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The effect of using PCM in increasing the performance of solar hot water storage tank 

 

 BY: Raef Mazen Al-Rajabi 

ABSTRACT 

Storing heat energy using latent heat storage system is considered as one of the of the 

methods that are used to raise the performance and efficiency of solar hot water storage 

system (SHWST).Phase Change Materials (PCMs) may be added to solar hot water storage 

tank to act as latent heat storage media offering a high storage capacity compared to sensible 

heat storage. 

This study investigates the effect of using phase change materials (PCMs) around a 60-liters 

solar hot water storage tank (SHWST). The study conducted on three different volumes that 

varies by the difference of the thickness of phase change materials (PCMs) surrounding the 

tank. Throughout this study, the use of paraffin wax (PW) as a phase change material (PCM) 

was investigated.  

This study shows the importance of using phase change materials (PCMs) in solar hot water 

storage systems (SHWST) by comparing these modified systems with the traditional solar hot 

water storage systems. Due to thermal efficiency of these materials and its ability of storing 

and releasing heat energy, the performance and efficiency of the solar hot water storage tank 

(SHWST) were improved.  

The results obtained from this study shows that using  paraffin wax (PW) with a thickness of 

4cm around the SHWST achieved better performance and higher efficiency compared to the 

traditional SHWST. The results of this study shows that the efficiency of this design is higher 

than the traditional solar hot water storage tank by 21.78% taking in consideration that it 

contains an isolation layer of polyethylene of the same thickness and function under the same 

conditions. Furthermore, the amount of heat loss was reduced by 65.3% and the thermal 

efficiency was raised by 3.96% and the energy efficiency by 6.35% as well.  
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 الشمسي الساخن الماءتخزين  خزان رفع أداء في مواد تغير الطور استخدام تأثير

 اعداد: رائف مازن الرجبي

 

 الملخص: 

 يعد تخزين الطاقة الحرارية بالطريقة الكامنة احدى الطرق المتبعة لرفع اداء وكفاءة أنظمةة تخةزين الميةال السةاخنة الشمسةية.

بالطاقة الشمسية ليكون بمثابة وسائط تخةزين حراريةة ( في خزان تخزين الماء الساخن PCMمواد تغيير الطور ) يتم اضافة

 تخزين عالية مقارنةً بالتخزين الحراري المعقول. ةسع توفر التي كامنة

 60( حول خزان تخزين الماء الساخن بالطاقة الشمسةية سةعة PCMتم في هذا العمل دراسة تأثير اضافة مواد تغير الطور )

( PW( المحيطةةة ب ةةا حيةةخ تةةم اختيةةار يةةمع البةةرافيين )PCMمةةادة تغيةةر الطةةور) لتةةر بثةثةةة احمةةام مختخفةةة بةةاختة  سةةم 

 (.PCMكإحدى انواع مواد تغير الطور )

اظ رت الدراسة أهمية استخدام مواد تغير الطةور فةي انظمةة التخةزين الحراريةة مقارنةة مةع انظمةة التخةزين التقخيديةة  نظةرا 

 تخةزين لخزانةات اليةةعالاداء والفممةا أسة م فةي رفةع وتحرير الطاقة الحراريةة  لخفاعخية الحرارية ل ذل المواد وقيام ا بتخزين

  .الشمسية بالطقة اء الساخنالم

سم( حقق 4( حول خزان تخزين الميال الساخن بالطاقة الشمسية بسم  )PWتوصخت الدراسة الى أن اضافة يمع البرافيين )

الذي يحتوي عخى طبقةة  التقخيدي تخزين الماء الساخن بالطاقة الشمسية% مقارنة مع خزان 21.78افضل اداء وكفاءة بنسبة 

حيةخ انخفضةت كميةة الفقةد الحةراري لخخةزان من العازل الحراري بولي أثيخين ل ةا نفةا السةم  وعنةد نفةا ظةرو  العمةل. 

 المستفادة من الخزان.% ارتفعت كفاءة الطاقة 6.35% وبنسبة 3.96%  وارتفعت الكفاءة الحرارية بنسبة 65.3بنسبة 
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CHAPTER 1 

INTRODUCTION 

 

1.1   Background  

As fossil fuels continue to overload the atmosphere with carbon dioxide and other gas 

emissions, the world now is in need of a better alternative. Since fuel prices are 

continuously increasing, this alternative must not only be environmentally-friendly but 

more cost -effective too. In general, solar energy is one of the most widely used renewable 

energy sources in the world. In the case of Palestine, solar energy is the most used source 

of energy due to the high amount of sun hours during the year [1]. 

There are two main applications of solar energy which are the solar photo voltaic system 

and the thermal energy system. The first converts sunlight into electricity and the second 

converts sun radiation into heat. 

Solar thermal energy has several applications in daily life, such as cooling and heating 

buildings, cooking, and producing hot water for domestic, industrial and agricultural 

purposes. However, solar energy is intermittent, unpredictable, variable and available only 

during the day. This presents a serious problem. One of the solutions for this problem is 

what several researchers have been attempting to find which is a method by which the 

surplus energy can be stored for later use. In the case of solar energy, several researches 

have been conducted in an attempt to find a method for storing the surplus of heat energy 

during the sunshine hours and use it during the night and that method is called the thermal 

energy storage. 

Thermal energy storage is of a particular interest and significance in solar thermal 

applications. Thermal energy can be stored as sensible heat, latent heat or chemical energy. 

The main method that is used for thermal storage system is latent heat which stores energy 

through phase change such as cold storage water/ ice and heat storage by melting paraffin 

wax. It is worth mentioning that sensible thermal energy storage system, which stores 

energy by changing the temperature of the storage medium is also widely used. 

The latent thermal energy storage system seems to be more preferable than the sensible 

thermal storage system due to its high storage density with temperature change in addition 

to its unit size which is smaller than the sensible thermal storage system. 
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The thermal storage system ,which uses phase change material as a medium, is an 

innovative way that  increases the efficiency of thermal storage system in a domestic 

thermal system. 

1.2   Statement of the Problem  

During the last decade ,the local thermal storage systems have been highly improved in 

terms of elevating the performance and efficiency of the isolating materials and the 

components of these systems. However, the studies, researches and attempts to improve 

these systems focused only on improving the sensible heat storage systems. This study 

aims at improving SHWST by adding latent heat storage systems. This is done by 

replacing  the isolating material with PCM in order to raise the performance and efficiency 

of these systems and comparing them to the sensible heat storage systems. 

1.3 Study Objectives  

To achieve the aim of this study, the following objectives have been formulated: 

 Experimentally investigate the effect of PCM on energy storage and the 

performance of SHWST. 

 Design an innovative, low-cost SHWST using PCM that is available in local 

market. 

 Develop a data analysis to process the obtained experimental data in a SHWST 

using PCM and comparing it with the data of traditional SHWST. 

1.4 Methodology and Thesis Scope   

 

The experimental tests of both traditional SHWST and using PCM will be conducted in 

parallel in two tests. In the first test, water will be heated using an electric heater inside the 

tank, raising the temperature of water and monitor it during period time (for test) where the 

energy from hot water is transferred to PW and placed around the SHWST. A set of 

thermocouples and sensitive heat flux sensors installed at different distances around the 

SHWST were used to obtain data on the heat transfer processes. This was done to gain 

better understanding of processes of heat and mass transfer in the SHWST during the phase 

change process. In this test , the amount of the heat loss coefficient(UAs) and the thermal 

efficiency are calculated. In the second test, hot water is introduced at a three deference 

temperatures  into the hot water tank and a (draw –off)  test is conducted for both design 
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and heat loss is calculated in order to obtain realistic results for the energy efficiency of  

the water tank designs. 

To achieve the aim of this study the following objectives need to be completed:  

 Research previous investigations on PCM heat storage and SHWST system. 

 Design SHWST using PCM. 

 Prepare for an experiment test for SHWST using PCM. 

 Improve the performance of the SHWST using PCM.  

 Collect data and compare results for the improved design. 

 Write up findings and any conclusions made in final report.  

Equipment/Facilities to be used  

 A traditional solar hot water storage tank that is available in the local market.  

 Paraffin wax as one of the types of phase change materials that are available in the 

local market. 

 Thermocouples and sensitive heat flux sensors. 

 Data logger equipment.  

1.5  Thesis Structure  

  

Chapter two: In this chapter, thermal storage systems are discussed in terms of definition, 

importance, main methods, and the advantage and disadvantage of each method. This 

chapter also discusses the phase change materials in terms of their properties and 

classification: organic and inorganic PCMs. At the end of the chapter, thermal storage 

system using phase change material and the presentation of previous studies and researches 

are addressed. 

