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Solar energy (SE) is a renewable and clean energy source. However, the intensity of solar 

radiation varies due to seasonal changes, weather conditions, and night and day. Thermal 

energy storage (TES) has the potential to accumulate energy that can be employed later for 

various purposes. First of all, this study aimed to improve system efficiency and maintain 

high water temperature (HWT) for a longer period by utilizing phase change materials to 

save energy (PCMs). An experimental rig of a flat plate solar water heating system 

(FPSWHS) with TES based on 17 percent (62 kg) of cylindrical encapsulated paraffin wax 

type RT42 as a PCM was built. Furthermore, 18 aluminum cylinders were used to increase 

the surface area of PCM and reduce the time required for charging and discharging PCM. 

Finally, this research was used to identify a suitable PCM for SWHS based on the climatic 

conditions in the Erbil-Kurdistan region. Incorporating RT42 in a water-PCM storage tank 

resulted in electricity savings of up to 4.75 kWh at 50℃ inlet water temperature and 0.1 

kg.s-¹ mass flow rate, with a total system energy savings of 30.2 kWh as the operation time 

of the electric heater was reduced. According to the final results, system efficiency 

increased by 25%, and the system's average daily carbon footprint was reduced by 27 kg 

of CO2. 
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1. INTRODUCTION

Solar energy (SE) is the primary solution in several 

industrialized countries for reducing the use of fossil fuels and 

thus the dangerous effects on climate change [1]. Solar system 

implementation could reduce annual emissions by 90,014 t of 

N2O, 80,042 t of CO2, and 114 t of methane, CH4, while being 

both cost-effective and environmentally friendly [2]. 

Space heating and water heating are the two most frequent 

uses of SE in the domestic [3]. The needs may readily be 

satisfied during the daylight hours. Electric heaters start after 

sundown to keep the stored water warm and keep the 

temperature at a reasonable level [3]. 

There is an efficient energy storage system in place that 

receives SE when it is available and dissipates it when it is no 

longer needed [3].  

There are three approaches to integrating PCMs into an 

SWHS. The first option is to put a PCM in the FPSC. Carmona 

and Palacio [4] discovered that PCMs can be used as a source 

of heat. In the second configuration, the PCM is put in a water 

storage tank. Several research studies have been conducted on 

this design [3]. The presence of PCM was discovered to 

maintain water at a greater temperature than when there was 

no PCM. In the third configuration, PCM and water are kept 

in separate tanks. 

Solar LHS systems can be used to generate electricity, solar 

cooling or heat buildings, fish farms, greenhouses, DHW, and 

other purposes [5-8]. 

Many theoretical and experimental types of research for 

different arrangements of the SWHS with PCMs mechanisms 

have been established to examine the system's performance, 

research project factors and their influence on increasing 

operating efficiency and lowering module costs [9]. 

In the 1970s and 1980s there was growing interest in using 

PCMs in solar systems for TES in both large solar plants and 

domestic SWHS [10-12]. Similarly, a significant amount of 

basic research on PCMs was being conducted, focusing on 

solidification and melting and the effects of convection and 

conduction on phase transition processes [13, 14]. PCMs have 

recently been used in the development of energy-absorbing 

clothing for military and consumer applications [14]. The 

following sections provide an overview of various models 

constructed in different locations. 

Ghoneim [15] looked at how to improve the architecture of 

such a storage tank. Vikram et al. [16] conducted a review of 

solar energy saving and the energy saving PCMs to keep water 

heated at night. During the day, solar water heaters are 

employed, while at night, PCM enclosed inside cylindrical 

aluminum is used as a heat storage device.  

Sharma et al. [17] reported a study on TES by encapsulating 

it in cylindrical copper or aluminum as PCM. The focus of the 

research is on the amount of thermal energy needed to keep 

water hot in a SWHS. The findings reveal that latent heat 

storage (LHS) has a unique characteristic. 

