vacuum pressure of less 
than 1pa and reliable sealing. Secondary seals are employed 
to maintain the vacuum pressure and prevent leaks due to 
the high melting temperature of tin alloys.

Heat loss significantly affects the thermal heat collec-
tor efficiency owing to inadequate solar radiation capture 
and heat transfer losses. Vacuum glass reduces the heat loss 
from 5.51 W/K. m2 to 3.34W/K.m2, achieving an efficiency 
of 58.6% with a loss coefficient of 1.68 W/K. m2 [25]. In 
[26], seven materials with varying concentration ratios 
were used to create high-transmittance vacuum glass, each 
measuring 300mm × 300mm × 4mm and operating at 50°C.

A study used alumina/water-based nanofluids to 
improve a FPC’s performance, evaluating efficiency at mass 

flow rates of 0.1 to 0.4 kg/s. Nusselt numbers were used to 
determine the coefficient of performance, with additional 
tests using copper oxide, titanium oxide, and silicon oxide 
nanofluids. Despite efforts to increase efficiency by rais-
ing nanoparticle concentration by 3% and flow rate to 0.2 
kg/min, there was no significant improvement due to low 
thermal conductivity [42]. Nanofluids notably boosted the 
FPC’s thermal performance, improving it by 5% to 35% 
and extending its lifespan. They also enhanced the col-
lector’s thermal stability and conductivity. However, high 
viscosity, friction, and pressure drop values, compounded 
by low thermal stability, compromised the collector’s effi-
ciency [43]. Graphene and crystal nano-cellulose nano-
fluids, at 0.5% and 0.3% volumetric fractions, were used 
to improve collector thermal performance. However, high 
optical loss and volume concentration, notably at 15.81%, 
greatly affected collector efficiency [44]. Zinc-oxide/water 
and copper-oxide/water nanofluids were used to enhance 
the FPC’s efficiency, resulting in a notable 81.64% increase. 

Second layer of glass 

Low e-glass first layer Low e-glass sigle layer

Selective absorber Low selective absorber 

       Double layer glass flat plate collector        Single layer glass flat plate collector 

Figure 2. FPCs with double (Left) and single (Right) glass layers [From Giovannetti et al. [19], with permission from 
Elsevier].

Figure 3. Vacuum glazing on FPCs with sealing details [From Arya et al. [24], with permission from Elsevier].
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However, their heat-bearing capacity is insufficiently low 
[45]. Multi-wall carbon nanotubes and alumina nanoflu-
ids were used to enhance thermal performance, resulting 
in a notable 26% improvement. However, they are tailored 
for specific conditions rather than being suitable for all 
weather conditions [46].

Applying magnesium oxide water-based nanofluid in 
FPCs showed a maximum relative error of 5.36% and a 
minimum of 0.20%. A concentration of 0.75% magnesium 
oxide water enhanced collector efficiency, but the high 
mean relative error significantly affected result accuracy 
[47]. Using GAMWCNT-water-based nanofluid effectively 
improved collector efficiency. Testing different concentra-
tions led to an impressive 30.88% overall energy efficiency 
boost. However, the combination of nanofluids raised the 
inlet temperature, impacting the working fluid’s perfor-
mance [48]. MWCNT-water-based nanofluids were used in 
FPCs to improve thermal efficiency by 52.4% and exergy 
efficiency by 2.56%. However, the high friction factor and 
elevated Nusselt number values shorten the fluid’s lifespan 
[49]. Carbon-based (MWCNT/water) and metal-based 
(alumina/water at 1% volume fraction) nanofluids were 
used to boost collector thermal performance. However, 
combining these nanofluids reduces the Nusselt number, 
affecting fluid concentration [50]. Titanium dioxide and 
CF-MWCNTs nanofluids improved collector efficiency by 
26%, yet their temperature bearing capacity is low [51].

Clove-treated carbon nanotubes and titanium dioxide 
composite materials (60% to 40%) boosted FPC perfor-
mance by 20.6%, along with a 22.9% increase in exergy 
rate. However, they have a low temperature-bearing capac-
ity, worsened by a high pressure drop from increased flow 
rates [52]. A ZrO2-SiC and distilled water hybrid nano-
fluid boosted FPC efficiency by 75.21% across different 
mass flow rates. However, increasing nanofluid flow rates 
reduced the enhancement of the collector’s exergy rate 
[53]. Nanofluid motion affects collector efficiency as it 
alters thermal conductivity, heat absorption, and heat gen-
eration [54-57]. Combining iron-oxide nanoparticles and 
polyethylene glycol 200 creates nanofluids for FPC fabri-
cation. This boosts collector efficiency notably by 13.83% 
[58]. The CuO-MWCNT and methanol nanofluid offers 
high heat transfer rate, exergy efficiency, and low entropy 
rate. However, using a large quantity of nanofluids raises 
entropy, thereby reducing collector exergy efficiency [59]. 
In a recent study, hybrid nanofluids composed of oil and 
nanoparticles were used for thermal energy collection. 
The performance was enhanced by adding multiwall car-
bon nanotubes and alumina particles to the nanofluids 
[73]. Copper and multiwall carbon nanotube water-based 
nanofluids are used to enhance the thermal performance 
of flat plate collectors. Using this nanofluid improves the 
collector’s efficiency by 32.25% [74]. In another study, ion-
anofluids and nanofluids with various base fluids, such as 
water, ethylene glycol, and different types of ions, were used 
to enhance the performance of flat plate collectors [75]. 

Alumina-water ethylene glycol-based nanofluid is used to 
enhance the thermal performance of flat plate collectors 
at different concentration ratios. This results in a 54.1% 
improvement in the collector’s efficiency [76, 77]. In one 
study, CuO-water-based nanofluid was used to enhance the 
thermal performance of flat plate collectors, resulting in a 
32% improvement in efficiency [78, 79]. Alumina-water-
based nanofluid is employed to boost the performance of 
flat plate collectors [80]. Table 2 decsribes the summary of 
the reviewed literature.

The objective of this research is to improve the thermal 
efficiency of FPCs by utilizing hybrid nanofluids and vac-
uum glazing principles. The utilization of hybrid nanofluids 
enhances the efficiency of the collector, whereas vacuum 
glazing serves to minimize reflection losses, thereby aug-
menting the rate of radiation absorption.The study focuses 
on developing hybrid carbon and metal-based nanoflu-
ids with superior thermal conductivity, high heat-bearing 
capacity, and prolonged longevity. Diamond nanoparticles 
are incorporated for their exceptional thermal conductiv-
ity and heat-bearing properties. The proposed nanofluids 
consist of alumina, diamond, and ethylene glycol-based 
compositions, with maximum weight proportions of 0.3%, 
0.1%, and 0.3% respectively. These nanofluids are circu-
lated at a mass flow rate of 4 L/min to capture the thermal 
heat generated by the FPCs. Additionally, heat loss assess-
ment is conducted using nanofluids with varying mass frac-
tions to comprehensively evaluate collector performance. 
To optimize FPC design, vacuum glazing is introduced to 
minimize reflection loss within the absorber. The selected 
glass material exhibits an emissivity of 0.21 and a transmit-
tance of 0.87%, significantly contributing to overall effi-
ciency enhancement. The design methodology relies on 
simulations carried out using the Python Anaconda Jupiter 
notebook.

