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Abstract: Evacuated tube heat pipe solar collector as a passive solar water heating system is a simple,
reliable, and cost-effective way to capture the sun’s thermal energy to supply hot water to homes. In
the proposed system, the manifold is reshaped to a tank and filled with phase change materials (PCM)
and porous media, which the PCM acts as a latent heat thermal energy storage medium. In order
to increase the heat flux from the heat pipe to the PCM and overcome the low thermal conductivity
of the PCM, porous media is used. The porous media is connected to the heat pipe condenser to
collect the heat and distribute it uniformly throughout the PCM filling the pores. This design of the
manifold acts as a heat storage tank or thermal battery. Another pipe in the tank transfers heat from
the PCM to the water. Experiments were conducted in 2 modes: charging/discharging and periodic
draw-off. The results demonstrated that this thermal battery design could provide homes with the
hot water they require on sunny days, while it needs an auxiliary heater or larger solar collector to
provide enough hot water on rainy/cloudy days. Considering the solar radiation fluctuation, the
efficiency of the thermal battery is 50% ± 9.3%. The thermal battery can warm up the cold water
higher than the operating temperature on a sunny day (more than 120 L per day at 38 ◦C). Using
porous media provides better heat distribution in the PCM.

Keywords: solar water heater; phase change material; porous media; latent heat storage; thermal
battery; domestic application

1. Introduction

The importance and demand for efficient energy storage in all forms of electrical,
chemical, and thermal are raising continuously. Several extensive research programs
focused on this topic and there are many products available in the market, which mostly
belong to the electrical energy storage sector. Thermal energy storage in the form of latent
heat storage attracted a lot of attention, mainly due to the following 3 advantages:

- It can reduce peak demand and level demand by storing energy when there is less
demand and releasing it when there is high demand.

- It also can minimize heat loss due to the fact that it requires a smaller space, and
remove the stratification condition in the storage place.
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- It makes the end-user able to control the heat release intensity and rate of heat transfer
to the working fluid.

One of the applications for thermal energy storage in the form of latent heat storage
is using solar energy sources for hot water production, which could be used for domestic
applications and solar heat industrial processes (SHIP). Numerous solar water heating
(SWH) systems are currently available in the market. One of the earliest and most well-
known forms of SWH systems is the flat plate heat collector. The alternative, more modern,
and contemporary method is based on using an evacuated glass tube with a circular
aluminum fin in conjunction with either a U-shaped pipe or a heat pipe. The future
generation of the SWH systems is designed to be used in conjunction with latent heat
thermal energy storage (LHTES) tank that includes PCM [1].

Current SWH systems have several shortcomings and inefficiencies, including the
fact that the rate of heat transfer between the heat pipe and the cold water is temperature
and flow rate dependent, and the stratification effect in hot water tanks has an effect
on the total amount of hot water delivered to the end-user. Intensive study over the
last decade has resulted in various potential solutions to these difficulties. One of the
options is to employ PCM as a component of a thermal energy storage unit. Kaygusuz [2]
described the importance of various aspects related to theory, application, marketing, and
research activities to determine the performance of SWH-PCM systems. By examining
all of the SWH-PCM systems proposed by researchers, 3 distinct types can be identified:
PCM integrated as a back layer into a solar flat plate collector, PCM integrated into an
evacuated tube heat pipe solar collector (ETHPSC), and PCM integrated as an intermediate
storage layer between the ETHPSC and cold water. Amagour et al. [3] investigated the
heat transfer characteristics of a small finned-tube heat exchanger used in the LHTES tank.
They performed parametric analyses to determine the influence of the input temperature
of the heat transfer fluid (HTF), the flow velocity, and the number and location of fins on
charging and discharging performance. It has been shown that increasing the number
of fins decreases melting time and increases storage capacity. Alptekin and Ezan [4]
investigated the charging performance of the solar-aided packed bed LHTES system. The
LHTES tank is integrated with a flat plate solar collector to consider the effect of solar
energy. A packed bed PCM is considered in this design. They discovered that reducing
the capsule diameter while raising the HTF mass flow rate improves system performance.
Pawar and Sobhansarbandi [5] integrated PCM into the heat pipe solar collector (HPSC)
cylindrical evacuated tube and simulated the model in 2 phases with and without PCM. The
maximum temperature of the heat pipe (HP) without PCM is ~138 ◦C, while for the system
with PCM is only ~90 ◦C, which shows that some portion of absorbed solar radiation is
stored in the PCM. Therefore, by integrating the tubes with PCM, the issue of overheating
the HP can be solved. The PCM-based solar water heater system allows the operation of
the system for a longer period when solar radiation is not available.