Chapter three: This chapter discusses the specifications of the hot water storage tank used 

in the experimental test, materials , and tools used to complete the experiment as well as 

the practical steps to build the design in the three cases and contains the equations and 

arithmetic methods used in the analysis of the results and data. 

Chapter four : This chapter discusses the data and the results obtained from the use of PW 

in SHWST in the three difference volumes (thickness 4-cm, 3-cm and 2-cm) around the 

tank in two differences test (rising water temperature to 45
o
C without water flow (thermal 

storage tank test) and the draw-off test).This also shows the difference between traditional 
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SHWST and SHWST with PW. It discusses the benefits of using SHWST-Containing PW 

as well. 

Chapter five : Contains thesis conclusion, recommendation and future work.    
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CHAPTER 2 

LITERATURE REVIEW 
 
2.1 Introduction 

 

As it was mentioned and briefly discussed before, solar thermal energy stands as one of the 

major applications of solar energy that converts sunlight into heat. Solar thermal 

systems consist of two main parts: solar collectors, and thermal Storage System. Thermal 

energy Storage (TES) in general, and phase change materials in particular, have been a 

major topic in the search for the last 20 years [2]. In this chapter, most of the relevant 

research and previous studies will be addressed. 

 

2.2 Thermal energy storage 

Thermal energy storage can be seen as a key factor for increasing the performance of the 

industrial process. TES is a technique that is used for storing excess heat energy and using 

it later when needed. Thermal energy storage technologies , along with their economic and 

environmental benefits, have been widely studied in the past two decades as one of the 

methods used in renewable energy systems. The use of thermal storage technologies has 

been associated with applications of solar energy systems as well as lost energy recovery 

systems. Thermal energy storage techniques have been used in solar applications. Solar 

energy is one of the renewable sources of energy that is always different from day to night 

and / or because of climatic fluctuations in different seasons of the year. Because of this 

difference, thermal energy cannot be controlled, so thermal energy storage techniques are 

used to control the lack of energy supply in solar applications under different conditions 

[2,3]. 

Thermal energy storage technique is mainly used in solar applications for storing heat 

energy during off-peak periods (charging in energy availability over energy) for later use 

during the night or peak times (discharging) shown Figure (2.1). 
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Fig (2.1) Flow diagram of a thermal storage process 

Different methods of classification of thermal storage systems vary according to the 

standard used. Generally, when the standard that is used in classification differs, the 

classification differs accordingly. If the standard is the temperature, thermal storage 

systems are divided into two parts: heat storage systems, cold storage systems. If the 

standard is the storage period, it is divided into two parts: long-term storage, short-term 

storage. 

The most important classification of thermal storage systems, which has been the basis of 

all studies and scientific research over the past two decades, is the design of the thermal 

storage system shown in figure (2.2) which can be explained follows: 

1- Sensible heat storage  

2- Latent heat storage  

3- Thermochemical heat storage 

 

 

 

 

 

 

Fig.(2.2) Classification of thermal storage methods 
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These methods differ in the heat storage density in which they are stored, in contrast to the 

behavior of the temperature of the medium during heat storage and the application of 

storage technology [4]. 

2.2.1 Sensible Heat Storage   

In sensible heat storage systems, the thermal energy collected and stored by changing the 

temperature of storage medium provided that the physical state and molecular structure of 

storage medium are not changed as shown in figure (2.3). 

 

Sensible heat storage depends on :  

1- Mass of storage medium (kg) 

2- Specific Heat Capacity of the medium (kJ/kg. K) 

3- Change of temperature during the storage process ΔT (K) 

 

The sensible heat equation is: 

𝑸𝒔𝒆𝒏𝒔𝒊𝒃𝒍𝒆 = 𝒎𝒎𝒆𝒅𝒊𝒖𝒎 × 𝑪𝒑𝒎𝒆𝒅𝒊𝒖𝒎 × ∆𝑻 

Sensible energy can be stored in solids and liquids, such as stone and water. Water is the 

most widely  used as a medium for sensible heat storage  as hot water is being largely used 

in domestic heating and residential heating applications [5]. 

 

 
 

Fig.(2.3) Sensible heat diagram 

 

Sensible heat storage has set of advantage and disadvantage as shown in the Table (2.1) 
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Table(2.1) Sensible heat storage advantage and disadvantage[6]  

 

Sensible heat storage 

Advantage Disadvantage 

Most of the time , the working 

fluid and storage medium  are 

the  same in case of domestic 

heating. 

Sensible heat storage system is a 

low storage density systems 

compared to other thermal 

storage method. 

Storage medium is cheap, easy 

to use and chemically stable . 

Sensible heat storage system 

needs more volume than the 

other thermal storage methods . 

Change in volume storage 

medium during thermal storage 

process is little  

The thermodynamic of the 

system is less than other method 

of thermal storage system 

because it depends on the 

difference in the temperature 

which increase the gap 

temperature between working 

fluid and storage medium. 

 

2.2.2 Latent Heat Storage 

In the latent heat storage system, energy is stored during the change phase of the storage 

medium. The phase of converting energy could be between solid and liquid phase as in 

melting and solidification or between liquid and vapor as in evaporation and condensation 

at a constant temperature as shown in figure (2.4). In latent heat storage system the energy 

stored in two phases: 

1- Raising the temperature of the storage medium where part of the energy is stored in 

a form of sensible heat to reach the melting or evaporation temperature of  the 

storage medium. 

2- Storing of energy during the transformation of a medium from solid state to liquid 

or from liquid to vapor. 
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Fig. (2.4) Latent heat storage diagram 

 

The latent energy storage equation is 

 

𝑸𝒍𝒂𝒕𝒆𝒏𝒕 =  𝒎𝒎𝒆𝒅𝒊𝒖𝒎 × ∆𝒉𝒇 

where:  

m medium       mass of heat storage medium (kg) 

Δ hf             heat of fusion per unit mass (kJ/kg)   

In case of the existence of preheating and super heating for the phase change medium, the 

total energy stored equation is 

𝑸𝑷𝑪𝑴 = 𝒎[(𝑪𝒑𝒔(𝑻𝒎 − 𝑻𝒊) + ∆𝒉𝒇 +  𝑪𝒑𝒍(𝑻𝒇 − 𝑻𝒎)] 

where: 

m     Mass of heat storage (kg) 

Cps   Specific heat of PW in solid state (kJ/kg. k)  

Tm    Melting point temperature of PCM (k)   

Ti     Water temperature inlet tank (k) 

Δhf   Latent heat of fusion of PCM (kJ/kg) 

Cpl   Specific heat of PW in liquid state (kJ/kg. k)  

Table (2.2) contains the main advantages and disadvantages for  latent heat storage process   
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Table (2.2) Latent heat storage advantage and disadvantage [6] 

 

Latent heat storage system 

Advantage Disadvantage 

Latent heat storage systems are 

characterized by having high 

thermal storage density, due to 

the higher values of latent heat 

of fusion or evaporation when 

compared to the specific heat 

capacity of the medium. 

Most phase change materials 

(PCMs) are characterized by a 

very low thermal conductivity 

which slows the heat transfer 

process during charging and 

discharging. 

Latent heat storage systems are 

characterized by a higher 

efficiency in storing energy, this 

is because any phase 

transformation occurs at mostly 

constant temperature, and this 

decreases the temperature gap 

between the working fluid and 

the thermal storage fluid. 

Some PCMs are quite 

expensive, others are chemically 

unstable and degrades over time 

 Low specific heat capacities 

which limits the benefit only at 

the melting temperature range. 

 

 

2.2.3 Thermochemical heat storage 

In thermochemical heat storage systems, the energy storage and recovery process is based 

on a reversible chemical reaction as shown in Figure (2.5). This reaction serves as an 

endothermic reaction during heat storage and as an exothermic reaction during energy 

recovery. A reversible chemical reaction can be illustrated as follows: 

𝐴 + ℎ𝑒𝑎𝑡  𝐵 + 𝐶→
←   

where (A) is the thermochemical material, this material absorbs energy and then being 

decomposed chemically into two materials (B) and(C) where each is stored separately. 

 

During the energy recovery, materials (B) and (C) are recalled from their reservoirs and 

combined together releasing an amount of heat and forming back material (A) [7]. 
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Fig. (2.5) Thermochemical heat storage diagram [5]  

There are main advantage and disadvantage of thermochemical heat storage system as 

shown in Table (2.3) 

Table (2.3) Advantages and disadvantages of thermochemical heat storage system [7] 

Thermochemical heat storage 

system 

Advantage Disadvantage 

Thermochemical heat storage 

system has the highest energy 

storage density compared to 

other systems. 