SYSTEM DESIGN

Flat-Plate Collectors
FPCs are a type of solar thermal heat collector that 

gathers thermal heat by moving fluids through it. The sun’s 
irradiation radiation is absorbed by the working fluids and 
used. The dark surfaces of the FPCs are heated by the sun’s 
irradiation radiation, and this heat is captured by the flu-
ids that flow through the pipes in the absorber portions. 
The FPC’s top cover is made of glass, and in the proposed 
design, vacuum glazing is used to let in the sun’s high-fre-
quency radiation while blocking its low-frequency radia-
tion. Additionally, it prevents cold air from passing through 
the glass surface and reaches the absorber portions, which 
lose heat. For this reason, vacuum glass enhances the FPC 
efficiency [40].

Several fluid formulations have been proposed to 
improve the efficiency of thermal heat collection from 
FPCs. These fluids can be metal-based, metal-oxide-based, 
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Table 2. Literature review summary

Ref Nanofluid Advantages Disadvantages Major findings
[42] Alumina/water-based 

(copper oxide, titanium 
oxide, and silicon oxide)

· FPC efficiency improved by 
32.1% with negligible pressure 
drop

· Low thermal 
conductivity and high 
concentration rate which 
reduce the lifespan of 
collector 

1. Thermal efficiency 
increased by 29.27%.

2. Improved collector’s 
heat transfer coefficient.

3. Minimal pressure drop.
 [48] GAMWCNT-water-based 1. Exceptionally stable.

2. Environmentally safer with 
covalent functionalization, 
reducing environmental risks.

1. Low thermal 
conductivity

2. High inlet temperature 
reduces efficiency and 
affects the collector

1. Collector efficiency up 
by 30.8%.

2. Exergy efficiency rises 
with higher mass flow 
rates

3. Low cost with payback 
period of 1.9 years

 [49] MWCNT/water and 
alumina/water

1. Thermal efficiency increases 
by 56% with improved heat 
transfer rate

2. Low entropy generation value

1. High friction reduces 
nanofluid lifespan.

2. Shortens collector 
lifespan.

1. Friction factor peaks 
at 13.05% with 0.3% 
nanofluids.

2. Thermal efficiency 
increases by 56.69%

3. Exergy efficiency 
reaches 2.59% with 
0.3% nanofluids

 [52] Clove-treated carbon 
nanotubes and titanium 
dioxide composite materials

1. Environmentally friendly 
approach

2. Enhance energy and exergy 
efficiency

3. Decrease collector size

1. High pressure drop
2. Low temperature 

bearing

1. Thermal efficiency 
and exergy improve by 
20.6% and 22.9%.

2. Thermal conductivity 
improve by 18.2% at 
50°C.

3. Reduce collector size by 
20.5%

 [72] Carbon nanotubes and 
ethylene glycol 

1. Enhance collector thermal 
efficiency.

2. High energy gain.
3. Decrease carbon emissions

1. Low thermal stability
2. Low thermal efficiency

1. Cut carbon emissions 
by 39.28kg/day.

2. Improve collector 
efficiency.

3. High inlet-outlet 
temperature difference.

[81] Graphene-based organic 
nanofluids 

1. Improve collector thermal 
performance. 

2. Environmental friendly.

1. Laboratory-based 
experimental system 
which does not cover 
real-time operation. 

2. Low stability and 
durability. 

1. Overall efficiency 
improves by 62%.

2. Reduces exergy loss by 
49.58%. 

[82] MXene/C-dot hybrid 
nanofluids 

1. Reduces thermal corrosion. 
2. Improves photo thermal 

efficiency. 

1. High entropy 
generation. 

2. Low thermal 
conductivity. 

1. Reduces corrosion by 
64.5%. 

2. Improves thermal 
efficiency to 50.5%. 

[83] Silicon-carbide with 
distilled water 

1. Better thermal conductivity 
and exergy efficiency.

1. IIncreases corrosion, 
which reduces plate life. 

2. Low thermal stability. 

1. Thermal efficiency 
improves by 77.43%

2. Exergy improves by 
37.42%

3. Thermal efficiency 
enhanced by 0.1% SiC/
DW nanofluids. 
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or carbon-based. In the proposed design, carbon-based 
nanofluids are favoured and implemented to improve the 
efficiency of FPCs because they are known to have high 
thermal stability and low heat loss.

A FPC comprises four primary components: an absorber, 
heat-collection tubes, glazing, and insulating material, as 
illustrated in Figure 4. Absorbers absorb heat and subse-
quently transfer it to the working fluids, while fluid tubes 
collect and convert this heat for practical use, such as cool-
ing and hot water demand for buildings. Glazing plays a 
crucial role in minimizing the reflection loss of solar radi-
ation. The insulating layer, positioned at the bottom, was 
constructed from fibrous materials designed to curtail heat 
loss. These components are encased within the insulating 
material, safeguarding them from the weather and potential 
damage. 

A triple-glazing vacuum layer was used in the FPCs to 
decrease heat loss, and nanofluids were used as the working 
fluid. The use of ethylene-glycol-alumina-diamond-based 
nanofluids, in particular, improves the overall performance 
of FPCs. The absorber is enclosed in these collectors by an 
insulating layer composed of fibre materials. The glass sec-
tions of the FPC were sealed using primary and secondary 
seals. To achieve a vacuum of 1 mbar inside the glass of the 
FPC, the primary purpose of the seal is to create a vacuum. 
The function of the secondary seal is to sustain this vacuum 
over time, thereby ensuring the continued effectiveness of 
the collector. 

The proposed design focuses on two key elements: 
glazing to minimize the reflection loss and heat transfer 
fluids. On the glazing front, a 4 mm triple-layer vacuum 
glass was employed to minimize the reflection losses of 
solar radiation to the lowest possible level. Meanwhile, 
on the fluid side, nanofluids, specifically ethylene 

glycol-alumina-diamond-based nanofluids, are utilized to 
enhance the efficiency of FPCs.

Glass losses significantly affect the performance of 
FPCs, either by enhancing or reducing their effectiveness. 
These losses are primarily produced in two ways, either 
through reflection loss or radiation emission. The first, 
reflection loss, amounts to 8% [19], which is deemed rela-
tively high, whereas the second, radiation loss, is 6% [19]. 
Radiation loss occurs because the absorber within the FPC 
absorbs solar heat, leading to heating effects in the working 
fluid within the channels. This heat is subsequently emit-
ted from the top glass of the collector. On the other hand, 
reflection loss results from the interaction of solar light 
with glass, causing a reflection effect when it collides with 
the glass surface.

          Sun

100% Reflection 4%

         Triple glass layer

              Vacuum

  Heat conduction 3%

Covection                   Reflection      Radiation   
13%                          8%                 6%          

Absorber                                             60%

Figure 6. FPC with triple vacuum glasses.

Reflection 8%
 Emission of Radiation

6%

Irradiation

                Absorption

Transmission

Flat Plate Collectors top glass 
loss details

Figure 5. Heat loss details at the top glass of single glass 
FPCs.