The advantages of LHTES include high storage density and charging/discharging
at a constant temperature. However, the limited thermal conductivity of PCMs used in
LHTES is their principal drawback. There are a few solutions to improve this limitation,
such as using fins to increase the heat transfer through the PCM [6], encapsulating the
PCM to increase the heat transfer surface [7], mixing with high thermal conductivity
nanoparticles [8], and using high thermal conductivity porous media as an interface layer
to accelerate the heat transfer process [9]. By paying attention to the current technologies of
manufacturing porous media products, the cost and quality of manufacturing are reduced
significantly. Therefore, using porous products become viable. Porous media in PCMs
improves the temperature field’s uniformity and reduces the PCM’s melting time. Rabbi
and Asif [10] studied numerically a configuration of the LHTES module based on the
packed bed of encapsulated PCM integrated with copper mesh as porous media. The
results indicated that when the water was used as HTF, it took 11 hours to completely
charge the system. Whereas, the charging time for R-134 and R-22 was 8.75 and 8.4 h,
respectively. The copper mesh increases the heat transfer rate into the PCM. Tiari and
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Mahdavi [11] numerically studied the thermal characteristics of an LHTES tank with PCM
embedded in highly conductive porous media. A copper foam porous media is utilized to
increase heat transfer, impregnated with PCM potassium nitrate (KNO3). The results were
compared with finned heat pipes and it was demonstrated that using porous media is more
effective in the charging/discharging modes of PCM. It was shown that the porosity of
the metal foam plays a key role in the thermal behavior of the system during the charging
and discharging processes. Chen et al. [12] studied a rectangular-shaped container with
triangular-shaped twin fins filled with vertically orientated PCM. Nine distinct examples
were evaluated for the inquiry, including one pure PCM, 3 nano-PCMs, 2 porous-PCMs,
and 3 nano/porous-PCMs. Individual use of porous media was found to increase melting
performance significantly. However, adding nanoparticles to enclosures with porous media
deteriorates the melting performance of the PCM enclosure. The porosity of the metal foam
was found to have an important influence on the PCM’s thermal behavior.

In the earlier experimental research works by the same researchers, an LHTES tank
was designed to store the absorbed solar heat [6,13,14]. To enhance the heat transfer
through PCM, a series of flat fins was fabricated and placed on the heat pipe condenser and
another series of spring fins was placed on the cold water pipe inside the tank. The fins
successfully increase the heat transfer through PCMs but create a few problems like non-
uniform temperature distribution into the PCM and difficulty of fabrication/installation
of appropriate fins inside the LHTES tank. According to the findings from the pieces of
literature and previous owned research works, using porous media has some preferences
in comparison with fins such as the higher rate of heat transfer into the PCM, the more
uniform temperature distribution inside the PCM, and easier/cheaper manufacturing of
the LHTES tank. This paper experimentally tested a new configuration of the LHTES
tank, using ETHPSC with PCM and porous media, to improve the heat transfer in PCM in
charging/discharging processes. According to the conducted literature reviews, there is
no experimental field test of the LHTES tank incorporating PCM and porous media at the
same time.

2. System Description

The heat pipe condenser (HPC) is placed into a socket welded to the manifold in a
baseline evacuated tube heat pipe solar collector (ETHPSC-B). Solar energy absorbed by
the heat pipe evaporator (HPE) of each HP is transferred to the condenser section. The
water gets heated as it passes through the HPC. After that, the solar energy is transferred
to the water and stored the hot water in an insulated water tank. Then, the end-user picks
up the hot water from the water tank.

The proposed evacuated tube heat pipe solar collector with thermal battery
(ETHPSC-TM) system reshapes the manifold into a tank and fills it with PCM and porous
medium, with the PCM acting as the LHTES material and the porous medium acting as an
intermediary heat transfer layer between HPC and PCM. The porous medium is used to
increase the heat flux from the HP to the PCM and overcome the low thermal conductivity
of the PCM. The porous medium is connected to the HP condenser to collect the heat and
distribute it equally throughout the PCM filling the pores. This design of the manifold acts
as the LHTES tank, which we call it thermal battery. Another set of pipes is inserted into
the LHTES tank to release the stored heat in the PCM to the cold water. The conceptual
design of the proposed ETHPSC-TM is shown in Figure 1.