The design and application of 

this system is complex and does 

not apply to demotic 

applications  

 

Chemical reactions are costly 

and have an impact on the 

corrosion of materials and all 

chemicals must be safe and 

environmentally friendly. 

These systems mainly depend 

on the chemical reactions and 

some of these reactions may 

require high pressure which will 

lead to a pressurized system. 

  

Thermal storage systems depend on capacity, power, efficiency and storage period. Table 

(2.4) shows a comparison of the three-storage process  
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Table (2.4) Typical Parameters of Thermal Energy Storage Systems [2] 

 Sensible thermal energy 

storage  

Latent thermal energy 

storage  

Thermo-chemical 

thermal storage system 

Capacity (kWh/t)  10-50 50-150 120-250 

Power ( MW) 0.001-10 0.001-1 0.01-1 

Efficiency (%) 50-90 75-90 75-100 

Storage period  Days/months  Hours/months  Hours/months 

Flexibility 

 ( regulation , partial 

,charge ,discharge …etc)  

High  Medium  Low  

 

When comparing thermal storage systems, the thermal storage capacity for sensible heat 

storage is less than thermal storage. The thermo- chemical reaction is the best storage in 

thermal storage capacity, but the disadvantages and complexity of this system and the high 

cost lead us to choosing the storage of the latent heat for several reasons. These reasons 

can be listed as follows: the capacity, storage period and scope of the thesis (Domestic hot 

water application (Case study)). It seems to be better than other storage systems. 

 

2.3 Phase Change Material (PCM) 

Phase Change material (PCM) stands as the most important material that is used in the 

latent heat storage system. PCMs are materials that can change their physical state at a 

specific temperature within limits of a chosen thermal application [4]. 

The latent heat storage systems are divided into different types according to the properties 

of the material used and its applications. LHSS are classified into: Gas- Liquid, Solid-

Gas, Solid-Liquid and Solid-Solid [6], shown Figure (2.6). 

 

Fig. (2.6) Classification of latent heat storage system 

- Gas-liquid and Solid-gas Systems: When the thermal storage process changes in 

volume ,  the system needs additional power to contain the gas and keep it within 
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the system. This process requires a complex design and can lower  the overall 

energy efficiency of the system. 

- Solid –Solid systems: Phase transformation occurs in both solid phases where the 

material only changes its crystalline configuration from a certain lattice 

configuration to another such as Trimethylolethane (Pentaglycine). The change in 

enthalpy due to the phase transformations in solid-solid PCMs is in a lower range 

than that for solid-liquid phase change materials with phase transformation at the 

same temperature. Therefore, solid - liquid PCMs are a typically a better solution 

for latent thermal storage techniques. 

Solid – Liquid PCM 's absorbs energy from surrounding areas when the phase of their 

change from solid-liquid state, while remaining at constant temperature. The heat of the 

material raising the energy of the constituent molecules, and as a result weakens the atomic 

bonds of the material. At the melting temperature, disintegrate the bonds of particles and 

state of material change from solid to liquid. The reversal of this process is solid faction, 

During this process the material transmits the energy to the surrounding area. The 

molecules lose energy and arrange themselves and turn into a solid phase [4]. Many types 

of Solid-liquid PCMs are used for thermal storage applications such as water, salt hydrates 

and paraffin. In figure (2.7) Solid – liquid PCMs are divided into two main groups: organic 

and inorganic [6]. 

 

Fig. (2.7) Classification of PCMs 
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2.3.1 Organic Solid-liquid PCMs 

Organic solid-liquid PCMs provide identical melting and are classified to paraffin and non-

paraffin. Paraffin wax is the most traditional and common material for organic PCM due to 

the variability of melting temperature range (0-120
o
C) which depends on the length of the 

carbon chain [3,9]. Paraffin has several advantages such as, having higher latent heat of 

fusion and higher melting temperature. It is also safe ,reliable, very cheap and non-

anticorrosive in addition to its chemical stability, lack of insulation, sub-cooling, good 

nucleating and constant thermos-physical properties. However, these materials do have 

some disadvantages such as: low thermal conductivity, high temperature transition range, 

not compatible with plastic containers, high volume change during solid liquid transition 

and are often flammable [9]. 

Non-paraffin substances are fatty acids, esters, glycols and alcohol and represent the 

largest class of organic PCM. These materials are flammable and should not be exposed 

to excessive high temperature, flame or oxidizing agents. Fatty acids have high heat of 

fusion values similar to those of paraffin and also offer a good stability cycle and no sub-

refrigeration. The disadvantages are corroded, toxic, high temperature instability and cost 

(2-2.5 times of paraffin). Alcoholic sugars and melting temperatures in the range between 

90°C to 200°C, the current high-specific melting heat entropy per unit volume but also 

sub-cooling [10]. 

2.3.2 Inorganic Solid-liquid PCMs 

The inorganic material used for PCM is divided into salt hydrates, salt and Metallics. 

When comparing inorganic and organic solid-liquid PCMs m the inorganic have several 

advantages such as higher thermal conductivity (0.6 W/m. K), high volumetric storage 

density (180-300 MJ/m
3
), and being nonflammable and has low volume change. However, 

inorganic PCMs have also some other disadvantage such as sub cooling, phase segregation 

and corrosion of containment material[3]. 

In this study the paraffin wax was used as PCM due to its availability in the local markets, 

high thermal storage density and the range of melting point suitable for use in the thermal 

storage system (60-62
o
C) as shown in table (2.5). 
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Table (2.5) Properties of paraffin wax (60-62 oC) 

Melting 

temperature 
 oC 

Latent 

heat of 
fusion   

 

kJ/kg 

Density 

kg/m3 
solid 

Density 

kg/m3 
Liquid 

Specific 

heat 
kJ/kg.K 

Solid 

Specific 

heat 
kJ/kg.K 

liquid 

Thermal 

conductivity 
W/m.K 

 

60-62oC 188.96 

[11] 

914 

[12] 

769 

[14] 

1.959  

[14] 

2.116 

[14] 

0.305 

[14]  

 

2.4 Thermal storage system using phase change material  

As it has been discussed before, the ability of storing energy became a very important 

feature that a solar renewable energy generation system should have in order to make use 

of the excessive and surplus energy in peak hours and satisfy the load during hours where 

sun radiation is lower or absent. Energy storage has become an essential part of renewable 

energy technology systems in general and solar energy systems in specific. Thermal energy 

Storage (TES) is a technology that makes it possible to store thermal energy by heating or 

cooling the storage medium so that later stored energy can be used for cooling, heating and 

power generation systems [13]. TES systems are used in particular in buildings and in 

industrial processes. The use of  TES increases the overall efficiency and improves thermal 

systems, and can lead to improve economy, reductions in investment and operating costs, 

less pollution of the environment, less carbon dioxide (CO2) emissions [14].  

As mentioned earlier, PCMs is used to store thermal energy in the form of latent and 

sensible heat. It also helps to provide efficiency when using or conserving solar energy or 

thermal waste. However, when compared to sensible heat storage, the latent heat storage 

provides higher density in energy storage while also being characterized by a shorter gap in 

temperature difference between the stored and released heat. 

Zalba et al.[3] discussed the effect of heat storage in relation to solid - liquid phase change 

material , how heat transfer and applications used for 150 material as PCM , including 45 

material commercially available. In related research by Sharma, A. [15], thermal energy 

storage technology with PCMs that are available were browsed and reviewed with different 

applications. and its usefulness in raising the efficiency of storage systems with emphasis 

on evaluating the thermal properties of various PCMs. 

Alone the same line, Farid.M.M el al.[5] looked into latent thermal storage systems which 

are one of the most efficient ways to store thermal energy and made efforts to develop new 
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categories of phase change materials for application in heat storage. He also examined 

three aspects which are: PCM materials, encapsulation, and applications. The paraffin wax 

has several advantages, including cheap cost and moderate density of thermal energy 

storage. The problems associated with the application of PCMs were discussed. 

Several extensive researches have been carried out to in an attempt to increase the overall 

efficiency of latent heat storage system using phase change material. Regin, A. F.[18] 

looked for  new and innovative techniques for thermal storage systems in order to achieve 

the goal of high storage density with higher efficiency possible . It was found that the use 

of PCM capsules packed as a packed bag is one of the important methods to achieve this 

goal. In a related research, Regin, A. F.[19] theoretically examined a solution  for the 

behavior analysis of the thermal energy storage system inherent in the bed where the 

packed bed of spherical capsules was filled with paraffin wax. The results showed that for 

appropriate modeling of system performance, the temperature range of phase change must 

be strictly defined and should be taken into account.  