Saw and Al-Kayiem [18] devised an experimental method 

that included 37 fins attached below the absorber and PCM 

combined into the FPSC. The findings show that high 

temperatures can be achieved even with minor tilt angle 

changes. On the other hand, insulation plays an important role 

in reducing heat losses. The water temperature of the tank 

remained constant during the night as no exterior heat was 

present to cause temperature differences. 
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Longeon et al. [19] studied another configuration that 

includes PCM melting in a cylindrical experimentally and 

computationally for the paraffin RT35 with a melting 

temperature of 35℃ given by RUBITHERM. The outcomes 

recorded a significant increase in energy density and energy 

savings. 

Kanimozhi et al. [20] based on analytical data and 

experimental research, provided research on heat transmission 

applications in the residential and industrial sectors. The 

findings revealed that TES with PCMs in solar applications is 

highly appealing and helpful. 

Koua et al. [21] researched about thermal performance of 

FPSC The study found that combining a FPSC with baffles 

boosted the system's thermal efficiency significantly. 

Bamoshmoosh and Valenti [22], investigated research on 

TES system with concentrated solar power generation. The 

findings reveal that raising the storage fluid's critical 

temperature allows for greater temperature variations and 

higher volume based TES. 

Abdulmunem et al. [23] used High TES material to Improve 

the Performance of solar air heaters. The study demonstrates 

that the thermal storage by paraffin wax achieved better than 

sensible heat storage by cement. 

Zhou et al. [24] investigated whether numerical and 

experimental research on low-melting paraffin with aluminum 

caused improved thermal conductivities. 

Carmona and Palacio [4] researched an off-grid SWHS. The 

paraffin wax showed a significant energy recovery ratio (ERR).  

Furthermore, Pagkalos et al. [25] found that storing energy 

in an integrated solar tank with PCM enables a smaller tank to 

be utilized than a bigger standard tank without diminishing 

stored energy. 

Douvi et al. [9] investigated research on PCMs in SWHSs. 

They concluded that additional study is needed to determine 

the best water flow rate for reducing charging time and 

increasing hot water output and overall efficiency. 

Ochman et al. [26] explored the employ of encapsulated 

paraffin wax in low temperature TES applications using both 

experimental and computational methods. According to their 

study, when compared to stagnant conditions, the melting 

process can be sped up by up to 87 percent using forced 

convection. Chopra et al. [27] investigated a study about the 

combination of PCM between the heat pipe and absorber tube 

in SWHS to obtain an efficient solution to heat pipes’ high 

temperature challenge. The outcomes have shown that daily 

energy efficiency was enhanced by 37 to 81% for two different 

models, whereas an enhancement in exergy efficiency was 

observed by 21 to 73%. 

The Paris Agreement's central goal is to strengthen the 

global response to climate change by keeping global 

temperature rise this century well below 2 degrees Celsius 

above pre-industrial levels, with efforts to limit temperature 

rise to 1.5 degrees Celsius. Furthermore, the agreement aims 

to improve countries' ability to deal with the effects of climate 

change and to align financial flows with low GHG emissions 

and a climate-resilient path. Adequate financial mobilization 

and provision, a new technological framework, and enhanced 

capacity-building must be implemented to achieve these lofty 

goals, while developing and vulnerable countries pursue their 

own national goals [28]. 

The energy demand grows directly in proportion to the 

population, which is rising, resulting in a consistently 

increasing tendency on the power consumption curve. As a 

result, the low water temperature at SWHS during the night is 

a problem that must be addressed. It is critical to investigate 

and optimize the use of PCMs in SWHS storage tanks in order 

to keep the water at a high temperature for longer periods. 

In this study, a cylindrical encapsulation of PCM is used, 

which has several essential benefits, the most noteworthy of 

which is that it improves the thermal storage of the system. 

The main goal of this effort is to study the performance of 

thermal enhancement of solar energy storage using PCMs. 