The thermal battery is coupled to an array of ETHPSCs. The HPC is fitted into socket
tubes welded to the thermal battery. Sockets are located inside porous media. The PCM is
then used to store the heat (charging). The thermal battery heats the incoming cold water
through pipes (discharging). A small cavity is designed at the entrance and exit of the cold
water and hot water. The cold water cavity is to provide uniform water flow in both pipes.
The hot water cavity prevents any vapor from entering the exit pipe. The 3D design of the
structure of the thermal battery is shown in Figure 2.



Sustainability 2023, 15, 6439 4 of 17

Sustainability 2023, 15, x FOR PEER REVIEW 4 of 19 
 

 

 
Figure 1. Schematic diagram of the ETHPSC with PCM and Porous Medium. 

The thermal battery is coupled to an array of ETHPSCs. The HPC is fitted into socket 
tubes welded to the thermal battery. Sockets are located inside porous media. The PCM is 
then used to store the heat (charging). The thermal battery heats the incoming cold water 
through pipes (discharging). A small cavity is designed at the entrance and exit of the cold 
water and hot water. The cold water cavity is to provide uniform water flow in both pipes. 
The hot water cavity prevents any vapor from entering the exit pipe. The 3D design of the 
structure of the thermal battery is shown in Figure 2. 

 
Figure 2. (A) 3D view of the Thermal Battery, (B) Inlet and Outlet sections of the water, (C) PCM 
inlet valve and HP solar tubes inlet socket, (D) Porous Media inside the thermal battery. 

Figure 1. Schematic diagram of the ETHPSC with PCM and Porous Medium.

Sustainability 2023, 15, x FOR PEER REVIEW 4 of 19 
 

 

 
Figure 1. Schematic diagram of the ETHPSC with PCM and Porous Medium. 

The thermal battery is coupled to an array of ETHPSCs. The HPC is fitted into socket 
tubes welded to the thermal battery. Sockets are located inside porous media. The PCM is 
then used to store the heat (charging). The thermal battery heats the incoming cold water 
through pipes (discharging). A small cavity is designed at the entrance and exit of the cold 
water and hot water. The cold water cavity is to provide uniform water flow in both pipes. 
The hot water cavity prevents any vapor from entering the exit pipe. The 3D design of the 
structure of the thermal battery is shown in Figure 2. 

 
Figure 2. (A) 3D view of the Thermal Battery, (B) Inlet and Outlet sections of the water, (C) PCM 
inlet valve and HP solar tubes inlet socket, (D) Porous Media inside the thermal battery. 

Figure 2. (A) 3D view of the Thermal Battery, (B) Inlet and Outlet sections of the water, (C) PCM inlet
valve and HP solar tubes inlet socket, (D) Porous Media inside the thermal battery.

The proposed method uses 3 distinct modes of heat transfer: Absorbing solar energy,
charging (melting) the PCM via HPC, and discharging (solidification) of the PCM by heat
transfer to the water. Solar energy incident on the ETHPSC is first transported to the HPC.
Then, the PCM melts, and heat is stored throughout the charging process. The heat is
subsequently removed through cold water supply heat exchanger pipes.

The schematic of the experimental setup of the ETHPSC-TM system is shown in
Figure 3. Figure 4 depicts the experimental setup and the thermal battery. Table 1 illustrates
the experimental setup’s dimensions. The site is located on the roof of the Faculty of
Engineering, University of Malaya, Kuala Lumpur (latitude 3.1◦ N, longitude 101.4◦ E).
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Table 1. Dimensions of the experimental setup.

Item Value (mm)

ETHPSC outer tube diameter 58

ETHPSC inner tube diameter 52

Distance between 2 ETHPSCs 142

HPE length 1675

HP adiabatic length 30

HPC length 70

Thermal battery diameter 200

Thermal battery length 1850

Thermal battery wall thickness 2

Water pipe outer diameter 27

Water pipe length (Both U-shape pipes) ~7400
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Five important characteristics directly affect the system’s performance: the appropriate
solar collector, the appropriate solar collector tilt angle, the appropriate PCM selection, the
appropriate porous medium selection, and the thermal battery size.

Numerous research investigations have been undertaken in Malaysia to determine the
ideal tilt angle for solar systems [15–19]. These study publications advocated for various tilt
angles ranging from 10–30 degrees. Ong et al. [20] used 20 degree for the HPSC system. He
recommended that, due to the HP’s effectiveness being highly dependent on its orientation,
The tilt angle of the solar collector should not be too near to the horizontal. In light of this
argument and Loh et al. research [21], a tilt angle of 20 degree is recommended.