Medrano el al.[20] experimentally investigated the heat transfer process during melting 

(charge) and solidification (discharge) of five small heat exchangers working as latent heat 

thermal storage systems. Commercial paraffin RT35 was used while  filling PCM  in one 

side of the heat exchanger and water circulates through the other side as heat transfer fluid. 

Results showed that the double-pipe heat exchanger with the PCM included in the graphite 

matrix (DPHX-PCM) has the highest values, in the range of 700-800 W / m
2
 K, which is 

one of the higher volume than the second Best. On the other hand, the CompHX-PCM has 

the highest average thermal power (above 1 kW) due to the high proportion of heat transfer 

area compared to the external size. 

Ways to enhance heat transfer in latent heat systems are important to increase thermal 

storage efficiency. Al-Maghalseh and Mahkamov [21,22] examined  dozens of studies 

related to heat energy storage techniques using phase change materials (PCMs).This 

examination  focused on the techniques applied to enhance the performance of thermal 

storage systems and the methods used to analyze heat transfer problems in PCMs. Ways of 

intensifying heat transfer and determining the optimal design for various heat transfer 

applications using PCM were investigated. In another research, Castell, A., [23] looked in 

the most common and promising design methodologies for PCM storage systems and 

highlighted their utility and limitations. These methodologies were categorized into six 
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types: (1) experimental links and characterization parameters, (2) dimensional and 

relationship analysis, (3) Effectiveness-NTU, (4) temperature difference record (LMTD), 

(5) Transmission functions (CTF) and (6) numerical models. The links and functionality of 

the two-NTU  ,which are the most common and direct ways, as well as the ways that 

provide more possibilities for general solutions  were also examined . 

Fan, and Khodadadi [24] Looked into several ways to enhance the thermal conductivity in 

PCMs. High conductivity has been used and fixed constant structure inserts made of 

various metals (e.g., nickel, aluminum, copper) not to mention the various kinds of types of 

carbon fiber materials. Additionally, they looked at storage thermal energy units, heat 

switches, and work status. Their findings indicated that minimizing conductive pathways 

which connected cold and hot ends using high conductivity inserts/structures showed 

promise for enhancing conductivity. In related research,  Abokersh, M. el al.[25] examined 

the various technologies used to integrate PCM into solar water heating systems and 

methods used to enhance PCM heat transfer properties through the use of extended 

surfaces and high-conductivity additives.  

Kenisarin, M.[26] looked in the assessment of the thermal properties of various PCMs, 

methods of heat transfer enhancement and design configurations of heat storage facilities 

to be used as a part of solar passive and active space heating systems, greenhouses and 

solar cooking. 

Jesumathy, et al.[27] applied experimental study to investigate the melting and 

solidification processes of paraffin wax as a phase change material (PCM) in horizontal 

double pipe latent heat storage unit. This includes the studying of temperature variations 

along the axial distances in PCM, determination of heat transfer coefficient as well as the 

heat flow rate. The results showed an increase in Heat flow rate during the melting and 

solidification process  by 25% and 11%, respectively, in the case of increase or decrease by 

2 
o
C of the inlet HTF temperature.  As showed that by increasing the inlet water 

temperature from 70 
o
C to 74 

o
C, the  total melting time can be decreased by 31%. 

Sari, and Kaygusuz [28], examined by experimentally studying thermal performance and 

phase change stability of stearic acid as a latent heat energy storage material . The 

experimental results showed that the melting stability of the PCM is better in the radial 

direction than in the axial direction. It was also observed that when the heat exchanger tube 

is in the horizontal position, the PCM has more effective and steady phase change 
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characteristics than in the vertical position. The heat storage capacity of the container 

(PCM tube) is not as good and the average heat storage efficiency  is 50.3%. This indicates 

that 49.7% of the heat is  lost . 

Alone the same line, Mazman, et al.[29] conducted several experimental studies by adding 

phase change materials at the upper side of the solar domestic hot water (SDHW) tank to 

increase thermal storage density and compensate heat loss in it. Results showed that the 

combination of paraffin and stearic acid gave the best results to improve the thermal 

performance of SDHW tank (74% efficiency). 

Al-Hinti, et al.[30] applied by experimentally testing adding paraffin wax  to traditional 

solar water heating systems. Using natural circulation patterns in a closed-loop system, the 

researchers measured storage capabilities by connecting the tank and flat plate collectors. 

The test findings showed that brief spurts of forced circulation had little to no impact on 

overall system performance, also investigated simulated daily-use patterns through 

applying both storage behavior and recovery impacts for the PCMs using open-loop 

systems. 

Souliotis et al.[31] looked to develop three novel integrated collector storage solar water 

heaters (ICSSWHs), hoping to create low-cost devices that can operate using solar power 

and feature efficient thermal performance. Their findings indicated that the designs can be 

used year-round, which is an important step forward in the modifications of existing ICS-

type solar water heaters. 

Liu, Wang, and  Ma[32] examined the impact of rising temperature on storage systems in 

order to gain a deeper understanding of storage materials and thermal performance. The 

researchers  compared  PCMs melting temperature above 300°C and obtained a wide data 

base that will help improve the efficiency of latent heat storage systems. In other research, 

Rathod and Banerjee[33] looked into thermal stability of PCM in thermal energy storage 

systems. The researchers measured the stability of PCM by modifying the physical 

properties. The results of this research contributed to the formation of a database to 

determine the best PCM for various purposes when using the underlying heat storage 

systems. 
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Nkwetta, et al.[34] Looked in use of PCM to improve the thermal storage performance of 

residential hot water storage tank (HWT). The results that the combined use of PCM and 

sensible heat has led to improved thermal energy storage in (HWT). 

Alone the same line, Nkwetta, et al.[35] Conducted a numerical study on the performance of 

the hot water tank (HWT) with phase change materials (PCM) using TRNSYS. The results 

showed improvements in thermal energy storage when using PCM and sensible heat with 

sodium acetate trihydrate +10% graphite compared to industrial grade granulated paraffin 

wax and RT58-Rubitherm through storage capacity and reduce charging time. 

According to Chaabane, Manzan and Bournot [36], conducted A numerical study to store 

solar water heaters (ICSSWH). The results showed that the integration of phase change 

material (PCM) directly into ICSSWH showed an improvement in thermal storage 

efficiency. The LHSU is better than the reasonable unit during the day when using meristic 

acid as PCM. With regard to the night operation of this solar system, LHSU was found to 

be more effective for both PCM as it allows less heat loss and better heat preservation. 

Bouadila et al.[37] conducted by experimental study of the storage system using paraffin as 

material change phase (PCM). So that it takes the shape of two rectangular cavities 

integrated behind the flat solar collector, taking into account the different weather 

conditions. The results showed that the PCM mode contributes to increasing the 

performance of the solar collector during night.  

Other research by Trigui and Karkri[38] conducted experimental research on the thermos-

physical properties of composite materials (epoxy / metal pipes) filled with developed 

paraffin to improve the various PCM properties to increase the efficiency of latent heat 

storage systems and the use PCM composite as integrated components in passive solar 

wall. The performance of the proposed system has been affected by the thermal efficiency 

of the phase change materials and the achievement of significant energy savings. The 

thermo-physical properties of compound compounds (epoxy / metal pipes) filled with 

paraffin also demonstrated their ability to combine high heat storage capacity and 

improved heat transfer at the same time. 
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CHAPTER 3 

HOT WATER STORAGE TANK DESIGN 

 
3.1 Introduction 

This chapter discusses the specifications of hot water storage tank, main work steps and 

different designs, distribution of the sensors as required, link to data logger, and the most 

important obstacles faced during the designing process and the testing procedures.  

3.2 Design of  hot water storage tank and experiment setup   

The water storage tank is made of  steel : all dimensions are in centimeter (cm). The outer 

diameter is (14.33) cm, and the inside diameter is (12.83) cm, with a (58) cm length and 

insulation (4) cm between the tank and cover .See Figure (3.1). 

 

Figure (3.1) Hot water storage tank dimensions    

The hot water tank system contains two pipes to inlet and outlet water. The 

dimensions of this pipe can be described as follows: the outer diameter is 2.54 cm, the 

inner diameter 1.905 cm and the length of the hot pipe is 49 cm. 