These specific objectives are achieved through the alteration 

of the experimental model, and the aim is to reduce and shift 

electricity peak loads in water heating and save energy by 

using PCM. 

 

 

2. EXPERIMENTAL SETUP 

 

The system located in the Technical Institute in Erbil city 

(36.2 ᵒN latitude, and 44 ᵒE longitude and elevation 420 m 

above sea level). The system used in this study consists of 

FPSCs, large water storage tank, the water-PCM storage tank, 

circulation pumps to circulate water inside the system, piping 

system, temperature sensors, pressure sensors, flow sensors, 

expansion vessel, and residential water softener. A computer 

application called DESIGO INSIGHT displayed all of the data 

from temperature, flow meter, and pressure sensors on a screen. 

The important parts of SWHS are explained in this section. 

 

2.1 Flat plate solar collector 

 

The SC system utilized in this experiment consists of 10 

panels arranged in two rows (5 by 5) parallel to each other and 

installed on the top of the Erbil Research Center building, each 

with a surface area of (2 m2) and a tilt angle of 60° from 

horizontal, facing south, as shown in Figure 1. 
 

 
 

Figure 1. Flat plate solar collectors’ arrangement 
 

2.2 Water storage tank 

 

In this system, a water storage tank contains 1 m3 of water 

(storage tank 1) of type WBO 1005 UNO/DUO is employed 

for storing heated water, which is indirect and do not have a 

backup, and has a maximum operating pressure and 

temperature of 16 bar and 130 ᵒC, respectively, as indicated in 

Figure 2. 
 

 
 

Figure 2. Water storage tank 
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2.3 Water-PCM storage tank 

 

As seen in Figure 3 a, a Water-PCM storage tank (storage 

tank 2) of 0.5 m3 is used in the system, which has been 

modified for thermal enhancement in the system. It is filled 

with 81% of water (0.405 m3) and 17% of RT42 paraffin PCM 

(0.085 m3) in 18 aluminum cylinders with 0.1 m outside 

diameter, 0.094 m inside diameter and 0.66 m height, as shown 

in Figure 3 b and c, the tank contains base that occupies 0.01 

m3 of tank volume (2% of tank volume). This study is focused 

on the Water-PCM storage tank which is located after the 

water storage tank and before the load. 

 

 
 

Figure 3. Water-PCM storage tanks with (a) insulation, (b) 

dimensions, and (c) cylindrical PCM 

 

The water-PCM storage tank that have twelve temperature 

sensors, three of them are used in the top, midpoint, and 

bottom of the cylindrical PCM, as seen in Figure 4, which they 

were measured using a DS18B20 thermometer. 

 

 
 

Figure 4. Positions of thermocouples in PCM 

 

The schematic of temperature, flow meters, and pressure 

sensors in the closed SWHS used in this study is shown in 

Figure 5. The water-PCM storage tank, which is located after 

tank 1 and before the load, was the focus of this study and to 

compare energy savings with and without PCM and control 

the water temperature in tank 2. 

 

 
 

Figure 5. The sensors schematic in the SWHS 

 

2.4 RT42 PCM 

 

The PCM employed in this experimental study was Paraffin 

wax type RT42, as shown in Figure 6, which was supplied by 

RUBITHERM Company. 

 
 

Figure 6. RT42 paraffin wax from RUBITHERM 

 

The properties of RT42 have been indicated in Table 1. 