The desired qualities of an appropriate PCM must be investigated thermodynam-
ically, kinetically, chemically, and economically. The most appealing material for low-
temperature heat exchangers and solar applications is Paraffin wax with a melting point
of 50–60 ◦C. [22–27]. Based on an extensive investigation into prior pertinent studies,
a Paraffin wax with a melting point of 53–57 ◦C (ASTM D87) is chosen. A prior study
report describes the differential scanning calorimetry of the chosen Paraffin [6]. Table 2
summarizes the thermal characteristics of the Paraffin wax sampled.

Table 2. Thermal properties of the Paraffin wax.

Property Value Unit

Melting point 53–57 (~55) ◦C

Density solid/liquid at 15/70 ◦C 990/916 kg/m3

Thermal conductivity of solid/liquid 0.349/0.167 W/m·K
Specific heat solid/liquid 2.76/2.48 kJ/kg·K

Heat storage capacity 164 kJ/kg

The use of porous media in LHTES systems improves the rate of heat transmission
within the PCM, decreasing the PCM’s charging/discharging time. Typically, porous media
are added into the PCM domain to boost heat conductivity, and the whole phase change
process can be hastened due to the PCM domain’s higher conduction capabilities. Table 3
summarizes the features of the porous media that were chosen. Figure 5 shows a unit of
the chosen porous media.

Table 3. Thermal properties of the Silicon Carbide porous media.

Property Value Unit

Diameter 200 mm

Thickness 30 mm

PPI 10 -

Porosity ~90 %

Thermal conductivity (100 ◦C) [28] ~56 W/(m·K)

The tank and pipe materials are mild steel with thermal conductivity of 45 W/(m·K).
The size of the LHTES tank may be determined by the average daily solar radiation and
the specifications of the solar collector and selected PCM. In Malaysia, the average daily
solar radiation on a sunny day is around 4.5 kWh/m2 per day [20]. Solar radiation that is
absorbable by this sort of solar collector is around 65% [14]. A single ETHPSC has a collector
area of 0.089 m2 (a total of 20 ETHPSCs) (1.77 m2). As a result, the total solar energy that
may be absorbed is approximately 18.6 MJ/day. According to the PCM characteristics
in Table 2 and the absorbable solar energy, if the PCM is initially at a temperature of
25 ◦C, the quantity of PCM that might be melted is approximately 76.6 kg. By considering
the porosity of the Silicon Carbide, the volume of the water pipe, the capacity of the HPC
sockets, potential energy losses from the tank, solar energy fluctuation, and safety issues,
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the PCM should be around 60% of the computed mass above or roughly 46 kg. The size of
the LHTES tank must be such that this amount of PCM is filled in liquid form. As a result,
the LHTES tank is 0.2 m in diameter and 1.75 m in length. The total number of Silicon
Carbide porous media used in the tank is 60 pieces.

Sustainability 2023, 15, x FOR PEER REVIEW 7 of 19 
 

 

 
Figure 5. Photo of the porous media. 

Table 3. Thermal properties of the Silicon Carbide porous media. 

Property Value Unit 
Diameter 200 mm 
Thickness 30 mm 

PPI 10 - 
Porosity ~90 % 

Thermal conductivity (100 °C) [28] ~56 W/(m·K) 

The tank and pipe materials are mild steel with thermal conductivity of 45 W/(m·K). 
The size of the LHTES tank may be determined by the average daily solar radiation and 
the specifications of the solar collector and selected PCM. In Malaysia, the average daily 
solar radiation on a sunny day is around 4.5 kWh/m2 per day [20]. Solar radiation that is 
absorbable by this sort of solar collector is around 65% [14]. A single ETHPSC has a col-
lector area of 0.089 m2 (a total of 20 ETHPSCs) (1.77 m2). As a result, the total solar energy 
that may be absorbed is approximately 18.6 MJ/day. According to the PCM characteristics 
in Table 2 and the absorbable solar energy, if the PCM is initially at a temperature of 25 
°C, the quantity of PCM that might be melted is approximately 76.6 kg. By considering 
the porosity of the Silicon Carbide, the volume of the water pipe, the capacity of the HPC 
sockets, potential energy losses from the tank, solar energy fluctuation, and safety issues, 
the PCM should be around 60% of the computed mass above or roughly 46 kg. The size 
of the LHTES tank must be such that this amount of PCM is filled in liquid form. As a 
result, the LHTES tank is 0.2 m in diameter and 1.75 m in length. The total number of 
Silicon Carbide porous media used in the tank is 60 pieces. 