The hot water storage tank contains an entrance diameter of 3.81 cm to install electric 

water heater (2500 watts capacity, length 30 cm). The electricity heater was used instead of 

the solar collector for two main reasons  :The first is that solar radiation seems to be 

variable in various test conditions and this variability makes it hard to control the inside-

temperature. The other reason is that the electric heater can better control the inside 

temperature in hot water storage tank, see figure (3.2). 
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Figure (3.2) Hot water storage tank parts 

In this study the insulation material will be replaced between the water tank and the cover 

with the phase change material used (paraffin wax) at three different volumes and conduct 

practical experiments to measure the performance of the tank after the addition of these 

materials. 

3.3 Material, Equipment and devices 

An experimental study has been conducted to study the effect of using phase change 

(paraffin wax) as an alternative to insulating material in order to  increase the performance 

of solar water heating systems, so a range of devices and equipment have been used to 

conduct different experiments and tests. 

3.3.1 Paraffin wax 60/62 

As discussed in chapter two ,  Paraffin Wax is available in large quantities in the local 

market for its multiple uses and lowest cost. The paraffin wax was used 60/62 due to its  

melting point temperature at (60-62
o
C) compared to the following Hot water storage 

systems[39]. See appendix A. 

3.3.2 PT100 sensors 

In this study the insulating material was replaced with paraffin wax. In order to inspect and 

monitor the effect of paraffin wax on the hot storage tank, sensors should be used and  

distributed on different points of the hot storage tank to monitor  the temperature readings 

at each point and then  compare them with the temperature inside the hot storage tank. 
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PT100-type sensors shown in figure (3.3) have been used due to their ability to withstand 

high temperatures and the accuracy of their readings [40]. see appendix B  

 

 

 

 

 

 

Figure (3.3) PT100 Sensor 

3.3.3 Data Logger device  

Storing, observing and analyzing  data is an important step toward drawing the conclusion 

of any study. To achieve the goal of this study, data collected and stored by data logger 

device were thoroughly analyzed.  The general idea of this study is to examine the effect of 

replacing the insulating material with PW and the process of inspection and control 

through sensors installed inside the material and inside the tank. In order to ensure that 

sensor readings are monitored and recorded and compared to each other, it is necessary to 

use a device that is capable of storing readings for a long time and with good efficiency. 

The device used to collect and store readings in this experiment is Field-logger device. See 

figure (3.4). The advantages of this device is the high storage capacity of sensor readings 

that consist of 8 entrances to the sensors of type PT100 [41]. See appendix C 

 

Fig. (3.4) Field logger data collection 
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3.4  Hot Water Storage Tank Using Paraffin Wax Design  

Through previous specifications and designs, practical steps  have been initiated to design 

HWST using PW, which consists of the following stages: 

3.4.1 First stage (Materials and tools to design HWST using PW)  

The first stage in the design of the HWST is the most complicated stage where you need to 

provide the appropriate materials and devices and access to dozens of specifications for 

those devices. The steps for this phase include the use of the following : 30 kg of paraffin 

wax, data logger of the type of Field logger, eight sensors type PT100, welding equipment, 

tools, cutting and drilling equipment, flame source and logistic support equipment. 

3.4.2 Second stage (Building  exterior design of HWST) 

1- water tank test was performed by pumping water and examining the leak see figure 

(3.5) 

 

 

 

 

 

Figure (3.5) HWST Leaking Test  

2- The Design and construction of the lower and upper base for three cases.  

A- First case (Base circumference (39.3 cm) with 4 cm mounting pole on HWST 

wall). 

B- Second case (Base circumference (37.3 cm) with 3 cm mounting pole on 

HWST wall). 

C- Third case (Base circumference (33.3 cm) with 2 cm mounting pole on HWST 

wall). 
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3- Prepare lower base, inside and outside water ways and vent hole see figure (3.6). 

 

Figure (3.6) Preparation Lower Base for HWST using PW Design 

  

4- Preparing HWST wall for  three cases. See figure (3.7) 

 

Figure (3.7) Preparation HWST Using PW Walls 
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5- Fixing PT100 sensors around and inside  HWST. see figure (3.8) 

 

Figure (3.8) Fixed PT100 Sensors in HWST Design Using PW 

3.4.3 Third stage (Dissolving  PW ,Insert it into HWST , Linkage PT100 sensors to 

Data logger ) 

 

1- Dissolved PW using flame source above melting point (60-62
o
C). see figure (3.9) 

 

Figure (3.9) Dissolved PW Using Flame Source Above Melting Point (60-62 OC)  

2- Insert dissolved PW around  HWST  see figure (3.10) 
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Figure (3.10) PW at Liquid State Insert Around  Hot Water Tank 

The cost of  PW  is 10 NIS per kg. The following amounts have been added for the three 

cases: 

A- The first case was the addition of 26.3 kg of wax at a cost of 263 NIS. 

B- The second case 20.8 kg of wax was added at a cost of 208 NIS. 

C- The third case 18.7 kg was added at a cost of 187 NIS. 

 

3- Connecting PT 100 sensors to Data logger see figure (3.11) 

 

Figure (3.11) PT100 Sensors Connect to Data logger 

3.5 Experimental setup and procedure for draw-off test 

The procedures for the draw off test include introducing hot water at a temperature of 45
o
C 

into the SHWST which is measured by a PT-100 sensor at a specific water flow rate 

controlled by a valve .That determines the rate of flow of the water inside and then 

measure the temperature of the water outside the HWST by using a PT-100 sensor at a 

specific water flow rate.  

The experimental schema for the draw off test is shown in Fig.(3.12). 
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Figure (3.12) Experimental schema for the draw off test 

In figure (3.13) shows the steps for the HWST draw-off test design. 

 

 Figure (3.13) Design steps for HWST draw-off test 
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3.6 Conditions and calculation of a hot water storage system    

In this study, the thermal storage capacity of the hot water storage system will be tested in 

two different cases. The first case: raise the water temperature inside the tank to 45
o
C and 

monitor the water temperature inside the tank for 48 hours without water flow. Case two : 

Insert water into the tank with a temperature of 45
o
C and conduct a draw-off test for the 

SHWST. 

3.6.1  Amount of hot water capacity needed in one day  

Hot water storage system use need a variety of storage depending on how many persons 

are using the system. So, per person, and to maintain hot water temperature at 45
o
C.  

Some estimated calculations for three per-person standard usages are listed below:  

1- High usage: 60-120 L / daily.  

2- Medium usage: 30-60 L / daily.  

3- Low usage: 15-30 L / daily. 

In this study, the average daily consumption of hot water by three people was 60 L/daily. 

 

3.6.2 Amount of electric power and electric cost  

In this study, electric energy was relied upon to heat water for several reasons discussed 

earlier. The electric power is calculated 

𝐸𝑒𝑙 = 𝑝𝑜𝑤𝑒𝑟 × 𝑇𝑖𝑚𝑒                                                                                                      (3.1)    

 𝑊ℎ𝑒𝑟𝑒: 

𝐸𝑒𝑙: 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑝𝑜𝑤𝑒𝑟 (𝑘𝑊ℎ). 

𝑃𝑜𝑤𝑒𝑟 ∶  𝑝𝑜𝑤𝑒𝑟 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑤𝑎𝑡𝑒𝑟 ℎ𝑒𝑎𝑡𝑒𝑟 (2500 𝑤𝑎𝑡𝑡). 

   𝑇𝑖𝑚𝑒: 𝑇ℎ𝑒 𝑡𝑖𝑚𝑒 𝑛𝑒𝑒𝑑𝑒𝑑 𝑡𝑜 𝑟𝑎𝑖𝑠𝑒 𝑡ℎ𝑒 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑤𝑎𝑡𝑒𝑟 𝑡𝑜 𝑡ℎ𝑒 𝑑𝑒𝑠𝑖𝑟𝑒𝑑 𝑑𝑒𝑔𝑟𝑒𝑒 (ℎ). 

To calculate the cost of using electric power to heat water through the following[42] 

𝑐𝑜𝑠𝑡 (𝑁𝐼𝑆) =  0.578
𝑁𝐼𝑆

𝐾𝑊ℎ[42]
×  𝐸𝑒𝑙                                                                                  (3.2) 
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3.6.3 Amount of Storage heat loss coefficient (UAs) 

Heat loss is recognized as an extremely important factor in the thermal efficiency of 

SHWST. In such cases, it is useful to have an overall measure of the effectiveness of 

SHWST.  

The storage tank energy balance is calculated [43]: 

𝑀𝑠 × 𝐶𝑝 × 𝑇𝑠 =  𝑈𝐴𝑠 × (𝑇𝑎 − 𝑇𝑠)                                                                               (3.3) 

𝑊ℎ𝑒𝑟𝑒:  

𝑀𝑠:   𝑀𝑎𝑠𝑠 𝑤𝑎𝑡𝑒𝑟 𝑖𝑛𝑠𝑖𝑑𝑒 𝑡ℎ𝑒 𝐻𝑊𝑆𝑇 (𝑘𝑔). 