 

Table 1. Properties of RT42 [29] 

 

Property Value 
Variation with 

Temp 

Density (ρ) 
880 kg/mᵌ 

760 kg/mᵌ 

15°C 

80°C 

Latent Heat Capacity 

(Δh) 
165,000 J/kg - 

Tₘ 42°C - 

Tₛ 43°C - 

Cp 

38°C for melting 

37°C for 

solidification 

- 

 2000 J/ kg K 42°C 

 

 

3. ENERGY ANALYSIS 

 

The following sets of equations are used for experimental 

energy analysis: 

 

3.1 Energy accumulation 

 

Energy accumulation depend on the PCM percentage 

volume and PCM with latent heat capacity (Δh) significantly 

so, to get high energy stored need to PCM with high Δh. PCM's 

basic energy accumulation equation is as follow: 

 
𝑄ₛₜ = 𝑀[𝘤ₚₛ(𝑇ₘ − 𝑇𝑖) + 𝑥𝛥ℎ + 𝘤ₚ⸤(𝑇𝑓 − 𝑇ₘ)] (1) 

 

x is the melting fraction, which can be computed using the 

formula below [30]: 

 

𝑥 =
𝑇 − 𝑇ₛ

𝑇⸤ − 𝑇ₛ
 (2) 

 

where, T is the midpoint temperature of PCM, and Tₛ is the 

solidus temperature of PCM. 

For full melting, the energy accumulation or heat absorbed 

(stored) (Qₛₜ) during the charging is as: 

 
𝑄𝑎𝑏𝑠 = 𝑄ₛₜ = 𝑀[𝘤ₚₛ(𝑇ₘ − 𝑇𝑖) + 𝛥ℎ + 𝘤ₚ⸤(𝑇𝑓 − 𝑇ₘ)] (3) 

 

3.2 Energy recovery ratio (ERR) 

 

The ERR describes the heat recovered value as a result of 

the PCM discharging. The short duration of the discharging 

process or the lowest difference between discharge and charge 

times are other major factors that contribute to high ERR. 

The rejected energy (Q rej) during the discharging process 

can be determined as in [31]: 
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𝑄 𝑟𝑒𝑗 = 𝑀[𝘤ₚₛ(𝑇𝑖 − 𝑇ₘ) + 𝛥ℎ + 𝘤ₚ⸤(𝑇ₘ − 𝑇𝑓)] (4) 

 

The energy recovery ratio (ERR) is the ratio of PCM 

discharge heat to charging heat. It can be computed as [31]: 

 

𝐸𝑅𝑅 =
𝑄𝑟𝑒𝑗

𝑄𝑎𝑏𝑠
  (5) 

 

If the time (t) of both charging and discharging are taking 

into account then the ERR can be estimated as follow: 

 

𝐸𝑅𝑅 =
𝑄𝑟𝑒𝑗/𝑡𝑖𝑚𝑒 𝑜𝑓 𝑐𝑜𝑚𝑝𝑙𝑒𝑡𝑒 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝑄𝑎𝑏𝑠/𝑡𝑖𝑚𝑒 𝑜𝑓 𝑐𝑜𝑚𝑝𝑙𝑒𝑡𝑒 𝑐ℎ𝑎𝑟𝑔𝑒
  (6) 

 

3.3 System thermal capacity 

 

Thermal capacity depends on how much quantity of energy 

was stored by the water and PCM so, selecting the PCM with 

high energy storage is necessary to obtain high thermal 

capacity, subsequently water kept at high temperature for long 

duration. 

Consider a water storage tank and water–PCM storage tank, 

the total accumulated energy (Eₜₒₜ) with and without PCM can 

be found as the following respectively [32]: 

 

𝐸ₜₒₜ, ₙₒ𝑝𝑐𝑚 = ṁ𝑤𝐶𝑝𝑤(𝑇𝑤𝑜 − 𝑇𝑤𝑖) (7) 

 

where, (Eₜₒₜ,ₙₒ pcm) is the total accumulated energy without 

PCM. 

 

𝐸ₜₒₜ, 𝑝𝑐𝑚 = ṁ𝑤  𝐶𝑝𝑤 (𝑇𝑤𝑎𝑣 − 𝑇𝑤𝑖) + 𝑄ₛₜ (8) 

 

where, (Eₜₒₜ, pcm) is the total accumulated energy with PCM. 