The cold water source for the intake is a city water pipe. A low-power sealless cen-
trifugal magnetic water pump provides appropriate pressure for the water supply. A nee-
dle valve is installed after the pump to ensure a precise flow rate. Insulation for the ther-
mal battery is by 25 mm thickness Rockwool, while the connection pipe has K-FLEX cool 
insulation. Copper-constantan thermocouples (TCs) (Type T) are used to monitor temper-
atures. The TCs’ positions are depicted in Figure 3. Temperatures at the water entry and 
exit were determined using 2 TCs located at the entry and exit of the water pipes in the 
thermal battery. The Pyranometer is coupled to a TC. A second TC is attached to the flow-
meter. One HP is chosen to monitor the condenser and evaporator portions. Tie wires 
were used to link the TCs to the surfaces of the HPs mechanically. 

A Kipp & Zonen Pyranometer (CMP10) measures solar radiation. Burkert inline fit-
ting type S030 is used to determine the water flow rate. The Agilent 34970A data recorder 

Figure 5. Photo of the porous media.

The cold water source for the intake is a city water pipe. A low-power sealless
centrifugal magnetic water pump provides appropriate pressure for the water supply. A
needle valve is installed after the pump to ensure a precise flow rate. Insulation for the
thermal battery is by 25 mm thickness Rockwool, while the connection pipe has K-FLEX
cool insulation. Copper-constantan thermocouples (TCs) (Type T) are used to monitor
temperatures. The TCs’ positions are depicted in Figure 3. Temperatures at the water entry
and exit were determined using 2 TCs located at the entry and exit of the water pipes in
the thermal battery. The Pyranometer is coupled to a TC. A second TC is attached to the
flowmeter. One HP is chosen to monitor the condenser and evaporator portions. Tie wires
were used to link the TCs to the surfaces of the HPs mechanically.

A Kipp & Zonen Pyranometer (CMP10) measures solar radiation. Burkert inline fitting
type S030 is used to determine the water flow rate. The Agilent 34970A data recorder was
used to gather all data. For 2006–2009, meteorological data prove that the mean monthly
wind speed at the height of 46.2 m above ground level in the Petaling Jaya region of the
field test is between 1.5 and 2.0 m/s [29]. As a result, the influence of wind on the system’s
performance is insignificant.

3. Uncertainty Analysis

An uncertainty analysis was conducted by summing the calibration errors of the most
influential parameters to set plausible bounds on the accuracy of the reported results. As
a result, the following parameters are thought to have a significant impact on the overall
thermal efficiency of the systems:

η = f
( .

I, Thp,e, Thp,c, Tm, Lpcm, Tw,h, Tw,c,
.

mw

)
(1)

Each measurement’s standard uncertainty may be expressed numerically as [30]:

σ =

√√√√[( δX1

X1
)

2
+ (

δX2

X2
)

2
+ . . . + (

δXn

Xn
)

2
]

(2)
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where n is the number of parameters that affect the accuracy of the results, δXi
Xi

corresponds
to the parameters’ relative uncertainty.

All TCs were calibrated, and temperatures were assessed to be within a range of
30–150 ◦C. The measured temperature errors of the TCs for HPE, HPC, and inlet/outlet
supply water pipes are ±4.7%, ±3.9%, ±4.3%, and ±4.4%, respectively. The same data for
the flowmeter and Pyranometer is ±0.2% and ±1.4% of reading of ampere in the range
of 4–20 mA, respectively. The PCM’s melting point and latent heat capacity are off by
±4.7% and ±1.4%, respectively. Using these data and the aforementioned calculation, the
uncertainty in the system’s overall thermal efficiency may be estimated to be around 9.3%.

4. Results and Discussions

The proposed system is intended to be used for a domestic hot water production
application. There are 20 HPSCs in the setup. All HPSCs together have a total aperture
area of 0.089 m2 (1.77 m2). The tap water is heated in the thermal battery before being
sent to the end-user. Two sets of experiments were conducted to understand the system’s
performance better. The field tests are taken during August and September.

Mode 1: Charging/discharging mode. This test aims to find out the total absorbable
solar radiation and total energy transfers to cold water. By this test, the efficiency of the
system could be estimated. The experiment was conducted during the daytime and
evening time. The charging period begins in the morning and ends at about 5 p.m.
Then, the discharge (water draw-off) starts after 5 p.m., until midnight. The flow rate is
60 L/h (lph).