    Sun

               Absorbing plate
             Edge isolation

Vacuum glass
Tube

 Thermal insulation

Panel angle 
Edge isolation

Figure 4. FPCs with vacuum glass layers [From Okonkwo 
et al. [29], with permission from Elsevier].
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Figure 5 shows the heat losses through the FPCs’ top 
glass, where 8% of the solar energy was reflected off the 
surface of the glass. Vacuum glazing was used to reduce 
this reflection on the top surface of the FPC and increase 
the overall efficiency. The glass-related heat loss in the FPC 
with a triple-glaze vacuum layer is shown in Figure 6. To 
reduce the reflection losses caused by glass in FPCs, this 
specialized triple-glazing uses three layers of glass with a 
vacuum formed between them. Reflection loss in a typical 
single-glass FPC is 8%, which is considered high. However, 
the use of a triple-glass vacuum layer in the proposed design 
is expected to reduce this loss. Low-iron-content glass was 
chosen for this purpose owing to its advantageous proper-
ties, including a high transmittance and good emissivity of 
0.90.

Vacuum Glazing
As shown in Figure 7, the vacuum glazing system con-

sists of two sets of glass panels joined by maintaining a 
vacuum between them. A protective cover supported these 
glass panes in opposition to one another. A pressure of less 
than 0.1 Pa is achieved after methodically evacuating the 
space between these glass sets. The gas conduction and 
convection within the FPCs were effectively eliminated by 
this vacuum. Vacuum glazing improves heat transfer while 
minimizing the solar radiation loss from reflection. In addi-
tion, vacuum glazing uses a very thin, silver-based coating 
with low-iron-content glass. This coating featured a high 
transmissivity rate of 90% and an extremely low emissivity 
value of 0.03. This, in turn, reduces the solar reflection loss. 
Vacuum glazing has the benefit of low-air thermal insula-
tion, which also increases energy efficiency. The amount of 
vacuum between the two panels lowers the solar radiation 
loss. The vacuum layer had a thickness of 0.4 to 0.6 mm.

Apart from having high thermal conductivity and 
exceptionally low carbon emission quantity, vacuum glass, 
which is a type of energy-saving glass, reduces carbon emis-
sions from FPCs while also minimizing reflection and radi-
ation emissions. A triple-layer vacuum–glass configuration 
is proposed in this paper. Vacuum glass is made of tempered 
glass with low iron content, one layer per layer. Silica-based 

low-iron glass with a low emissivity was used in the top 
layer to mitigate reflection losses. The second layer contains 
a 0.3-0.6 mm vacuum, and the glass extends from the panel 
to the insulation layer of the FPC. The vacuum within this 
layer is maintained at a very low level, equivalent to 1 mil-
lion mbr, which minimizes conduction and further reduces 
the reflection of solar radiation. In the third layer, another 
vacuum is created, which is complemented by a low e-coat-
ing with low emissivity properties, which plays a role in 
reducing reflection losses. These vacuum glazing layers are 
designed to allow the passage of solar radiation within the 
0.7-2.8µm wavelength range while effectively reducing the 
reflection of this radiation from the absorber plate back 
into the environment. The pillars provided support to the 
glass to ensure its stability under environmental changes. 
In short, triple-layer glass enhances both the emissivity rate 
and transmittance of solar radiation to the absorber within 
FPCs. The layering process is illustrated in Figure 8.

         Lower glass

         Protection cap

Vacuum

Clear glass 

           Microspacer

Figure 7. Vacuum glass layer of FPC [From Shemelin and 
Matuska [23], with permission from Wiley].

       Low iron glass 

    Vacuum1

Vacuum G1
                 Low emissivity coating

VacuumG2

Figure 8. Details of cover glazing for FPCs [From Shemelin and Matuska [23], with permission from Wiley].
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For comparison, a FPC with a single glass layer has a 
transmissivity rate of 0.90 and a low solar radiation emis-
sivity rate of 0.84. Owing to the low emissivity of the glass 
layer, a higher heat loss is produced, which also causes an 
increase in radiation losses and a decrease in the overall 
efficiency of the FPCs. In contrast, a flat plate with a dou-
ble glass layer and an anti-reflective coating was introduced 
to reduce the losses caused by the glass. This development 
improves the emissivity and transmissivity of the FPCs. The 
anti-reflective coating on this double layer increased the 
efficiency of the FPC to 78%. The double-layer glass in this 
configuration had an emissivity rate of 0.85 while maintain-
ing a transmissivity of 0.90 [28].

Several critical factors are considered during the fabri-
cation of a vacuum enclosure for a FPC. First and foremost 
is ensuring an adequate vacuum pressure within the enclo-
sure, which significantly prolongs the collector’s lifespan 
[60, 61]. Secondly, attention is given to the geometry of the 
enclosure, ensuring it is mechanically sound and equipped 
with a robust vacuum seal to envelop the absorber and 
establish a vacuum environment. Supporting pillars play a 
crucial role in maintaining the vacuum between two glass 
layers; these pillars must possess sufficient strength to with-
stand substantial pressure. To achieve a hermetic seal and 
maintain the vacuum, ultrasonic soldering techniques are 
employed. A metal alloy such as Cerasolzer 217, character-
ized by its high melting point of 217°C, is utilized to rein-
force the vacuum. This alloy forms a resilient bond between 
the two glass layers, enhancing the structural integrity of 
the enclosure. The assembly process involves enclosing 
the Cerasolzer within the enclosure assembly, followed by 
sealing it within a secondary enclosure. Once completed, 
the vacuum enclosure is ready for use, effectively covering 
the absorber of the FPC and ensuring optimal performance 
[62, 63].

Ethylene Glycol-Diamond-Alumina Based Nanofluids
Nanofluids play an important role in enhancing the 

efficiency of thermal FPCs. To enhance the thermal heat 
collection, three distinct types of nanofluids were pro-
posed in this study. These include metal oxide-based and 
carbon-based nanofluids, which are created using ethylene 
glycol, nanocrystalline diamond, and alumina. These mate-
rials are chosen based on their remarkable thermal stability 
when exposed to heat, resulting in minimal heat loss. This 
makes them ideal for the creation of nanofluids aimed at 
improving the efficiency of thermal heat collection in FPCs 
[29]. These materials also help mitigate the internal and 
external losses associated with the absorber plate. This fur-
ther contributes to an increase in overall system efficiency.

Nanocrystalline diamond is employed to prepare nano-
fluids through a chemical reaction involving acids, such as 
sulfuric acid or nitric acid, in the presence of either distilled 
water or ethylene glycol. The nanodiamond content was 
0.33% by weight of the nanofluids. The produced nanofluid 
exhibited excellent thermal stability, indicating its reaction 

with acid. The operational temperature range for this type 
of nanofluid spans from 30°C to 80°C. The weight of each 
component of the nanofluid can be determined using equa-
tion (1) [29, 65, 66].

  (1)

where Φwt% is the volumetric concentration, wp is the 
weight fraction of the nanofluid, and wbf represents the base 
fluid used to prepare the nanofluid.

Alumina-based nanofluids were formulated in the pres-
ence of a mixture of distilled water and ethylene glycol, with 
alumina containing 0.05% weight percentage. Equation (1) 
can also be applied to calculate the exact weight of alumina. 
The operational temperature range for this alumina-based 
nanofluid ranged from 30°C up to 80°C, and it demon-
strated decent heat-bearing properties.