Thermal storage gain (Qths) is as [32]: 

 

𝑄𝑡ℎ𝑠 =
𝐸ₜₒₜ,𝑝𝑐𝑚

𝐸ₜₒₜ,ₙₒ 𝑝𝑐𝑚
  (9) 

 

3.4 System efficiency 

 

The following equations were employed to determine the 

efficiency of the system experimentally without and with PCM 

respectively [33]: 

 

 

𝜂𝑠,ₙₒ 𝑝𝑐𝑚 =
𝐸ₜₒₜ,ₙₒ𝑝𝑐𝑚

𝐼∗𝐴𝑐 
  (10) 

 

where, (ηs,ₙₒ pcm) is the system efficiency without PCM. 

 

𝜂𝑠,𝑝𝑐𝑚 =
𝐸ₜₒₜ,𝑝𝑐𝑚

𝐼∗𝐴𝑐 
  (11) 

 

where, (ηs,pcm) is the system efficiency with PCM. 

 

 

4. UNCERTAINTY OF EXPERIMENTAL WORK 

 

The error is the variance between the correct value and the 

measured value. If a single number (U) is required to indicate 

a tolerable limit of error for a given factor, a model 

incorporating bias and precision errors should be used, where 

the range is X±U. If the basic parameters are (X1, X2, X3…. Xi) 

and the outcomes are (r), the following is the result [34]: 

 

𝑟 = 𝑓(𝑋1, 𝑋2, 𝑋3, … . , 𝑋𝑖) (12) 

The Taylor series approach can be used to estimate the 

propagation effect [35]: 

 

𝑈𝑟 = (
𝜕𝑟

𝜕𝑋1
)2𝑈𝑋1

2 + (
𝜕𝑟

𝜕𝑋2
)2𝑈𝑋2

2 +

(
𝜕𝑟

𝜕𝑋3
)2𝑈𝑋3

2 … . +(
𝜕𝑟

𝜕𝑋𝑖
)2𝑈𝑋𝑖

2  
(13) 

 

Each component in Eq. (13) is divided by r2 to get the first 

form. The right hand side terms are then multiplied by (Xi/Xi) 

2, which equals 1. As a result: 

 

Ur
2

r2 = (
X1

r

∂r

∂X1
)

2
(

UX1

X1
)2 + (

X2

r

∂r

∂X2
)

2
(

UX2

X2
)2 +

(
X3

r

∂r

∂X3
)

2
(

UX3

X3
)2 + ⋯ + (

Xi

r

∂r

∂Xi
)2(

UXi

Xi
)2  

(14) 

 

where, Ur/r denotes the result's relative uncertainty, which is 

the product of two factors for each parameter. The relative 

uncertainty for each factor is represented by the factors 

(UXi/Xi). The average uncertainties of the main parameters are 

explained in the Table 2. 

 

Table 2. The average uncertainties of the main parameters 

 
Parameter Uncertainty (Ur) 

Temperature ± 0.5°C 

Mass flow rate ≤ 2% 

Solar radiation ≤ 1.8% 

PCM mass ±2% 

 

 

5. RESULTS AND DISCUSSION 

 

The results for system efficiency enhancement, discharging 

and charging processes, system efficiency enhancing, energy 

analysis, and carbon footprint reduction are presented in this 

section. Variations in water inlet temperature and mass flow 

rate had an impact on all of these results. 

 

5.1 Charging time 

 

The charging periods of RT42 for the nine cases are shown 

in Table 3. Using 18 cylindrical Aluminum caused to high 

PCM surface area and this resulted in high heat transfer rates. 

Cylinders have low volume to surface area ratio and as a result, 

the heat transfer rate is quite high, correspondingly the 

required charging time is less. When the charging period is less, 

it means that the system is able to store the largest amount of 

energy in the least period, and this means that the system 

operates with higher efficiency. So the minimum charging 

period of RT42 was for the highest values of inlet temperature 

to the water-PCM tank (Tin) and water mass flow rate (ṁw) i.e. 