𝐶𝑝:   𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 ℎ𝑒𝑎𝑡 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑤𝑎𝑡𝑒𝑟 ( 4.18 𝑘𝐽/𝑘𝑔. 𝐾). 

𝑇𝑠:  𝑙𝑖𝑞𝑢𝑖𝑑 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑖𝑛 𝑡ℎ𝑒 𝑡𝑎𝑛𝑘 (𝐾). 

𝑈𝐴𝑠: 𝑆𝑡𝑜𝑟𝑎𝑔𝑒 ℎ𝑒𝑎𝑡 𝑙𝑜𝑠𝑠 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 (𝑊/ 𝐶𝑜 ) 

𝑇𝑎:  𝐴𝑚𝑏𝑖𝑒𝑛𝑡 𝑎𝑖𝑟 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 (𝐾). 

By assuming a fully mixed storage losing heat to ambient temperature of Ta it is possible to 

integrate the storage tank energy balance equation (3.3) over the test duration; i.e. t in 

seconds to compute the storage heat loss coefficient as  

𝑈𝐴𝑠 = −
1

𝑡
× 𝑀𝑠 × 𝐶𝑝 × 𝐼𝑛 {1 −

𝑇𝑠𝑓−𝑇𝑠𝑖

𝑇𝑎−𝑇𝑠𝑖
}                                                               (3.4) 

Where: 

𝑇𝑠𝑓: 𝐹𝑖𝑛𝑎𝑙 𝑙𝑖𝑞𝑢𝑖𝑑 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑤𝑎𝑡𝑒𝑟 (𝐾). 

𝑇𝑠𝑖: 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑙𝑖𝑞𝑢𝑖𝑑 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑤𝑎𝑡𝑒𝑟 (𝐾).                                                                   

The thermal efficiency (𝜇th) expressed as 

𝜇𝑡ℎ =  
𝑄𝑜𝑢𝑡

𝑄𝑖𝑛
                                                                                                               (3.5) 

Where: 

𝑄𝑜𝑢𝑡 =  𝑀𝑠 ×  𝐶𝑝 ×  𝑇𝑓                                                                                                     

𝑄𝑖𝑛 =  𝑀𝑠 ×  𝐶𝑝 ×  𝑇𝑖                                                                                                      
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3.6.4 Total heat storage in water (Qtotal) (with water flow)  and energy efficiency  

The charging energy rate depends on the inlet and outlet charging temperatures of the 

storage tank and is expressed as [44]: 

𝑄𝑐ℎ
̇ = 𝜌𝑎𝑣 𝐶𝑝(𝑎𝑣)�̇�𝑐ℎ(𝑇𝑐ℎ𝑖𝑛 − 𝑇𝑐ℎ𝑜𝑢𝑡)                                                                            (3.6) 

Where: 

𝜌𝑎𝑣       temperature dependent average density of the water (𝑘𝑔 𝑚3 ⁄ )at the start and end of  

              charging 

𝐶𝑝(𝑎𝑣)  temperature dependent average specific heat capacity of the water (kJ/kg.K)

              at the start and end of charging 

�̇�            is the volumetric charging flow rate (𝑚3/sec) 

𝑇𝑐ℎ𝑖𝑛      inlet charging temperature of the storage tank (K) 

𝑇𝑐ℎ𝑜𝑢𝑡     outlet charging temperature of the storage tank (K) 

The total energy stored in tank can be estimated by integrating Eq. (3.6) from the start of 

charging to the end of charging for each small temperature measurement interval and this 

can be expressed as 

𝑄𝑐ℎ = ∫ 𝜌𝑎𝑣 𝐶𝑝(𝑎𝑣)�̇�𝑐ℎ(𝑇𝑐ℎ𝑖𝑛 − 𝑇𝑐ℎ𝑜𝑢𝑡)𝑑𝑡
𝑡𝑓

𝑡𝑖𝑛𝑖
                                                                  (3.7) 

The discharging energy rate (energy loss) can be expressed as 

𝑄𝑑𝑖𝑠𝑐ℎ
̇ = 𝜌𝑎𝑣 𝐶𝑝(𝑎𝑣)�̇�𝑐ℎ(𝑇𝑑𝑖𝑠𝑐ℎ𝑖𝑛 − 𝑇𝑑𝑖𝑠𝑐ℎ𝑜𝑢𝑡)     (3.8)                                                                             

(3.20) 

Where: 

𝜌𝑎𝑣       temperature dependent average density of the water (𝑘𝑔 𝑚3) ⁄ at the start and end of  

              discharging 

𝐶𝑝(𝑎𝑣)  temperature dependent average specific heat capacity of the water (kJ/kg.K)

              at the start and end of discharging 

�̇�            is the volumetric  discharging flow rate (𝑚3/sec) 

𝑇𝑐ℎ𝑖𝑛      inlet discharging temperature of the storage tank (K) 

𝑇𝑐ℎ𝑜𝑢𝑡     outlet discharging temperature of the storage tank (K) 

The total energy discharged (energy loss) from the tank can be estimated by integrating Eq. 

(3.8) from the start of discharging to the end of discharging can be expressed as 

 𝑄𝑑𝑖𝑠𝑐ℎ   = ∫ 𝜌𝑎𝑣 𝐶𝑝(𝑎𝑣)�̇�𝑐ℎ(𝑇𝑑𝑖𝑠𝑐ℎ𝑖𝑛 − 𝑇𝑑𝑖𝑠𝑐ℎ𝑜𝑢𝑡)𝑑𝑡
𝑡𝑓

𝑡𝑖𝑛𝑖
                                                   (3.9) 
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For equation (3.7),(3.9) the total energy effective expressed as  

𝑄𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 =  𝑄𝑐ℎ − 𝑄𝑑𝑖𝑠𝑐ℎ                                                                                              (3.10) 

For the equation (3.7),(3.10) ,the energy efficiency (𝜇) expressed as 

𝜇 =  
𝑄𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒

𝑄𝑐ℎ
                                                                                                                  (3.11) 
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Chapter 4 

RESULTS AND DISCUSSION 

4.4 Introduction 

In order to achieve the objectives of the experimental study for SHWST using PW, there 

are three different possible designs according to volume of paraffin wax around the tank 

(thickness 4cm, 3cm and 2cm). 

Two different experiments of these designs will be conducted in parallel with the 

traditional tank. In the first experiment, water temperature inside the SHWST will be 

raised to 45
o
C without water flow and the performance of SHWST will be monitored 

during 48 hours (thermal storage tank test). In the second experiment, draw-off test where 

hot water is introduced at difference temperatures (35,45 and 60
o
C) into the tank with a 

flow rate of (7.14 liters/min), measuring the temperature of the water outlet of the SHWST 

and calculating its SHWST efficiency. 

4.5 First Experiment, the temperature of SHWST is raised to (45
o
C) in a closed 

system without water flow (thermal storage tank test) 

This experiment is based on testing the SHWST in specific working conditions and 

monitoring the actual performance of the wax in raising the performance of the SHWST 

and measuring the amount of heat losses. 

This experiment simulates the SHWST's ability to maintain the temperature of the water 

inside it in different working conditions during the night and cloudy days.    

4.5.1 First case (Raise the temperature of SHWST using PW to (45
o
C) (thickness 4-

cm) in a closed system without water flow) 

This case is based on raising the temperature of the SHWST with PW and the traditional 

HWST to 45
o
C by using electrical heater and then observing and studying the temperature 

of the water inside the tank and the amount of SHWST capacity to maintain thermal 

storage within the water in both designs by using Field data logger. 
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4.5.1.1 Behavior and transformations of PW in SHWST   

The behavior of PW is an important factor in increasing the performance of thermal 

storage capacity of the SHWST because of its ability to store the excess water heat by 

shifting the condition of the material from the solid state to the liquid state (melting) and 

supplying this stored heat to the water inside the tank and thus transforming the condition 

of the material from liquid to solid state (solidification). 

SHWST designs maintain the temperature of the water inside the tank. The water 

temperature at the upper side of the tank differs from bottom side. The transfer of hot water 

from the top to the bottom affects the behavior of wax surrounding the tank. 

Six sensors were installed at different distances around the tank. Three sensors were 

installed at the upper side at the distance of (0.5cm,1cm and 2cm) to study the amount of 

energy stored inside the wax wall and the other three sensors were installed at the same 

distance at the bottom side. 