Mode 2: Periodic draw-off. The purpose of this test is to determine the highest and
average hot water temperatures throughout the morning and evening draw-offs. The
experimental test was carried out in the morning and evening, according to the plan shown
in Figure 6. The draw-off was performed 4 times in the morning and 4 times in the evening.
The draw-off duration is for 5 min with 10 min intervals and a 2 L/min (lpm) flow rate.
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water temperature to drop to below 35 °C. It should be highlighted that the cold water 
temperature also reduces during the discharge time. Initially, the cold water temperature 
is over 30 °C, but it reduces slowly to 27–28 °C after a while. The graphs on the right side 
show that the thermal battery can provide at least a 10 °C temperature difference in the 
first 2 h (17:00–19:00) and at least 5 °C for 2 h after that (19:00–21:00). The rate of hot water 
temperature reduction is a matter that causes by long continuous water draw-off. 

Figure 6. Water draw-off pattern and flow rate.

4.1. Mode 1 (Charging-Discharging Mode)

Solar radiation impacts the ETHPSC while it is in charging mode only, and the heat is
absorbed and delivered to the thermal battery via the HPs, melting the PCM. The PCM
retains heat in the form of latent and sensible heat. The supply water does not pass through
the thermal battery in charging mode. During the discharge mode, tap water flows through
the pipes and is heated by the melted PCM. When solar radiation is inadequate, this mode
is enabled, and heat transfer between the ETHPSC and the thermal battery is minimal
or non-existent. Heat transfer happens in just one direction in the HP adiabatic section
(HPA) to the HPC [31] Table 4 present the summary of the solar intensity level and weather
condition of the day for 4 runs of the mode 1.
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Table 4. Summary of the runs for mode 1.

Run No. Solar Intensity Category Weather Conditions in Morning, Noon, Afternoon

#1 Low cloudy, cloudy, cloudy

#2 Low sunny, rainy, rainy

#3 High sunny, sunny, sunny

#4 High sunny, sunny, sunny

Figure 7 presents the solar radiation graph for 2 low intensity days (runs #1 and #2).
The hot and cold water graphs are presented on the right side. It shows that when hot
water discharge starts at 17:00, the highest temperature is close to 50 ◦C, but after about
30 min, it drops dramatically to about 36–38 ◦C. Then, it takes about 1–2 h for that hot
water temperature to drop to below 35 ◦C. It should be highlighted that the cold water
temperature also reduces during the discharge time. Initially, the cold water temperature is
over 30 ◦C, but it reduces slowly to 27–28 ◦C after a while. The graphs on the right side
show that the thermal battery can provide at least a 10 ◦C temperature difference in the
first 2 h (17:00–19:00) and at least 5 ◦C for 2 h after that (19:00–21:00). The rate of hot water
temperature reduction is a matter that causes by long continuous water draw-off.
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Figure 8 demonstrates the solar radiation for 2 sunny days, although there are many
fluctuations in the radiation due to the partial cloudiness (Runs #3 and #4). The hot water
and cold water graphs are presented on the right side. When the discharge of hot water
starts, the highest recorded temperature is about 55 ◦C. In run #3, it takes about half an
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hour for the temperature of hot water to drop to about 40 ◦C. It takes about 2 and a half
hours to drop to 35 ◦C. In run #4, it takes about one hour for the temperature of hot water
drops to 40 ◦C, and it takes about 3 h to drop 35 ◦C. In run #3, the temperature difference is
over 10 ◦C in the first half an hour, and it takes about 2 and half hours to reduce to 5 ◦C.
In run #4, the temperature difference is more than 10 ◦C in the first hour and is more than
5 ◦C for the next 3 h. This temperature profile shows that the thermal battery is able to
provide enough hot water with continuous draw-off for about 3–4 h, which is long enough
for normal use.
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Efficiency of the Thermal Battery

The important aspect of comprehending the thermal battery’s performance is deter-
mining the thermal efficiency. Regarding the design of the thermal battery, it is impossible
to accurately observe the melt fraction and energy storage in the PCM. As a result, mea-
surement of the system’s thermal efficiency is restricted to determining the amount of solar
radiation that can be absorbed and the total amount of heat transferred to the cold water.
According to the mathematical model introduced by Naghavi et al. [6], the absorbable solar
energy in Malaysian weather conditions and solar collector inclination is about 60%. It is
also reported that the average heat loss by the HP is 5% (ηHP = 95%) and the approximate
heat loss from the thermal battery is less than 5% (qloss = 95%). Therefore, the storable heat
(Qst) in the thermal battery can be calculated by the following equation:

Qst = (∑
.
I × Asc)× ηHP × qloss (3)
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which,
.
I is recorded solar radiation data, Asc is the total solar collector area, ηHP is the

thermal efficiency percentage of the HP, and qloss is the percentage of the storable heat of
the thermal battery.