60℃ and 0.1 kg.s-¹, which the same boundary conditions that 

the system got on the highest efficiency. The maximum time 

required for charging was found for lowest Tin and ṁw values 

i.e. 50℃ and 0.06 kg.s-¹, whereas the medium time required 

for charging was found at medium Tin and ṁw. 

 

Table 3. Charging period in hours for each case 

 
𝐓𝐢ₙ/ṁ𝐰 0.06 kg/s 0.08 kg/s 0.1 kg/s 

50℃ 2.93 2.35 2 

56℃ 2.49  2.02 1.8 

60℃ 1.88 1.75 1.53 
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The charging time taken can be seen in Figure 7. It is clear 

from the graph that the charging period gets shorter as Tin gets 

higher. In comparison, the time it takes to charge decreases 

as ṁw increases. 

 

 
 

Figure 7. Variation in charging period of RT42 as inlet 

temperature and mass flow rate change 

 

5.2 Discharging time 

 

The discharging periods for nine cases are shows in Table 

4. The maximum time required for discharging was found for 

highest Tin and lowest ṁw  values i.e. 33ºC and 0.06 kg.s-¹, 

whereas the minimum discharging period was for the lowest 

value of Tin and highest value ṁw i.e. 24℃ and kg/s. Also, the 

medium time required for discharging was found at medium 

Tin and ṁw. 

 

Table 4. Discharging period in hours for each case 

 
𝐓𝐢ₙ/ṁ𝐰 0.06 kg/s 0.08 kg/s 0.1 kg/s 

33ºC 3.2 3.05 2.48 

28ºC 2.68 2.15 2 

24ºC 2.12 1.98 1.65 

 

 
 

Figure 8. Variation in discharge period of RT42 as inlet 

temperature and mass flow rate change 

 

 
 

Figure 9. Charging and discharging processes for ṁw=0.1 

kg.s-¹ and Tin of 60°C and 33°C for charging and discharging 

respectively 

The discharging time taken can be seen in Figure 8. It is 

clear from the graph that the discharging period gets shorter as 

Tin gets lower. In comparison, the time it takes to discharge 

decreases with ṁw increases, because heat is transported away 

faster by the colder fluid at higher ṁw. 

Figure 9 represents an example of the charging and 

discharging processes with PCM initial and final temperatures 

for charging of 18°C, 56°C respectively, PCM initial and final 

temperatures for discharging of 56°C, 18°C respectively, 

ṁw =0.1 kg.s-¹ and Tin of 60°C and 33°C for charging and 

discharging respectively. 

 

5.3 Efficiency enhancing 

 

One of the most important benefits of integrating PCMs 

with SWHS is increased system efficiency. Figure 10 depicts 

a comparison of system efficiency with and without PCM. The 

results show that the energy stored by the PCM increased the 

system efficiency for the same boundary conditions in all cases 

by 12–25%, achieving thermal performance. 

 

 
 

Figure 10. Comparison between the system efficiency with 

and without PCM 

 

Figure 11 depicts the increase in system efficiency achieved 

using PCM for the nine cases. The graph clearly shows that the 

system efficiency was increased significantly by 25% for 

highest Tin and lowest ṁw values i.e., 60ºC and 0.06 kg.s-¹, 

whereas the minimum increase in system efficiency was 12%, 

that was found for the lowest values of Tin and ṁw i.e., 50ºC 

and 0.06 kg.s-¹. It was also discovered that as Tin increases the 

system efficiency, whereas as ṁw  increases at constant Tin, 

system efficiency may increase or decrease due to energy 

storage in the storage tank 2. 