The weight percentage of ethylene glycol was equal to 
0.1% of the weight of distilled water, which was used to 
prepare ethylene glycol-based nanofluids. These nanofluids 
also have an excellent heat-bearing capacity. To prepare the 
combined hybrid nanofluids from these different nanoflu-
ids, equation (2) can be used to determine the weight ratios 
of the different materials. Hybrid nanofluids are expected 
to improve the thermal efficiency of FPCs with reduced 
heat losses.

  
(2)

All these materials were mixed together in the presence 
of base fluids (water and ethylene glycol) at a temperature 
of 25°C. They were stirred for 30 min and left to settle for 
3-4 hours. This resting period ensures thorough mixing of 
the nanofluids, making them ready for heat collection in 
the thermal collectors. 

Modeling of the nanofluids
To effectively capture heat from the flow passage, the 

characteristics of nanofluids used in FPCs must be well 
understood. In the design process, the viscosity, ther-
mal conductivity, and specific heat capacity of nanofluids 
containing alumina and diamond particles were assessed. 
These design considerations consider variables such as 
temperature, solar radiation intensity, and particle volume 
fraction. Water and ethylene glycol were used as the base 
fluids in this design.

The equations for working fluids flow and heat trans-
fer of the nanofluids is governing by using momentum law 
and first law of thermodynamics energy equations. [64, 66]. 
Equation (3) is used to determine the velocity and density 
of the nanodluids where ρ is the density of the nanofluids 
and µi is the velocity of the nanofluids. 

  (3)



J Ther Eng, Vol. 11, No. 2, pp. 550−576, March, 2025 559

Equation (4) is used to determine the velocity vector of 
the nanofluids where p is the pressure of the fluids and µiµj 
is the speed of the fluids. 

  (4)

Equation (5) represents a component of the velocity 
vector, pressure, and temperature of the nanofluids. Here, 
K denotes the thermodynamic variables, T signifies the 
temperature, Cp indicates the specific heat capacity of the 
fluids, and ST represents the secondary temperature of the 
fluids. 

  (5)

The boundary condition at the inflow section of the 
nanofluid resembles laminar and uniform flow. The rela-
tion provided below illustrates this boundary condition, 
indicating that in laminar flow, the pressure drop value is 
zero. 

Equation (6) is used to determine the inflow in the 
pipe section of the nanofluids where Uin is the inlet heat of 
the fluids, T is the temperature and Tin is the temperature 
velocity of the inlet fluids. 

  (6)

Equation (7) serves to calculate the outlet flow of the 
nanofluids within the collector pipe. It describes the bound-
ary condition for this process. 

  (7)

Equation (8) is utilized to calculate nanofluid thermal 
conductivity, where Knf represents the effective thermal 
conductivity of nanofluids, Kbf is the thermal conductivity 
of base fluids, φ denotes the volume fraction, Tf is the fluid 
temperature, and the coefficients a0, a1, a2, a3, and a4 are 
determined through regression analysis [29, 30].

  (8)

The specific heat capacity of nanofluids is determined 
by applying equation (9), wherein Cpnf represents the effec-
tive thermal conductivity of the nanofluids, Tf denotes the 

fluid temperature, and Cpbf stands for the effective thermal 
conductivity of the base fluids.

  (9)

Subsequently, the viscosity of the nanofluids is obtained 
using equation (10), where μnf represents the dynamic vis-
cosity of the nanofluids.

  (10)

The density of nanofluids can be determined using 
equation (11), where ρbf represents the density of the base 
fluids, φt is the thermal accommodation coefficient of the 
base fluids, and φhnp is the thermal accommodation coeffi-
cient of nanofluids.

  (11)

Equation (12) is utilized to calculate the internal heat 
transfer coefficient of FPCs, a key element in the heat trans-
fer process where Nu represents the Nusselt number, kf is 
the Darcy permeability of the fluids, and Di is the diameter 
of the tube. 

  (12)

Equation (13) is utilized for calculating the Reynolds 
number (Re), and equation (14) is employed to determine 
the Prandtl number (Pr). Both equations play a crucial role 
in computing the flow rates of both nanofluids and water 
within the flow passage of FPCs. The calculations involve 
parameters such as mass flow rate (m), viscosity of the flu-
ids (μf), and effective thermal conductivity of the nanoflu-
ids (cpf). 

  (13)

  (14)

Figure 9 illustrates the thermal conductivity charac-
teristics of the base fluid employed in this design obtained 
through the utilization of equation (8). The thermal con-
ductivity of the base fluid was measured at 25°C. The cal-
culated values of the specific heat capacity and viscosity of 
the base fluid and the thermal conductivity of the base fluid 
were computed. The time value was taken up to 10 h, where 
0 h indicates the time at 0800.

Initially, both fluids possess a thermal conductivity of 
1.7 W/m·K. However, as the day progresses, there is a pro-
gressive increase in the thermal conductivity. After 6 h, it 
reaches a value of 1.9 W/m·K, indicating a rising trend in 
the thermal conductivity as the day continues.
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Figure 10 illustrates the variation in specific heat capacity 
at different temperature of the nanofluids simulated using 
equation (9). Utilizing the heat transfer equation. Initially, 
at a low temperature of 25°C, the specific heat capacity is 
4200 J/kg.K. As temperature rises, so does the specific heat 
capacity of the nanofluids. At the peak temperature of 90°C, 
the specific heat capacity reaches its maximum at 22500 J/

kg.K. Notably, the specific heat capacity of the nanofluids is 
contingent upon the temperature of the fluids.

Figure 11 displays the viscosity measurements for both 
alumina and ethylene glycol-diamond-based nanofluids 
obtained through the utilization of equation (10) and (11). 
At a temperature of 25°C, the viscosity of alumina nanoflu-
ids is recorded at 5 N.s/m², while the viscosity of ethylene 
glycol-diamond fluid at the same temperature stands at 21 

Figure 9. Thermal conductivity of base fluids with respect to time.

Figure 10. Specific heat capacity of the nanofluids against temperature.

Figure 11. Viscosities of the nanofluids against temperature.
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N.s/m². With increasing temperature, the viscosity of the 
nanofluids experiences a decrease. For instance, at a tem-
perature of 70°C, the viscosity of alumina decreases to 0.5 
N.s/m², whereas the viscosity of diamond fluids reduces to 
4 N.s/m². 

Modelling of Flat-Plate Collectors
Solar FPCs are situated on the rooftop of the Universiti 

Sains Malaysia (USM) Engineering Campus School of 
Electrical and Electronics Engineering (SEEE), positioned 
at latitude 5.1679 and longitude 100.4783. Figure 12 pro-
vides comprehensive information regarding all parameters 
and geometries of these solar thermal FPCs. The equations 
governing the behaviour of FPCs are derived from Figure 
7, where β is the slope angle of the collector plane relative 
to the horizontal, γ represents the azimuthal angle, and θ 
denotes the angle of incidence of sunlight onto the FPCs.

In equation (15), δ denotes the declination angle, which 
signifies the angle between the Earth’s axis and the surface 
of the cylinder relative to the Earth’s orbit, and n represents 
the number of days in a year [31, 37].

  (15)

Equation (16) is used to determine the solar gain of the 
FPCs, where the plate is placed at latitude 5.1679 and lon-
gitude 100.4783. w1 and w2 represent the sun angle; cosine 
and sine are the angles of declination and inclination of the 

sun, respectively; and Gsc represents the standard solar con-
stant value.