Heat convection to the stream of supply water (Qw) can also be computed from [32]:

Qw = ∑
.

mw.cp,w.(
.
Tw,h −

.
Tw,c) (4)

which,
.

mw is the water flowrate, cp,w is the specific heat of water,
.
Tw,h is the hot water

temperature, and
.
Tw,c is the cold water temperature.

The proportion of the energy transferred to the supply water and the storable thermal
energy express the thermal efficiency of the thermal battery (ηTB):

ηTB =

(
Qw

Qst

)
× 100% (5)

The proportion of the energy transferred to the supply water and the recorded total
solar radiation express the total thermal efficiency of the system:

ηs =

(
Qw

∑
.
I × Asc

)
× 100% (6)

The summary of the 4 runs is shown in Table 5.

Table 5. Cumulative energy and efficiencies from Runs 1–4.

Runs
No.

Daily Radiation
(MJ/m2)

Daily Total Solar
Radiation (MJ)

Storable Daily Solar
Radiation (MJ)

Total Heat Transfer
to Water (MJ)

Efficiency of
Thermal Battery (%)

Efficiency of
System (%)

#1 13.9 24.6 13.3 5.8 44% 24%

#2 12.3 21.8 11.8 5.5 47% 25%

#3 18.6 33.0 17.9 7.6 42% 23%

#4 21.4 37.9 20.5 11.4 56% 30%

As indicated in Table 5 and Figure 9, the thermal efficiency of the thermal battery
is in the range of 44% on low solar intensity days and 56% on high solar intensity days
(average 50%). By considering the uncertainty of the results and plotting a linear trendline,
it could be understood that the fluctuation of the efficiency of the thermal battery is not
more than 50% ± 9.3% in different weather conditions.
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One phenomenon that is derived from the results is that during heat transfer to the
cold water, the adjacent layer of the PCM solidifies sooner, and due to the lower thermal
conductivity of the solid PCM, the direct heat transfer rate from PCM to the cold water pipe
is reduced. This situation is controlled by the porous media, which boosts heat transfer
from remained melted PCM to the cold water pipe.

4.2. Mode 2 (Periodic Draw-Off Mode)

This mode depicts a batch-wise concurrent charging-discharging procedure to deter-
mine the system’s compliance with user demand. The significance of this mode becomes
clear when one considers how many research studies investigated their system over a
single day or in a continuous discharge pattern. Therefore, besides mode 1, mode 2 of runs
#5–#8 was executed to observe the performance of the thermal battery in different climatic
conditions and different times of hot water draw-off.

Numerous pieces of research concentrated on the volume of hot water withdrawn
from the SWH system. In Malaysia’s metropolitan regions, the typical household size is
3–5 people, and each person requires 25–30 L of hot water at operating temperature [33].
Operating temperature is the minimum useable temperature of hot water for domestic
applications such as showering. The recommended operating temperature for domestic
use is at least 38 ◦C [34]. The optimal daily hot water capacity at operational temperature
for a family in Malaysia is between 100–120 L per day (lpd). The hot water flow rate from
the thermal battery is fixed to be 2 L per minute, which in case of being over 38 ◦C will be
mixed with cold water to determine the total producible hot water magnitude.

The graphs of solar intensity are shown in Figure 10. Runs were carried out in 4 days,
of which 2 days are in low solar intensity and the other 2 days are in high solar intensity
conditions. Figure 11 presents runs #5 and #6. The draw-off was performed 4 times in the
morning and 4 times in the evening, the morning draw-off is depicted in the left side graph,
and the evening draw-off is depicted in the right side graphs. In run #5, morning draw-off,
the hot water temperature is mostly less than 35 ◦C. In the evening draw-off, the hot
water temperature is also in the range of 35 ◦C. The results indicate that on days with low
solar intensity, the thermal battery can warm the water at least 3–5 ◦C in the morning and
5–10 ◦C in the evening. This size of the thermal battery or type of PCM cannot indepen-
dently provide hot water at the operating temperature on cloudy or rainy days. It needs
to be more prominent in size, optimize the PCM, or coupled with an auxiliary electrical
heater to level up the output hot water temperature.
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Figure 11. Runs #5 and #6 for low solar radiation intensity days. Water draw-off in the morning
(Left). Water draw-off in the evening (Right).