 Figure (4.1) illustrates the PW behavior at the upper side through three sensors in different 

distance mounted on the SHWST wall during (48 h). 

 

Fig.(4.1)  Behavior of PW in SHWST upper side ( thickness 4-cm) rise water temperature to 45oC during (48 

h) 

As shown in Figure (4.1), the PW heats up continuously when the water temperature is 

raised inside. The wax continues to gain the heat of excess water after separating the heat 

source until reaching the highest degree possible in order to  allow it to store the maximum 
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amount of thermal energy .On the other hand the highest temperature that the sensor node 

1 reached (62
o
C) after the beginning of the experiment by 4.2 hours (meting point).Sensor 

node 2 reached (36.3
o
C) within 4 hours and sensor node 3 reached (33

o
C) during 4.2 hours. 

30% of the PW surrounding the tank has reached meting state and it is storing excess heat 

within it.  

Figure (4.2) shows the behavior of PW in the lower side of the SHWST and its relation to 

the amount of heat stored inside it. 

 

Fig.(4.2) Behavior of PW in SHWST Lower Side (thickness 4-cm), rise water temperature to 45oC 

during (48 h) 

As shown in figure (4.2) ,it can be noted that the amount of acceleration of the overall PW 

temperature is lower than in the upper side. The highest degree reached by sensor node 4 

within 4 hours was 58.2
o
C.Sensor node 5 reached 55.8

o
C within 3.9 hours. Sensor node 6 

reached 32.4
o
C within 4.1hours and sensor G reached (52.9

o
C) within (4.2 h) .This shows 

that the heat stored in PW at the bottom base is less than upper side and that it loses heat 

more quickly due to the low temperature of the water in this side of the SHWST. 

4.5.1.2 Time Period of thermal storage capacity 

This case shows clear difference in the design's ability to maintain the water temperature 

inside the tank. 

In the SHWST containing PW, the temperature is raised to 45
o
C by an electric heater 

during 0.8 hour where the bulk of this heat is used to heat the water and the other part is 
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stored inside the PW compared to the traditional HWST which requires 0.7 h to raise water 

temperature to the same degree. 

Figure (4.3) shows the difference in water temperature inside the SHWST in both designs 

during a time period of (48 h).   

 

Fig (4.3)  Water Temperature inside tank for HWST using PW (thickness 4-cm) and traditional SHWST, rise 

water temperature to 45oC during (48h) 

The conclusion we can arrive at by studying figure (4.3) is that there is a clear difference in 

the ability to maintain water temperature inside the tank for both designs within 48 hours. 

In a SHWST using PW design, the water temperature reached 31°C after 48 hours 

compared to the traditional SHWST which required 31.4 hours to reach the temperature 

(17.9
o
C). Therefore, it needs to operate an electrical source 1.35 times to reach the same 

period as SHWST with PW. 

4.5.1.3 Amount of storage tank heat loss coefficient (UAs) and thermal efficiency    

The amount of heat stored in water is a major factor that affects the performance of 

SHWST designs which largely depends on the temperature difference within the tank.  

Figure (4.4) Shows the amount of heat input by an electronic heater and total heat storage 

in water for traditional SHWST during 48 hours. 
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Fig.(4.4) Amount of heat input by electronic heater and total heat storage in water for traditional SHWST 

during 48 hours 

The figure (4.4) shows the amount of heat stored in the water in the traditional SHWST, 

where it shows that the material around the tank works to reduce the amount of heat loss 

by isolating the tank to take advantage of hot water in various conditions when the energy 

source is not required to raise water temperature. 

The storage tank heat loss coefficient (UAS) was computed at 3.312 W
o
C

-1
, a value 

considered relatively good for such thermal storage where thermal efficiency reached 

91.51%.   

Figure (4.5) shows the amount of heat input by electronic heater and total heat storage in 

water for SHWST using PW (thickness 4-cm ) during 48 hours. 

 

 

0

0.5

1

1.5

2

2.5

0 6 12 18 24 30 36 42 48

A
m

o
u

n
t 

o
f 

h
e

at
 (

Q
) 

kw
 

Time in hours 

Qs (kW) Q in water (kW)



  

37 

 

Fig.(4.5) Amount of heat input by electronic heater and total heat storage in water for SHWST using PW 

(thickness 4-cm ) during 48 hours 

The figure (4.5) shows the amount of heat stored in the water for SHWST using PW 

(thickness 4-cm). The figure shows  the high capacity to maintain the amount of heat 

stored inside the tank. The reason for that is PW, part of it was the transformed from solid 

state to liquid (melting) and the excess heat was stored inside it to benefit from it when the 

water temperature inside the tank drops. The tank's ability to maintain the water 

temperature (thermal efficiency) was improved by 10.41% compared with the traditional 

HWST and storage tank heat loss coefficient (UAS) is equal 1.152 W
o
C

-1
.    

4.5.1.4 Electric cost to raise water temperature (45
o
C) within 48 hours  

The cost of raising water temperature in SHWST is calculated using the electric heater by 

equation (3.1) and (3.2) 

1- Electric cost for SHWST using PW 

𝐸𝑒𝑙 = 𝑝𝑜𝑤𝑒𝑟 × 𝑡𝑖𝑚𝑒 

Eel =  2.5 Kw × 0.82 h = 2.05 Kwh                                                                         (4.1) 

𝑐𝑜𝑠𝑡 (𝑁𝐼𝑆) = 0.578
𝑁𝐼𝑆

𝐾𝑊ℎ
× 𝐸𝑒𝑙                                                                                   

𝑓𝑜𝑟 𝑣𝑎𝑙𝑢𝑒 𝑖𝑛 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (4.1) 

Cost (NIS) = 0.578 × 2.05 = 1.19 NIS                                                                              (4.2) 
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To raise the temperature of the water inside the HWST using PW ,0.82 hours is needed to 

reach the temperature of 45
o
C, during 48 h the temperature has reached to 31

o
C .By using 

this data , the amount of annual cost for the use of electric power can be calculated. 

𝐷𝑎𝑦𝑠 =  
ℎ𝑜𝑢𝑟𝑠 

24 ℎ𝑜𝑢𝑟
=  

48

24
= 2 𝑑𝑎𝑦𝑠                                                                                      (4.3) 

𝑓𝑜𝑟 𝑣𝑎𝑙𝑢𝑒 𝑖𝑛 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (4.3) 

𝑇ℎ𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑖𝑚𝑒𝑠 𝑡ℎ𝑒 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 ℎ𝑒𝑎𝑡𝑒𝑟 𝑟𝑢𝑛𝑠 𝑖𝑛 𝑚𝑜𝑛𝑡ℎ =  
30 𝑑𝑎𝑦𝑠

2 𝑑𝑎𝑦𝑠

= 15  𝑡𝑖𝑚𝑒𝑠                                                                                                                                       (4.4) 

𝑓𝑜𝑟 𝑣𝑎𝑙𝑢𝑒 𝑖𝑛 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (4.2), (4.4) 

𝑐𝑜𝑠𝑡 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑝𝑜𝑤𝑒𝑟 𝑖𝑛 𝑚𝑜𝑛𝑡ℎ = 1.19(𝑁𝐼𝑆) × 15 𝑡𝑖𝑚𝑒𝑠 = 17.85 𝑁𝐼𝑆 

𝑐𝑜𝑠𝑡 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑝𝑜𝑤𝑒𝑟 𝑖𝑛 𝑜𝑛𝑒 𝑦𝑒𝑎𝑟 = 17.85 𝑁𝐼𝑆 × 12 𝑚𝑜𝑡ℎ = 214.2 𝑁𝐼𝑆 

2- Electric cost for traditional HWST  

𝐸𝑒𝑙 = 𝑝𝑜𝑤𝑒𝑟 × 𝑡𝑖𝑚𝑒 

Eel =  2.5 Kw × 0.91  h = 2.275 Kwh                                                                                (4.5) 

𝑐𝑜𝑠𝑡 (𝑁𝐼𝑆) = 0.578
𝑁𝐼𝑆

𝐾𝑊ℎ
× 𝐸𝑒𝑙    

𝑓𝑜𝑟 𝑣𝑎𝑙𝑢𝑒 𝑖𝑛 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (4.5)                                                  

Cost (NIS) = 0.578 × 2.275 = 1.3 NIS                                                                              (4.6) 

To raise the temperature of the water inside the traditional HWST , 0.91 hours are required 

to reach the temperature of 45
o
C .During 17 h, the temperature has reached to 31

o
C .By 

using this information , the amount of annual cost for the use of electric power can  be 

calculated. 