  
(16)

Equation (17) is used to determine the total diffused 
radiation of the FPC. In this equation, β denotes the tilt 
angle of the FPC, Ib represents the beam radiation, and Rb 
represents the geometric configuration of the collector with 
respect to its placement. In addition, Iρg accounts for the 
surface area of the glass component of the collector.

  (17)

Equation (18) is used to determine the overall heat loss 
at the top, bottom, and side of the FPC. Ut is the top heat 
loss of the FPC, Ub is the bottom heat loss of the collector, 
and Ue is the side loss in the collector. 

  (18)

where Lb is the insulation thickness at the bottom of the 
plate, Kb is the thermal conductivity of the insulation, and 

       Zenith                β=Slop angle b/w plane and horizontal of collectors
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Figure 12. Solar geometry of the FPCs placed on the roof of SEEE USM.
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hb,a is the convection heat transfer coefficient at the bottom 
of the FPC.

where Ue is the side loss in the FPC, Le is the side insula-
tion thickness of the collector, Kb thermal conductivity of 
the insulation and he,a is the heat transfer coefficient of the 
side of the FPC.

where Ut is the top heat loss of the FPC, in which Rpc is 
the thermal resistance in the absorber plate and glass cover, 
and Rca is the thermal resistance of the glass cover and the 
surroundings. 

where hpc is the convection heat coefficient between the 
absorber plate and glass cover of the FPC, σ is the Boltzmann 
constant and Tpm is the mean plate temperature Tc of the 
glass cover. ϵp is the absorber plate emissivity and ϵc is the 
glass cover emissivity.

Rca is the thermal resistance of the glass cover and the 
surroundings, in which the hw wind heat transfer coefficient 
ϵc is the glass cover emissivity, where σ is the Boltzmann 
constant, Tc is the temperature of the glass cover, Ts is the 
sky temperature, and Ta is the ambient temperature. 

Equation (19) is used to determine the coefficient of 
collector efficiency of the FPC. Where UL is the top heat 
loss of the collector, W is the distance of the fluid-carry-
ing tube from center to center, and D is the diameter of the 
tubes. F represents the fin efficiency of the collector, where 
hfl is the heat-transfer coefficient of the working fluid. 

  (19)

Equation (20) is used to determine the heat-transfer 
factor of the FPC where mcp is the mass flow rate of the 
nanofluids, A is the area of the tubes, F' is the coefficient of 
the efficiency factor of the FPC, and UL is the top heat loss 
of the collector. 

  (20)

Equation (21) is used to determine the Reynolds num-
ber value of the FPC, where m is the mass of the working 
fluid, Di is the inner tube diameter, and μf is coefficient of 
the working fluids. 

  (21)

Equation (22) is used to determine the energy balance 
of the FPC, where A is the area of the collector, Fr is the 
heat transfer factor of the collector, S represents the total 
absorbed radiation of the collector, UL is the top heat loss of 
the collector, Tfl is the temperature of the working fluid, and 
Ta is the ambient temperature. 

  (22)

Equation (23) is employed to determine the overall effi-
ciency of the FPCs, where A is the surface area of the collec-
tor, Qu is the total heat loss of the FPCs, and IT denotes the 
temperature value of the solar irradiated radiation intensity. 
This equation is useful for assessing the efficiency of FPCs 
utilizing carbon-based nanofluids. 

  (23)

Uncertainty Analysis in FPC
Minor discrepancies may exist in the collector tem-

perature, irradiance, angle of inclination, hour angles, and 
total radiation absorbed by the FPC over the course of the 
day. These variables are manually measured to determine 
both the collector efficiency and the efficiency when using 
hybrid nanofluids. Sunrise and sunset values, utilized with 
a tolerance of plus or minus 5%, are subject to fractional 
errors. Additionally, the thermal conductivity, viscosity, 
and specific heat capacity values carry a fractional error of 
0.75%. The glass temperature and losses within the glass of 
the FPCs are also subject to minor errors, each less than 1% 
[67, 69].

Equation (24) demonstrates that the thermal efficiency 
is directly proportional to both the energy collected by 
the collector and the total temperature absorbed by the 
collector.. 

  
(24)

Equation (25) is employed to establish the relationship 
of efficiency, where ρ represents the fluid density, V denotes 
velocity, Cp stands for specific heat capacity, and GT signi-
fies the solar constant. 
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  (25)

Equation (26) is applied to compute the uncertainty in 
the efficiency of the FPC. Here, w represents the expected 
uncertainty value, wρ stands for uncertainty in fluid density, 
wV signifies uncertainty in velocity, wCp denotes uncertainty 
in specific heat capacity value, GT represents the solar con-
stant, and ∆T represents the change in temperature values. 

  
(26)

The projected margin of error for the collector spans 
from 0.75% to 1.75% when considering overall efficiency, 
absorbed radiation by the absorber, and heat loss.

Simulation of Flat-Plate Collectors
Figure 13 illustrates the simulation flow chart detailing 

the operation of the FPC incorporating nanofluids and a 
vacuum glass layer. Initially, the process involves determin-
ing the initial parameters of the FPC, followed by assessing 
its geometry and positioning. Subsequently, the total heat 
absorbed by the flat plate is computed, alongside the eval-
uation of heat losses including top, side, and bottom heat 
loss components. Parameters of the working fluid, such as 
thermal conductivity, specific heat capacity, and viscosity, 
are then calculated. Finally, the glass efficiency and overall 
efficiency of the collector are determined to comprehen-
sively assess its performance.

The simulation of the FPC, incorporating nanofluids 
and vacuum glass, was conducted within the Anaconda 
Jupyter Notebook, utilizing the Python programming 

Figure 13. Simulation flow chart of the FPC with nanofluids.
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language. The simulation encompasses the set of parame-
ters specified in Table 3, and these parameters collectively 
contribute to the assessment of efficiency enhancements in 
the FPC.

RESULTS AND DISCUSSION

In this proposed design, carbon-based nanofluids were 
used, in which crystalline ethylene glycol diamond and alu-
mina were used to reduce the heat loss of the FPCs. The 
procedure also involved assessing the energy efficiency of 
the three nanofluids. This includes determining the pri-
mary heat loss in the plate heat transfer factor and the heat 
loss within the working fluid during energy transfer from 
the working fluids. In addition, the enhancement in the 
efficiency was calculated. The Reynolds number ranged 
from 800 to 2300, and the timeframe considered spanned 
from 8:00 to 5:00.

Figure 14 illustrates the energy efficiency of the FPC 
using three nanofluids: ethylene glycol, alumina, and dia-
mond. Equation (20) is implemented for the simulation. 
The Reynolds number (Re) was varied from 750 to 2500, 
representing the nanofluid flow within the FPC. At a Re of 
750, the energy efficiency of ethylene glycol was 58%; as the 
Re increased, the energy efficiency also increased. At a Re 
of 2500, the efficiency of the ethylene glycol-based nano-
fluids reached 68%. Similarly, for alumina-based nanoflu-
ids, the energy efficiency was 66.5% at a Re of 750, and it 
increased at higher Re, reaching 69% at a Re of 2500. In the 
case of diamond nanofluids, the energy efficiency was 67% 
at a Re of 750, and further increased with the Re, reach-
ing 71.8% at a Re of 2500 in the diamond-based nanofluid 
case. Diamond-based nanofluids exhibit superior energy 
efficiency due to their exceptional thermal stability and 
impressive thermal conductivity, surpassing that of the 
other types of nanofluids.

