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Abstract 
The main component of a solar water heating system is the collector. The 
absorber plate is another crucial component of the collector. For a more 
effective system, the absorber layer should, to the greatest extent possible, be 
made of materials with good thermal properties.  In this study, in addition 
to copper and aluminum, new materials such as pyrolytic graphite and glass 
for the absorber plates of solar water heaters are presented. Along with a 
performance comparison analysis of the collector utilizing various materials, 
the costs of each material are also reported. It was concluded that pyrolytic 
graphite provided the best heat transfer. There is different type of pyrolytic 
graphite with different thermal conductivity. Calculations, however, show that 
even the PG with the highest thermal conductivity (1800/15 W/mK in plane 
and in z-direction, respectively) only slightly increases the temperature of the 
usable energy. In other words, increasing the thermal conductivity above a 
certain level does not improve the performance of the solar panel. Glass is 
another material which offers a better performance while maintaining very 
low thermal conductivity. Despite having different heat transfer mechanisms 
when used as absorbers, pyrolytic graphite and glass can be offered as a new 
material for absorber plates because they outperform conventional materials 
like copper. In comparison to copper, the efficiency of the collector with the 
pyrolytic graphite absorber was found to be 2% higher.
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1. Introduction

Sunlight is an almost infinite resource on our planet [1]. Solar water heater 
(SWH) systems harness the sunlight with a solar thermal collector and con-
vert it into heat. Thus, SWHs are environmentally friendly heat exchangers 
and run without to minimal operation and maintenance costs. The first solar 
water heater was patented in 1891 by Kemp and thereafter, the development 
and improvement of SWHs started [2]. Nowadays, solar water heating is 
one of the cheapest and resource-efficient applications which supplies do-
mestic hot water [3]. According to Ekramian et al. [4], solar energy is one 
of the best alternatives to fossil energy sources. Especially, in developing 
countries, often located in sunny regions, solar energy offers great opportu-
nity. Accordingly, SWHs are gaining increasing importance as a sustainable 
alternative to conventional energy sources. One of the main components of 
SWHs is the absorber plate, and its selection plays a significant role in the 
overall efficiency of the system. This study aims to investigate the perfor-
mance of different absorber plate materials and to provide insights into the 
design of more effective solar water heating systems.

Flat-plate thermal collectors (FPTCs) are the most studied and used tech-
nology among different SWH systems, because of the simplicity and the 
working temperature range suitable for domestic solar water heating as well 
as space heating applications. A common size is 1m×2m×0.15m [5]. They 
are made with a strong frame, an often-glazed glass front, a solid back and 
insulation on the sides and the back. The absorber plate is mostly under the 
glass cover since glass transmits more than 90% of the incident short-wave 
solar radiation and emits only part of the long-wave radiation emitted by the 
absorber plate [6]. Traditionally, flat plate collectors have two bigger water 
tubes, called manifolds, at the top and the bottom as well as several thinner 
riser tubes that run perpendicular [5]. The tubing allows a heat transfer fluid 
(HTF), often water, to run through the collector.

The absorption and transmission properties of an absorber plate depend 
on the material as well as the coating of the plate [6]. Ideally, an absorber 
should absorb all incoming radiation and emit no heat back to the atmos-
phere. So, the optical, chemical and structural properties of absorber plates 
and coatings have been changed to improve the absorption (in the solar 
spectrum or short-wave) to emission (long-wave) ratio [7]. Most absorber 
plates are made out of metals like copper, aluminum and steel with relatively 
high thermal conductivities of about 50 to 400 W/mK showed an increase 
in absorber efficiency with absorber conductivity [4]. However, this depend-
ence is not linear. Even though the thermal conductivity of copper is almost 
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twice that of aluminum, the efficiency of the SWH is just slightly better. The 
use of corrugated absorber plates that both increase the absorber surface area 
and friction are beneficial for efficiency [8]. Lu et al. improved the absorber 
plate with a Copper Oxide nano-structure selective coating [8, 9]. Non-me-
tallic materials like engineering [10] and commodity [11] polymers also can 
be used as solar absorber plates, especially for un-glazed SWHs. It has been 
shown that the absorption and emission coefficients of a polyethene ab-
sorber are about 0.85 and 0.1, respectively, which is quite comparable with 
selectively coated solar absorbers with absorption and emission coefficients 
of about 0.95 and 0.05 [12].