 

 
 

Figure 11. System efficiency increase for the nine cases by 

using PCM 

 

5.4 Energy analysis 

 

5.4.1 Energy saving 

PCMs can store a significant amount of energy during phase 

change material. Heat energy is stored in PCM and released 
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when the material cools and goes through the phase change 

process. For the same PCM mass, Cₚ, Δh and melting fraction, 

the energy-saving in PCM depends on the initial and final 

temperatures of the PCM for the charging process. The higher 

energy stored in PCM is obtained with a lower PCM initial 

temperature and the highest final temperature of the PCM. The 

results for accumulated energy by RT42 in kWh obtained for 

all nine cases are shown in Figure 12. 

The maximum energy stored by RT 42 (2.12 kW) was found 

for highest values of Tin and ṁw  i.e. 60 ºC and 0.1 kg.s-¹, 

whereas the minimum energy stored (1.11 kW) was for the 

lowest values of Tin and ṁw i.e. 50℃ and 0.06 kg.s-¹. 

 

 
 

Figure 12. Energy saving for RT42 for different Tin and ṁw 

 

Figure 13 depicts the results obtained for the total 

accumulated energy by the system in kWh at various times of 

the year. In comparison, it is clear from the graph that for the 

same boundary condition, the system energy savings with 

PCM are larger than those without PCM on all days. This is 

due to energy savings as sensible energy in the water-PCM 

storage tank. The results show that the maximum system 

energy stored with PCM was 10.9 kW on December 15, while 

the minimum system energy stored with PCM was 7.1 kW on 

November 29; this is primarily due to differences in solar 

radiation for different days and, to a lesser extent, depends on 

the boundary conditions. 

 

 
 

Figure 13. The total system energy saving with and without 

paraffin wax RT42 for different days for November and 

December, 2021 

 

5.4.2 Thermal storage gain 

Thermal storage gain (Qths), which is the proportional of the 

total energy stored with PCM to that without PCM, is another 

important energy analysis for using PCM in SWHS.  

The higher thermal storage gain means that the RT42 caused 

to more thermal enhancement of the SWHS, as shown in 

Figure 14. Therefore, the highest increase in system efficiency 

and the maximum Qths was obtained with the same boundary 

conditions, at the highest inlet temperature and lowest mass 

flowrate values 60ºC and 0.06 kg.s-¹ respectively. The 

maximum Qths was 1.48 whereas; the minimum Qths was 1.2 

which obtained at 56ºC and a rate of 0.1 kg.s-¹. 

 

 
 

Figure 14. Variation in Qths as inlet temperature and mass 

flow rate change 

 

5.4.3 Energy recovery ratio 

The energy recovery ratio (ERR) results for all nine 

scenarios are shown in Figure 15. The graph clearly shows that 

RT42 has a high ERR because it lacks hysteresis. In practice, 

it is difficult to precisely control the details of any phase 

change material, including hysteresis and sub-cooling errors. 

 

 
 

Figure 15. Variation in ERR as inlet temperature and mass 

flow rate change 

 

5.4.4 Electricity consumption reduction 

The energy saving in kWh can be estimated by multiply the 

energy saving in kW to the discharge time in hours. Figure 16 

illustrates that the maximum amount of energy stored is 4.75 

kWh, which was obtained at lowest Tin and highest  ṁw values 

of 50ºC and 0.1 kg.s-¹ respectively, whereas the minimum 

energy stored is 3.2 kWh, which was obtained at highest Tin 

and ṁw values of 60ºC and 0.1 kg.s-¹ respectively. 

 

 
 

Figure 16. Variation in energy saving by RT42 as inlet 

temperature and mass flow rate change 

 

Figure 17 illustrates that the maximum amount of energy 

stored by the system was 30.2 kWh on 21th November, 

whereas the minimum energy stored was 8.8 kWh on 12th 

December. The average daily energy stored by the system is 

19.3 kWh. 
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Figure 17. Energy saving in kWh by the system at various 

days of the year 

 

5.5 Carbon footprint reduction 

 

Due to PCM, electric heaters that operate for shorter periods 

of time will save money while also lowering their CO2 

emissions.  