Figure 15 shows the absorber plate temperature of 
the FPC corresponding to different Re values for various 
working nanofluids. At a Re of 750, the temperature of the 
ethylene-glycol-based working fluid was 40°C. As the Re 
increases, the temperature decreases, reaching 28°C at a Re 
of 2300. Increasing the flow rate of the nanofluid resulted 
in a lower temperature of the nanofluid extracted from the 
FPC.

For the alumina-based working fluid, at a Re of 750, the 
temperature was 37°C, and with an increase in flow rate, the 
temperature decreased. At a Re of 2300, the temperature of 
alumina-based nanofluid is 30°C. For the diamond-based 
nanofluid, at a Re of 750, the temperature was 36°C, and 
as the Re increased, the temperature decreased. At a Re 
of 2300, the temperature of the working fluid is 29°C. 
The hybrid nanofluids exhibit robust temperature-bear-
ing capabilities owing to their high thermal conductivity. 
However, the temperature in the collector absorber area is 
influenced by fluid flow dynamics; higher flow rates result 
in lower temperature values.

Table 3. Flate plate collector specifications

FPC Specification value 
used in simulation

Area (A) 4 m2

Absorbance (α) 0.96
Transmittance (τ) 0.87
Glass cover (mm) 3
Emissivity of the absorber (ε) 0.96
Emissivity of the glass cover (ε) 0.87
Insulation thickness (mm) 0.07 m2

Tilt angle (ɣs) 450

Thickness of back insulation (mm) 0.08 m2

Thickness of side insulation (mm) 0.04 m2

Ambient temperature (0C) 250C
Solar radiation intensity (W/m2) 1000W/m2

Figure 14. Energy efficiency of all three nanofluids for the FPC.
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Figure 16. depicts the heat transfer factor of the FPC 
obtained using equation (21), illustrating that an increase in 
the heat transfer factor results in a decrease in the absorber 
temperature, leading to improved energy efficiency for 
both nanofluids and the FPC. At a Re of 700, the heat 
transfer factor of the ethylene glycol-based nanofluid was 
0.88. With an increase in the Re, the heat transfer factor 
increased, causing a decrease in the absorber plate tem-
perature and an enhancement in the energy efficiency of 
the FPC. For ethylene-glycol, at Re value of 1500, the heat 
transfer factor stands at 0.91, gradually rising with increas-
ing Re values. At a Re of 2300, the heat transfer factor for 
the ethylene glycol-based nanofluids reached 0.93.

For the alumina-based nanofluids, the heat transfer fac-
tor at a Re of 700 was 0.90. As the Re increased, the heat 
transfer factor also increased, resulting in an improved 
energy efficiency of the FPC. At Re value of 1500, the heat 
transfer factor value is 0.93, and increases as the Re value 
rises. At a Re of 2300, the heat transfer factor peaked at 0.95, 
representing the maximum efficiency of the alumina-based 
nanofluids. In the case of the diamond-based nanofluid, 

the heat transfer factor was 0.92 at a Re of 700. With an 
increase in the Re from 700 to 2300, the heat transfer factor 
increases from 0.92 to 0.98, which represents the maximum 
value of nanofluid heat transfer for the FPC. When the heat 
transfer factor was at its maximum, the efficiency of the 
FPC was also at its peak.

Figure 17 illustrates the top heat losses of the three nano-
fluids in the FPCs obtained using equation (18). Increasing 
the Re resulted in a decrease in the total heat loss for all 
nanofluids. Specifically, for ethylene glycol-based nanoflu-
ids, the maximum heat loss was 4 W/m. K at 800 Re, and as 
the Reynolds number increased from 800 to 2300, the top 
heat loss decreased from 4 to 2.6 W/m. K. As the flow rate 
increases, the heat loss diminishes because both radiative 
and convective heat loss values decrease with higher flow 
rates.

Similarly, for alumina-based nanofluids, the maximum 
heat loss is 3.8 W/m. K at 800 Re, and with an increase in 
the Re up to 2300, the top heat loss decreases to 2.8 W/m. K. 
For the diamond-based nanofluid, the top heat loss was 3.7 
W/m. K at 800 Re, and as the Re increases to 2300, the top 

Figure 16. FPC nanofluid heat transfer factor vs. Re.

Figure 15. Absorber plate temperature for three nanofluids with Re value.
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heat loss for the diamond-based nanofluid reduces to 2.4 
W/m. K. Notably, the top heat loss of the working fluid was 
minimal for the diamond-based nanofluid, contributing 
to the increased efficiency of the FPC. The top heat loss in 
diamond-based nanofluids is minimal, attributed to their 
excellent thermal stability and high thermal conductivity 
values.

Figure 18 shows the mass fraction rate of nanofluids rel-
ative to the fluid temperature. As the temperature rises, the 
heat transfer properties of the nanofluid exhibit an increase 
corresponding to the elevated mass fraction values, thereby 
enhancing the efficiency of the FPC. Specifically, at 28°C, 
the mass fraction of the ethylene glycol-based nanofluid is 
1%. With an increase in temperature and irradiated radia-
tion intensity, the mass fraction also rises. At 40°C, the mass 
fraction of the ethylene glycol-based nanofluid peaks at 
3.8%. For the alumina-based nanofluid, the mass fraction is 
1.3% at 28°C, and it increases with the temperature, reach-
ing 4.2% at 40°C. Notably, the diamond-based nanofluid 

exhibits the highest mass fraction among all fluids, starting 
at 1.5% at 28°C. As the temperature climbs, the mass frac-
tion increases, and at 40°C, it reaches its maximum value of 
4.5%. This elevated mass fraction corresponds to maximum 
heat transfer into the fluid, thereby achieving the highest 
efficiency for the FPC.

In Figure 19, the FPC’s environmental parameters and 
temperature variations are illustrated in relation to the sun’s 
irradiated radiation. Equation (15) and (16) are imple-
mented for the simulation. At 8:00 am, the ambient tem-
perature is 27°C, with a sun irradiation intensity of 200W/
m². As the day progresses, the ambient temperature rises, 
reaching a peak of 34°C around 1-2 pm, accompanied by 
the maximum radiation intensity of 1000W/m² during 
those hours.

The initial temperature of the input heat transfer fluid 
for the FPC at 8:00 am was 26°C. As the day advances, the 
input temperature increases, reaching a maximum of 33°C 
at 1-2 pm. Simultaneously, the output temperature of the 

Figure 18. Mass fraction of nanofluids with concerning to temperature.

Figure 17. Top heat loss for three different nanofluids vs. Re value.
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heat transfer fluid began at 28°C at 8:00 am and increased 
throughout the day, reaching 38°C during the peak hours. 
The solar radiation flux temperature, indicating the tem-
perature corresponding to the irradiated radiation inten-
sity of the sun, starts at 27°C in the morning and peaks at 
36.5°C during the day’s peak hours. This temperature value 
provides an insight into the temperature associated with the 
sun’s radiation intensity.