Efficiency for solar air heaters is found for adding porous material on top 
of the absorber plate to create a swirling airflow and avoid thermal boundary 
layers [16-18]. Likewise, inserting wire coil into the tubes of a water heating 
collector can lead to an efficiency increase of up to 4.5% since it changes the 
flow characteristics of the HTF [19]. The effective surface area of a collector 
highly influences the collector’s performance. To increase the surface area, he 
investigated semi-spherical absorber plates [20]. On top of that, he focused 
on collecting not only direct, but also diffuse and reflected radiation to max-
imize collector efficiency [21].

In this study, various materials such as copper, aluminum, pyrolytic 
graphite, and glass were tested for their efficiency in absorbing and transfer-
ring heat. The study found that pyrolytic graphite and glass are new mate-
rials that outperform conventional materials such as copper in terms of heat 
transfer efficiency.

Additionally, the study also reports on the cost-effectiveness of each ma-
terial, which is a crucial factor for practical implementation. The results 
showed that pyrolytic graphite is more expensive than copper, while glass is 
relatively cheaper. However, both materials offer better performance while 
maintaining low thermal conductivity. This information can help manufac-
turers and designers to select the most appropriate absorber plate material 
for their solar water heating systems.

The significance of this study lies in the fact that it provides a better un-
derstanding of the performance of different absorber plate materials, which 
can lead to the development of more efficient and cost-effective solar water 
heating systems. The use of pyrolytic graphite and glass as absorber plate 
materials can lead to significant improvements in the overall efficiency of 
solar water heating systems. The findings of this study can also help policy-
makers in promoting the use of renewable energy sources by making solar 
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water heating systems more attractive and cost-effective. In conclusion, this 
study can contribute significantly to the development and advancement of 
sustainable energy solutions.

2. Thermal performance principles of SWH

When an increase in heat difference between the inlet and outlet fluid 
temperature of a solar collector, the system efficiency is increasing. This is 
reflected in the efficiency (η) as follows:

.	                                                                                                            (1)

The useable energy Qu that heats the fluid inside the collector is included 
in the efficiency equation together with the incoming solar radiation Irad, 
which is connected to the energy arriving (G=A. Irad) onto the collecting area 
(A). The discrepancy between G and Qu results from losses to the environ-
ment, such as radiation and convection, or from heating all collector materi-
als. The mechanism for this heat transfer in the collector is shown in Fig. 1.

Figure 1. Heat transfer mechanism in the collector
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Water is used as an HTF. Thus, the usable heat Qu is dependent on the 
specific heat of water cw and its mass flow rate  as it is shown in 
Eq.(2) as [24]:

.	                                                                   (2)

It was assumed that the bottom and sides of the collector had perfect 
thermal insulation in order to make the analytical calculations easier, namely 

 with the surface normal  and the heat flow  . It was also assumed 
that the radiation arriving at the surface strikes perpendicularly. In that case, 
the full incoming radiation hits the top surface of the flat-plate collector. 
Given that glass has an emissivity of 0.94, where 1 indicates perfect trans-
mission of incoming radiation, the reflection losses are minimal and can be 
disregarded.

When the collector surface is hotter than the ambient temperature, ener-
gy will be lost through radiation  and convection  if there is an airflow 
as well. Furthermore, when heat is conducted through different media, ad-
ditional heat losses occur. They can be imagined as heat resistances R of the 
materials and their boundary layers. The thermal resistance of a solid (Eq.3) 
depends on the thermal conductivity k, the thickness l and the surface area 
A, of the materials [26]:

	 .	                                                                                  (3)

The higher the thermal resistance of a material, the better its insulating 
properties. The sum of all thermal resistances, including conductive, con-
vective, and radiative losses, yields the total system energy loss,  (Eq.4). 
Due to energy conservation, these losses are exactly the difference between 
the incoming energy and the useful energy in a perfectly insulated collector:

.	                                                               (4)

Since we assumed perfect insulation of the collector, the useful energy Qu 

can be calculated by subtracting the losses from the incoming solar radiation 
energy.

The mathematical model of the thermal heat transfer mechanism must be 
recorded in order to determine the water output temperature. The incoming 
solar energy is split into losses to the environment due to convection (   
and surface radiation ( , and some of the remaining energy ( ) is stored 
by conduction in glass ( ), and also transmitted to the bottom side of the 
glass ( ) [24]:

	 .	                                                                 (5)
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.	                                                               (6)

.	                                                              (7)

,	                         (8)

where  is the surface area,  is the Stefan-Boltzmann constant,  is 
the ambient temperature,  is the surface emissivity,  is the temperature, 

 is the thermal conductivity coefficient,  is the thickness and  is the 
transmittance of glass. The surface convection heat transfer coefficient  
depends on the wind speed   as [27]:

.	                                                                           (9)

Thus, the energy on the glass is rewritten as;

,	                                                             (10)

by considering Eqns. (5–10), the glass temperature ( ) can be deter-
mined from the energy balance.