The kerosene amount employed in a liter to produce heat in 

kJ is calculated as follows [36]:  

One litter of kerosene equals 37,600 kJ of heat. The amount 

of CO2 released by the heat produced by electric heaters is then 

calculated in kWh: 0.37 kilograms of CO2 equals 1 kWh of 

heat. As a result, for every 3.76 kWh of energy stored by RT42, 

the average daily carbon footprint reduction by RT42 is 1.4 kg 

CO2. Furthermore, if the system stores 19.3 kWh per day, the 

system's daily and annual carbon footprint reductions are 27 

kg CO2 and 7044 kg CO2 respectively. 

 

 

6. CONCLUSIONS 

 

A practical effort to improve the performance of a water-

PCM storage system combined with a SWHS, as a water-PCM 

storage tank developed and built under the climate conditions 

of Erbil city in Kurdistan Region-Iraq. The following are the 

main conclusions from this work: 

(1) The employ of PCM in TES storage has proven to be an 

effective way to reduce fossil energy usage and increase 

reliance on SE. 

(2) Excess heat can be kept in a PCM as latent heat during 

the day and used to keep water warm and acceptable for use in 

all domestic applications at night. 

(3) The integrating of FPSWHS with RT42 is suitable for 

application in Erbil city, it concluded from experimental study 

that the best energy saving with minimum discharge and 

charge time obtained at 60℃ inlet temperature with 0.1 kg/s 

mass flow rate. Furthermore, the system efficiency was 

improved by 25%.  

(4) It concluded from the other studies which that mentioned 

in this study that the PCM in cylindrical modules performs 

significantly better than the PCM in other form modules. 

Furthermore, the cylindrical module is more practical in terms 

of installation and production. 

 

 

7. RECOMMENDATION AND FUTURE WORK 

 

Future research could focus on a more in-depth 

investigation with different PCMs. SWHS cost estimates 

should be thoroughly examined in order to determine potential 

savings and implementation costs . 
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NOMENCLATURE 

 

Ac Collector Surface Area [m2] 

Cₚ Specific heat, J. kg-1. K-1 

I Total radiation on horizontal surface [W.m-2] 

k Thermal conductivity, W.m-1. K-1 

M Phase change material mass [kg] 

ṁ  Mass flow rate [kg.s-¹] 
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Q Sensible heat stored [W] 

Qₛₜ Thermal energy stored [W] 

Qths Thermal storage gain 

Qu Useful heat energy gain [W] 

r Resulted value 

T Phase change material temperature in phase 

change state [ºC] 

Tf Final temperature of Phase change material 

[ºC] 

Ti Initial temperature of Phase change material 

[ºC] 

Tin Water-PCM tank inlet temperature [ºC] 

T⸤ Liquid temperature of Phase change material 

[ºC] 

Tₘ Melting temperature [ºC] 

Twav Average temperature of water-PCM storage 

tank [ºC] 

Twi Water tank inlet temperature [ºC] 

Two Water tank outlet temperature [ºC] 

Ur Uncertainly of calculated parameter 

Ux Uncertainty of measured variable 

X Melting fraction 

 

Greek symbols 

 

ρ Density [kg.m-3] 

Δh Latent Heat Capacity [J] 

η Efficiency  

 

 

 

Subscripts 

 

abs Absorbed 

c Collector 

f Final 

i Initial 

in Inlet 

l Liquid 

m melting 

rej Rejected 

s Solid 

s,nopcm System without phase change material 

s, pcm System with phase change material 

st Stored 

tot Total 

ths Thermal storage 

w Water 

 

Abbreviations 

 

CFD Computing Fluid Dynamics 

ES Energy storage 

ERR Energy recovery ratio 

FPC Flat plate collector 

FPSC Flat plate solar collector 

FPSWHS Flat plate solar water heating system 

LHS Latent Heat Storage 

PCM Phase change material 

SE Solar energy 

TES Thermal energy storage 

t Ton 
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