In Figure 20, the mass flow rate of the nanofluids is pre-
sented alongside the corresponding efficiency for the FPCs 
simulated using equation (13) and (14). As the mass flow 
rate increased, a concurrent increase in the efficiency of the 
FPC was observed. For the ethylene glycol-based nanofluid, 
starting with a mass flow rate of 1.5 L/min, the efficiency 
was 30%. As the day progressed and the mass flow rate 
increased, efficiency also increased. At a flow rate of 4 L/
min, the efficiency peaked at 68%. Similarly, for the alu-
mina-based nanofluid, the efficiency begins at 40% with 
a mass flow rate of 1.5 L/min, and reaches a maximum of 
74% at a mass flow rate of 4 L/min.

The diamond-based nanofluid exhibited the highest 
efficiency among all working fluids. At an initial mass flow 
rate of 1.5 L/min, the efficiency was 45%, and it reached a 
maximum of 82% at a mass flow rate of 4 L/min. Notably, 
this trend indicates that as the mass flow rate approaches its 
maximum value, the efficiency of the fluid also reaches its 
highest level.

In Figure 21, the pumping power of the FPC is shown 
for various nanofluids at different Re following equation (7) 
and (8). At a Re of 700, the pumping power for ethylene 
glycol was 0.2 W. As the Re increased, reflecting an increase 
in the flow rate, the pumping power for the nanofluids also 
increased. At an Re value of 2300, the pumping power for 
ethylene glycol reached its maximum at 2 W. For the alu-
mina-based nanofluid, the pumping power starts at 0.3 W 
at a Re value of 700 and increases with increasing Re value, 
reaching a maximum of 2.3 W at 2300.

The pumping power for the diamond-based nanofluid 
was notably higher owing to the weight percentage of the 
diamond nanofluid. At a Re value of 700, the pumping 

Figure 19. Parameters of the FPC with radiation intensity value.

Figure 20. Mass flow rate of the nanofluids and its efficiency for FPC.
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power for the diamond-based nanofluid is 0.4 W, and at 
2300 Re, the pumping power peaks at 2.5 W. This trend 
highlights the influence of the Re on the pumping power, 
with higher values corresponding to increased flow rates 
and, subsequently, higher pumping power.

Figure 22 shows the heat transfer characteristics of dif-
ferent nanofluids at various temperature values obtained 
through the utilization of equation (22). As the tempera-
ture increases, there is a corresponding increase in the heat 
transfer values for the nanofluids. For ethylene glycol-based 
nanofluids, the heat transfer value starts at 0.40W/m.K at 
25°C. With a rise in temperature to 36°C, the heat transfer 
value increases from 0.40 to 0.68W/m.K. Alumina-based 
nanofluids exhibit a heat transfer rate of 0.45W/m.K at 
25°C, which reaches its maximum at 36°C, with a value of 
0.72W/m.K.

Notably, diamond-based nanofluids displayed the 
highest heat transfer rate among all nanofluids. At 25°C, 
the heat transfer rate for diamond-based nanofluid was 
0.50W/m.K, and it peaked at 36°C, reaching a maximum 

value of 0.78W/m.K. This trend underscores the positive 
correlation between temperature and heat transfer, with 
higher temperatures yielding higher heat transfer values for 
the respective nanofluids.  

Figure 23 illustrates the performance of a FPC across 
various sun radiation intensities, comparing single, double, 
and triple glazing. The time span covers 08:00 am to 05:00 
pm. At the outset at 08:00 am, the single glass FPC exhibits 
an efficiency of 25%, the double glass FPC is at 30%, and 
the triple glass FPC reaches 35%, all under a sun radiation 
intensity of 200W/m2.

Throughout the day, the efficiency improved, reaching 
its zenith between 1:00 pm and 2:00 pm. During this peak 
period, the single glass collector achieved 72% efficiency, 
the double glass collector attained 76%, and the triple glass 
collector excelled at 82%, observed at a solar radiation 
intensity of 1000 W/m2. After the peak hours, the efficiency 
gradually declined, concluding the day with the single glass 
collector at 35%, the double glass collector at 40%, and the 
triple glass collector at 48%.

Figure 22. Heat transfer of different nanofluids at different temperature values of FPC.

Figure 21. Pumping power for the FPC for different nanofluids.
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Figure 24 shows the heat loss in the glass layers of a FPC 
relative to temperature variations, considering single, dou-
ble, and triple glass configurations. Initially, at a low tem-
perature of 27°C, the power loss for a single glass layer is 
70W. For a double glass FPC, it is 50W, and for a triple glass 
layer, it is reduced further to 30W.

As the temperature increased, the heat loss in the top 
glass layer also increased. At 35°C, during the peak hours 
of the day, the heat loss for the single glass layer rose to 
850W. For the double glass configuration, it reached 
780W, and for the triple glass layer, it was minimized to 
700W.

Figure 25 shows the comprehensive efficiency of the 
FPC in relation to sun irradiance, nanofluids, and glass lay-
ers. Equation (24) is used to obtaine the result. At the begin-
ning of the day, 08:00 am, with a sun intensity of 200W/m2, 
the overall efficiency stands at 28%. As the day advances 
and sun intensity increases, the FPC’s efficiency, particu-
larly with a triple glass layer and nanofluids, experiences a 
notable enhancement.

During the peak hours from 1:00 pm to 2:00 pm, when 
the sun intensity is at its maximum, the FPC achieves a peak 
efficiency of 82%. However, as the sun sets, the efficiency of 
the FPC gradually decreases.

In Figure 26, the enhancement in the overall efficiency 
of the FPC is depicted, achieved through the utilization of 
three distinct nanofluids: ethylene glycol, alumina, and a 
diamond-based nanofluid, coupled with a triple glass layer 
incorporating a vacuum. The introduction of ethylene gly-
col-based nanofluids results in a 2% improvement in FPC 
efficiency. Alumina-based nanofluid contributes to a more 
substantial increase, with a 5.5% improvement. Notably, 
the diamond-based nanofluid demonstrates the maximum 
efficiency improvement at 8%. This is attributed to the dia-
mond’s exceptional heat conductivity and high thermal sta-
bility, making it particularly effective in enhancing efficiency.

Furthermore, the integration of a triple glass layer with 
vacuum enhances the FPC efficiency by 4%. The cumula-
tive impact of these improvements resulted in an overall 
efficiency gain of 6%, elevating the efficiency of the FPC 
to 82%.

Figure 24. Heat loss of glass in FPC with single double and triple layer.

Figure 23. Single, double and triple glass the FPC efficiency.
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Comparison of FPC Efficiency Using Ethylene-Glycol-
Diamond-Alumina Nanofluids and Other Nanofluids

In [34] and [35], copper and alumina-based nanoflu-
ids were employed to enhance the efficiency of FPCs with 
water serving as the base solution. The research proposed 
the use of both hybrid and mono-nanofluids, resulting in a 
FPC efficiency of 78%. Table 4 provides a comprehensive 
overview of the physical and thermal properties of these 
materials, and Table 4 details the effects of nanofluids on 
the performance of FPCs. Alumina demonstrated good 
thermal stability, with a density of 3970 kg/m³ and a specific 
heat capacity of 765 J/kg/K. In contrast, copper possesses a 
higher density of 8933 kg/m³, but has a lower specific heat 
capacity of only 385 J/kg/K. Owing to its limited specific 
heat capacity, copper is considered to be less suitable as a 
nanofluid material for FPCs. It is worth noting that both 
nanofluids used in Table 4 are metal oxide-based, which 
may not be ideal for the long-term durability of FPCs and 

associated components. Additionally, the transmissivity of 
the glass employed may not effectively reduce the heat loss. 