      (11)

A portion (  of the remaining energy ( is subsequently 
transmitted onto the absorber layer while the other portion of it ( ) is 
transferred to water. Writing the energy balance will yield the mean water 
temperature ( ).

                                                                  (12)

 	

                                                            
                                                                                                        (13)
where  is the convection heat transfer coefficient and  is the trans-

mittance of water. The energy transmitted onto the absorber layer will be 
stored there by conduction heat transfer. The absorber temperature ( ) 
can be obtained by using this energy balance;

.                                 (14)

The output water temperature ( ) can then be determined by consid-
ering the energy balance between usable energy and the energy transferred 
to the water from the top and bottom layers as well as by convection;
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(15)

3. Material selection and simulation design

Similar values ​​and assumptions as in the analytical study (Sect-2) were 
used in the simulation. It is based on the finite element method (FEM) 
which divides the collector model into multiple small grid elements to solve 
separately. The collector model (Fig. 2) is scaled to 0.33 m × 1.00 m to 
prevent using more computing power than necessary.

Figure 2. Sketch of the model flat-plate collector

If the absorber plate is allowed to be placed loosely inside the collector, 
it can change in size as a function of temperature without restrictions or 
increased pressure [7]. The current study differs from that since it was deter-
mined that water flows through an envelope-like channel between the glass 
and the absorber.

The insulation layer of solar water heaters is often made of insulating 
wool or foam [13]. In the present study, polyurethane foam is selected as 
insulator that is suited to insulate the collector from +130 °C to -40 °C [28]. 
The top layer of the model collector is made of glass, which is widely used 
for solar collectors due to its favorable transmission to emission ratio [8]. 
The simulations assume that the solar radiation impinges normal to the sur-
face with an irradiance of Irad = 1000 W/m2, as in the ASTM standard [29].

In a study, Shariah et al. found that the thermal conductivity and char-
acteristic factor of a collector from a negatively curved hyperbole that is 
asymptotic to 1. Thus, increasing the thermal conductivity up to 100 W/
mK improves the collector’s performance significantly. Whereas, for higher 
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conductivities the asymptotic behavior of the function dominates and higher 
thermal conductivity only raises the efficiency slightly [30]. Still, we intro-
duce annealed pyrolytic graphite [31] as an absorber material as it could still 
increase the efficiency slightly. Additionally, glass was tested as an absorber 
plate material even though its thermal conductivity is low. Currently, the 
most popular materials for the absorber plate of solar water heaters are made 
of copper and aluminum [4]. 

Pyrolytic graphite (PG) sheets (also commonly referred to as thermal 
interface graphite pads or graphite film) is created from a high temperature 
sintering process, heating a polymer film to its decomposition temperature 
in a vacuum and allowing it to carbonize then graphitize until ultimately 
left with a highly oriented graphite material. Graphite’s sheet-like crystals 
known as graphene are stacked on top of each other, allowing for extremely 
high in-plane thermal conductivity (x-y direction/a-b plane) compared to its 
through-plane thermal conductivity (z direction/c plane) [32]. A summary 
on comparing the absorber materials used in previous studies in the litera-
ture on solar water heating systems is given in Table 1.

Table 1. Used materials and their properties at 21 °C [8, 23, 33-36].

Material Thermal conductivity 
[W/(mK)] Density [kg/m3] Cost

[$/kg]

Pyrolytic graphite (PG) 1050 (in plane x-y)
20 (in z-direction) 1500 3.68

Pyrolytic graphite (PG) 1800 (in plane x-y)
15 (in z-direction) 2170 3.68

Copper sheet (Cu) 386 8930 7.35

Aluminum sheet (Al) 238 2700 2.45

Silica glass 1.38 2203 6.12 $/m2

Polyurethane foam 0.03 30-80 3.68

Water (HTF) 0.58 1000 0.80 $/m3

The PG sheets offer up to five times the thermal conductivity of cop-
per, at only a fraction of the weight. There are numerous advantages of PG 
sheets, especially when compared to their metallic counterparts [32]: 

•	 High in-plane thermal conductivity up to 1950 W/mK.
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•	 Lightweight when compared to its metallic counterparts such as alu-
minum or copper.

•	 Highly anisotropic structure allows for high thermal conductivity 
only in the x-y plane.

•	 Can be die-cut into customizable shapes.