The results of runs #7 and #8 are depicted in Figure 12. These 2 runs are for high solar
intensity days. In the morning, the hot water draw-off temperature is often greater than
38–40 ◦C, and in the evening, the hot water temperature is typically between 40–45 ◦C. On
days with high solar intensity, the thermal battery may heat the cold water to a minimum
of 10 ◦C in the morning and 15 ◦C in the evening. On sunny days, the thermal battery can
provide hot water at an operational temperature.
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Hot Water Volume

Armstrong [35] defined hot water volume in operating temperature (Vu) as equal to
the volume of hot water output (Tw,o) in recorded temperature that can be mixed with cold
water (Tw,i) to determine a useful final operating temperature (Tu), which is 38 ◦C. The hot
water volume in operating temperature is determined by:

Vu = mw × ∑
Tw,o(t)− Tu

Tu − Tw,i(t)
(7)

Table 6 expresses the daily solar radiation (as explained in mode 1) and hot water
volume in the operating temperature for runs #5–#8. The data also explains the results of
the graphs. On days with low solar intensity, the thermal battery cannot maintain the hot
water’s operational temperature. However, on days with high solar intensity, the thermal
battery can provide enough hot water for routine home usage at an operating temperature
suitable for a family of 3–5 persons in Malaysia.

Table 6. Runs #5–#8, daily solar radiation and producible hot water at operating temperature.

Run No. Recorded Daily Solar
Radiation (Ir/m2)

Total Daily Solar
Radiation (It/Day)

Absorbable Daily Solar
Radiation (Ia/Day)

Hot Water Volume in
38 ◦C (L/Day)

#5 13.6 24.1 13.1 0.0

#6 15.9 28.2 15.3 0.0

#7 22.1 39.2 21.2 197.1

#8 20.1 35.5 19.2 130.8

If the thermal battery is not fully discharged in the evening, the battery would be able
to provide hot water in the morning with the leftover heat from the previous day. This
system can keep the stored heat from the previous day to produce hot water in the early
morning for domestic usage.

5. Conclusions

The performance of the ETHPSC-TM system in 2 distinct modes was investigated
experimentally under real field circumstances. The thermal battery consists of a PCM for
thermal energy storage and a series of porous media plates to enhance heat transfer from
the solar collector and overcome the low thermal conductivity of the PCM. The porous
media is connected to the HPC to collect the heat and distribute it uniformly throughout
the PCM filling the pores. To assess the thermal performance of this system, experimental
data were collected from morning to evening in various weather conditions days.

The result indicated that:

1. The efficiency of the thermal battery is in the range of 44% on low solar intensity days
and 56% on high solar intensity days.

2. Considering the solar radiation fluctuation and uncertainty of the results, the overall
efficiency of the thermal battery is 50% ± 9.3%.

3. The thermal battery can warm up the cold water higher than the operating tempera-
ture on a sunny day (more than 120 L per day at 38 ◦C).

4. The thermal battery required an auxiliary heater to warm up the outlet water to the
operating temperature on cloudy or rainy days.

The main advantages of this system design over current products are as below:

a. This configuration does not need any separate hot water storage tank.
b. There is no need for a water pump to increase the hot water pressure.
c. The effect of layering of hot water (stratification effect) in the hot water tank

is removed.
d. Hot water can be produced immediately according to the demand of the end-user.
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e. The thermal battery is connected to the solar collector. Removing the hot water tank,
extra pipe, and water pump makes the system compact, cheaper, and easy to install.

f. Using porous media provides better heat distribution in the PCM.
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Nomenclature

Symbols
Atank LHS tank Surface area
Asc Solar collector apparatus area
cp,w Heat capacity of water
f Function
Fmelt Molten PCM fraction
.
I incident radiation
L Latent heat energy
.

mw Water mass flowrate
mw Total mass of hot water
N f Number of the fins
Nt Number of HPSCs
qloss Heat loss from the tank
Qst Heat storage
Qw Heat transfer to the cold water
Vu hot water volume in operating temperature
S Absorbed solar energy
T Temperature
Greek
σ Uncertainty measurement
η Efficiency
Abbreviations
ETHPSC Evacuated tube HP solar collector
HP Heat pipe
HPA Heat pipe adiabatic
HPC Heat pipe condenser
HPE Heat pipe evaporator
HPSC Heat pipe solar collector
HTF Heat transfer fluid
LHTES Latent heat thermal energy storage
PCM Phase change materials
PV Photovoltaic
SHIP Solar heat industrial processes
SWH Solar water heating
TC Thermocouple
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