In the proposed design, a combination of metal oxide 
and carbon-based nanofluids was employed to enhance the 
efficiency of FPCs, as illustrated in Figure 23. In the fig-
ure, a high initial starting efficiency factor corresponds to 
a low collector efficiency. However, as the day progressed, 
the efficiency of the FPC increased, reaching a peak when 
the efficiency factor reached 0.18%. At this stage, the FPC 
achieves an impressive efficiency of 82%. Diamond exhibits 
a specific heat capacity of 1500 J/kg/K and a high heat-bear-
ing capacity of 3515 kg/m³. The nanoparticles employed 
had a size range of 100–200 nm, and the volume fraction 
was distributed at 0.3:0.1:0.3. The vacuum glass used in 
the proposed design has a high transmissivity rate of 0.87, 
which helps to reduce the loss of FPCs and improve the 
overall performance. A comparison between the flat plate 
designs using different numbers of glass layers is presented 
in Table 5.

Figure 26. Overall efficiency improvement of FPC with nanofluids and glazing.

Figure 25. Overall efficiency of FPC with triple glass and nanofluids.
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The proposed design introduces various nanofluids to 
enhance FPC efficiency and address heat transfer fluid and 
convective losses. One advantage lies in the improved ther-
mal conductivity associated with better nanofluid stability, 
particularly evident in ethylene-glycol-diamond-alumina 
nanofluids. Additionally, surfactant utilization can opti-
mize particle surface characteristics, further boosting ther-
mal conductivity. However, the choice of nanoparticle size 
is critical as it directly impacts collector performance, and 
high viscosity in diamond-alumina nanofluids can increase 
pumping power, thereby reducing efficiency. This high-
lights a disadvantage, as elevated pumping power dimin-
ishes collector performance. Moreover, the increased cost 
of nanofluids and heightened corrosion rates due to their 
large molecular size and weight pose significant challenges, 
shortening the collector’s lifespan.

CONCLUSION

In summary, this study has effectively enhanced the effi-
ciency of flat-plate solar collectors through targeted optimiza-
tion of working fluids, radiation intensity, and the integration 
of innovative materials such as carbon-based and metal-ox-
ide-based nanofluids, alongside triple-layer vacuum glass. 
Utilization of low-iron-content triple-layer vacuum glass and 
novel ethylene-glycol-diamond-alumina-based hybrid nano-
fluids has led to promising outcomes in reducing heat loss. 
Detailed analysis reveals that ethylene-glycol fluid achieves 
58% efficiency at 40°C, alumina nanofluid 68% at 38°C, and 
diamond-based nanofluid 71.8% at 36°C. Heat loss with all 
three nanofluids ranges from 4 W/m.K to 2.4 W/m.K, cor-
responding to efficient heat retention. Despite higher viscos-
ity of the diamond-based nanofluid, resulting in increased 

pumping power requirements, pressure drop remains low. 
Moreover, transitioning from single- to triple-glass config-
urations significantly boosts efficiency from 72% to 82%, 
accompanied by reduced heat loss. Overall, nanofluid utiliza-
tion and triple glazing contribute to an 8% and 4% improve-
ment in collector efficiency, respectively, culminating in an 
overall efficiency of 82%. This innovative design, simulated 
using Anaconda Jupyter Notebook and Python, underscores 
its potential to advance sustainable energy solutions in solar 
energy collection. Future research will focus on investigating 
the efficacy of surfactants in nanofluids to bolster their ther-
mal stability and properties, aiming to overcome challenges 
like efficiency loss and particle settling, which could compro-
mise long-term stability and thermo-physical characteristics. 
Moreover, conducting comprehensive cost analyses over 
extended nanofluid lifespans will be crucial, especially if lon-
gevity is a concern. These investigations will provide valuable 
insights into nanofluid behavior, facilitating the development 
of more efficient and sustainable applications in solar energy 
collection.

NOMENCLATURE 

A Area of the flat plate collectors (m2)
W Sunrise and sunset angle of the sun 
D Diameter of the tubes of the flat plate (m2) 
Cb Bond Conductance (W/m.K)
F Efficiency %
F’ Efficiency Factor (collector) %
Fr Fractional efficiency %
h r, p-g Radiative heat-transfer coefficient from to glass (W)
h c, p-g Convective heat transfer coefficient from plate to 

glass (W)

Table 5. Comparison of single, double, and triple-layer glass for FPCs

Glass layer Glass material 
iron content

Solar 
transmittance

Emissivity Efficiency with 
top glazing

Single glass [28] Low 0.90 0.84 75
Double glass with anti-reflecting coating [28] Low 0.90 0.85 78
Triple glass layer with vacuum. Low 0.96 0.87 82

Table 4. Physical properties of literature nanofluid and proposed nanofluids

Nanoparticle Δ 
(Kg.m-3)

Cp 
(J. Kg-1. K-1)

Particle Size 
(nm)

Volume 
fraction (%)

Glass transmissivity 
(%) of FPCs 

Fluid type Efficiency of 
FPC (%)

Al2O3 [34, 35] 3970 765 30 0.1 0.85 Metal-oxide 78
Cu [34, 35] 8933 385 40 0.1 0.85 Metal-oxide
Physical propeties of the proposed nanofluids.
Al2O3 3970 765 100 0.3 0.87 Metal-oxide 82
Diamond 3515 1500 200 0.1 0.87 Carbon-based
Ethylene-glycol 1058 4186.8 Liquid 0.3 0.87 Carbon-base
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h r, g  Radiative heat transfer coefficient ambient (W/m2. K)
I Terrestrial Solar radiation (Wh)
Io Extra Terrestrial solar radiation
Kt Clearness index 
Knf Thermal conductivity of nanofluid (W/m.K)
Kf Thermal conductivity of base fluid (W/m.K)
M mass flow rate 
Q Overall heat loss (wh)
S Absorbed solar radiation (wh)
Ta Ambient temperature (K)
Tg Glass temperature (K) 
Tp Plate Temperature (K)
Tft Fluid inlet temperature (°C) 
Ul Heat loss (wh)
N Number of days of the year
Gsc Solar gain (W)
Id Diffused radiation (W) 
Ib Base fluids   
Kair Air temperature (°C) 
L Length (m)
Ut Thickness loss in glass (W/m.k) 
hc Heat transfer for tubes (W)
hf Heat transfer coefficient of fluids (W/m.K)
nf Nanofluids 
S Side loss of the flat plate collectors (W)
IT Total diffused radiation of flat plate collectors 

(W/m2)
Qu Heat flux (W)
ρg Density of glass 
εp Transmissivity of plate 
εg Transmissivity of the glass
Wp Weight fraction of nanofluids
Wbp Weight fraction of base fluid
Knf Thermal conductivity of nanofluids W/m. k
Knb Thermal conductivity of base fluid W/m. k
Tf Temperature of fluids (°C)
ρbf Density of base fluids
ρnf Density of nanofluids
μf Viscosity of fluids  
Nu Nusselt number 
hnp Hybrid nanofluids
Re Reynolds number 

Greek symbols 
δ  Declination
θ  Incident angle (degree)
β  Coefficient of volumetric expansion (K-1)  
τ  Transmittance 
α  Absorbance 
∅ Volume Fraction (%)
γ Azimuthal angle 
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