•	 Offered with adhesives for fast installation (peel-and-stick attach-
ment).

•	 Can be laminated with plastics, metals, or foam to improve perfor-
mance.

There are many applications of PG in thermal management as heat sinks, 
as thermal interface material and as thermal energy storage material due to 
its high thermal stability. PG has been used as a heat sink material due to its 
high thermal conductivity. In a study by Wen et al. (37), PGs was used for 
the thermal management of a fuel cell system. They found that PGS reduces 
the maximum cell temperature and improves cell performance at high cath-
ode flow rates. The temperature distribution is also more uniform in the cell 
with PGS than in the one without PGS.

4. Results

In this study, in the analytical and the numerical calculations, copper, 
aluminum, glass, and aPG sheet are taken into consideration as the absorber 
materials to perform the collector with various absorbers. The Table 2 lists 
the materials’ thermal characteristics as well as the weather conditions for 
the calculations.

Table 2. The weather conditions and the thermal properties of the 
materials used in the collector.

Solar radiation 1000 W/m2

Aperture area of the collector 0.33 m2 (1 x 0.33)

Emissivity of glass 0.94

Stefan-Boltzmann constant 5.67 x 10-8 W/m2K4

Ambient temperature 20 oC

Transmittance of the glass 0.97
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Transmittance of water 0.83

Thickness of glass 0.003 m

Wind speed 2 m/s

Heat transfer coefficient of water 3000 W/m2K

Water inlet temperature 15 oC

Mass flow of water 0.002 kg/s

Specific heat capacity of water 4186 J/kgK

Thickness of absorber 0.005 m

As an example, Figure 3 shows the temperature distribution inside the 
panel using a PG (1050/20) absorber.

Figure 3. Temperature distribution in the panel with an absorber made of 
PG.

Table 3 shows the outcomes of stationary analytical and numerical calcu-
lations. Analytical calculations are performed assuming perfect isolation, but 
no assumption was made in the numerical calculations. In other words, one 
can see the heat transfer in numerical calculations for the collector’s case and 
insulator layer (foam) as well.
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Table 3. Stationary analytical and numerical results for the output water.

Absorber material Analytical result, To (
oC) Numerical result, To (

oC)

Copper 38.54 38.73

Aluminum 38.87 39.04

Glass 39.40 39.50

PG (1050/20) 39.44 39,51

PG (1800/15) 39,46 39,53

Pyrolytic graphite provides the best heat transfer according to time-de-
pendent numerical simulations shown in Figure 4. Moreover, PG (1800/15) 
gives slightly higher results to those expected for highly conductive materials 
in [30]. In other words, increasing the thermal conductivity beyond a cer-
tain level will not improve the performance of the solar panel dramatically. 

Figure 4. Material performance comparison. The legend shows used 
absorbers.

According to the stationary heat transfer calculations, the collector effi-
ciency related to absorber material is given in the Table 4.
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Table 4. The stationary collector efficiency related to absorber material.

Absorber 
material

Inlet water 
temperature (oC)

Outlet water 
temperature (oC)

Collector 
efficiency (%)

Copper 15 38.73 64.09

Aluminum 15 39.04 64.92

Glass 15 39.50 66.17

PG 1050/20 15 39.51 66.19

PG 1800/10 15 39.53 66.25
*Efficiency is based on the specific study and may vary depending on the design and 
operating conditions of the solar water heating system.

5. Conclusion

In this study, new materials such as pyrolytic graphite, glass for absorber 
plate of a solar water heater were introduced. A comparative performance 
analyze of the collector is done with different materials as well as the costs of 
each material is also presented.

The results make the model presented in this study remarkable with re-
spect to absorber plates currently made of copper. Absorber plate made of 
pyrolytic graphite rise the water temperature faster and make the collector 
efficiency better than conventional materials such as copper and aluminum. 
Glass also offers better performance while maintaining a very low thermal 
conductivity. This is because longer wavelengths are produced when pho-
tons pass through glass and/or water and lose energy. As a result, long wave-
length photons are trapped between the layers and their energy is transferred 
to the water. It is observed that the system’s efficiency is 66% and the water 
temperature rises more quickly when both glass and pyrolytic graphite are 
used as absorbers.

Another reason that the model may give different results than expected 
may be due to the more complex computation of the flow properties and the 
unusually shaped channels that vary spatially.

It was seen that there is a potential in improving the efficiency of so-
lar water heaters by further material studies. To verify the results from the 
analytical calculations and the numerical simulations, a collector prototype 
should be built and tested. 
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