𝐷𝑎𝑦𝑠 =  
ℎ𝑜𝑢𝑟𝑠 

24 ℎ𝑜𝑢𝑟
=  

17

24
= 0.7083 𝑑𝑎𝑦𝑠                                                                            (4.7) 

𝑓𝑜𝑟 𝑣𝑎𝑙𝑢𝑒 𝑖𝑛 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (4.7) 
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𝑇ℎ𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑖𝑚𝑒𝑠 𝑡ℎ𝑒 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 ℎ𝑒𝑎𝑡𝑒𝑟 𝑟𝑢𝑛𝑠 𝑖𝑛 𝑚𝑜𝑛𝑡ℎ =  
30 𝑑𝑎𝑦𝑠

0.7083 𝑑𝑎𝑦𝑠

= 42.35 𝑡𝑖𝑚𝑒𝑠                                                                                                                               (4.8) 

𝑓𝑜𝑟 𝑣𝑎𝑙𝑢𝑒 𝑖𝑛 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (4.6), (4.8) 

𝑐𝑜𝑠𝑡 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑝𝑜𝑤𝑒𝑟 𝑖𝑛 𝑚𝑜𝑛𝑡ℎ = 1.3 (𝑁𝐼𝑆) × 42.35 𝑡𝑖𝑚𝑒𝑠 = 55.06 𝑁𝐼𝑆 

𝑐𝑜𝑠𝑡 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑝𝑜𝑤𝑒𝑟 𝑖𝑛 𝑜𝑛𝑒 𝑦𝑒𝑎𝑟 = 55.06 𝑁𝐼𝑆 × 12 𝑚𝑜𝑡ℎ = 660 𝑁𝐼𝑆                 (4.9) 

Note that the use of HWST using PW (thickness 4-cm)  has reduced the cost of using electric 

power by 67.5%  compare with traditional HWST annually. 

4.5.2 Second Case (Raise the temperature of SHWST using PW to (45
o
C) (thickness 

3-cm) in a closed system without water flow) 

In this case, SHWST wall is designed(thickness 3-cm) from the tank and paraffin wax is 

melted inside it. The amount of dissolved paraffin wax inside the SHWST wall is 20.8 kg 

and all parts surrounding the tank are full. The same procedures have been followed in the 

first scenario in terms of design and distribution of sensors around the wall of SHWST and 

were linked in parallel with the traditional SHWST. 

This scenario is similar to the first scenario and follows the same steps .The main reason 

for this design is to study the heat storage capacity for SHWST when reducing amount of 

PW surrounded around the wall tank. 

4.5.2.1  Behavior and transformations of PW in SHWST   

Wax behavior is affected by the different amount of PW. In this scenario the amount of 

PW that transformed from solid state to liquid state increased when compared with the first 

scenario by about 25%  

In figure (4.8) shows the temperature of PW at the upper side for SHWST with the water 

temperature inside the thank. 
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Fig.(4.6) Behavior of PW in SHWST upper side ( thickness 3-cm) rise water temperature to 45oC during (48 h) 

 

In figure (4.6) The temperature of the sensor node 1 reached 74.1 °C by 6 h and the node 2 

reached 65.2 °C by 6.1 h, that mean large amount of PW transform from solid state to 

liquid state (melting) than the first case. 

 

Figure (4.7) shows the temperature of PW in the lower side for SHWST with the water 

temperature inside the tank. 

 

Fig.(4.7) Behavior of PW in SHWST lower side ( thickness 3-cm) rise water temperature to 45oC during (48 h) 
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The observation in  figure (4.7) highest temperature in sensor node 4 reached 69.7
o
C  

within 5.8 h , node 5 reached 61.7
o
C  within 5.8 hours and lower base temperature reached 

41.2
o
C in 2.15 h this shows the best results (PW) transform for solid state to liquid state 

(melting) compared to the first case. 

 

4.5.2.2 Time period of thermal storage capacity 

In this case, as shown in Figure (4.8), the temperature of the SHWST using PW was raised 

to 45
o
C within 0.7 h and the water temperature reached 29.5

o
C after 48 h. 

 

Fig (4.8)  Water Temperature inside tank for SHWST using PW (thickness 3-cm) and traditional SHWST, 
rise water temperature to 45oC during (48h) 

In figure  (4.8)  the  SHWST using PW (thickness 3-cm)  performance in less than the first 

case by 33.4% at the same condition. 

4.5.2.3 Amount of storage tank heat loss coefficient (UAs) and thermal efficiency    

It turns out that the amount of heat stored in the water in this design is lowered by 3.56% 

compared to the first case as shown in Figure (4.9) .This is due to reduce the amount of 

PW where the amount of heat stored in water is proportional to the amount of PW around 

the tank. The tank's ability to maintain water temperature was improved by 25.2% 

compared to the traditional HWST. 
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Fig.(4.9) Amount of heat input by electronic heater, heat losses and total heat storage in water for SHWST 

using PW (thickness 3-cm ) during 48 hours  

The figure (4.9) shows that the amount of heat loss coefficient (UAS) in the tank is higher 

than the first case by 19.21% (1.37W
o
C

-1
) and thermal efficiency is 94.8%, This is due to 

the large amount of PW transformed from solid to liquid state and therefore the outer 

layers of PW became highly exposed to the air surrounding the SHWST.   

4.5.2.4 Electric cost to raise water temperature (45
o
C) within 48 hours  

The cost of raising water temperature in HWST is calculated using the electric heater by 

equation (3.1) and (3.2) 

1- Electric cost for HWST using PW (thickness 3-cm) 

𝐸𝑒𝑙 = 𝑝𝑜𝑤𝑒𝑟 × 𝑡𝑖𝑚𝑒 

      Eel =  2.5 Kw × 0.82 h = 2.05 Kwh                                                                         (4.10) 

       𝑐𝑜𝑠𝑡 (𝑁𝐼𝑆) = 0.578
𝑁𝐼𝑆

𝐾𝑊ℎ
× 𝐸𝑒𝑙                                                                                       

  𝑓𝑜𝑟 𝑣𝑎𝑙𝑢𝑒 𝑖𝑛 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (4.10) 

     Cost (NIS) = 0.578 × 2.05 = 1.19 NIS                                                                    (4.11)  
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To raise the temperature of the water inside the HWST using PW (thickness 3-cm) 0.91 

hours are required to reach the temperature of 45
o
C. Water temperature is reached to 31

o
C 

during 45 hours. By using this information , the amount of annual cost for the use of 

electric power can be calculated. 

𝐷𝑎𝑦𝑠 =  
ℎ𝑜𝑢𝑟𝑠 

24 ℎ𝑜𝑢𝑟
=  

45

24
= 1.875 𝑑𝑎𝑦𝑠                                                               (4.12) 

𝑓𝑜𝑟 𝑣𝑎𝑙𝑢𝑒 𝑖𝑛 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (4.12) 

𝑇ℎ𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑖𝑚𝑒𝑠 𝑡ℎ𝑒 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 ℎ𝑒𝑎𝑡𝑒𝑟 𝑟𝑢𝑛𝑠 𝑖𝑛 𝑚𝑜𝑛𝑡ℎ =  
30 𝑑𝑎𝑦𝑠

1.875 𝑑𝑎𝑦𝑠

= 16 𝑡𝑖𝑚𝑒𝑠                                                                                                              (4.13) 

𝑓𝑜𝑟 𝑣𝑎𝑙𝑢𝑒 𝑖𝑛 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (4.11), (4.13) 

𝑐𝑜𝑠𝑡 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑝𝑜𝑤𝑒𝑟 𝑖𝑛 𝑚𝑜𝑛𝑡ℎ = 1.19 (𝑁𝐼𝑆) × 16 𝑡𝑖𝑚𝑒𝑠 = 19.04 𝑁𝐼𝑆 

𝑐𝑜𝑠𝑡 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑝𝑜𝑤𝑒𝑟 𝑖𝑛 𝑜𝑛𝑒 𝑦𝑒𝑎𝑟 = 19.04 𝑁𝐼𝑆 × 12 𝑚𝑜𝑛𝑡ℎ = 228.48 𝑁𝐼𝑆 

By using the value in equation (4.9) ,the use of HWST using PW with (thickness of 3-cm) 

has reduced the cost of using electric power by 56.42% compared with traditional HWST 

annually. 

4.5.3 Third Case (Raise the temperature of SHWST using PW to (45
o
C) (thickness 

2-cm) in a closed system without water flow) 

In this case, the SHWST wall is designed (2-cm) away from the tank and paraffin wax is 

melted inside it. The amount of paraffin wax dissolved inside SHWST wall is 18.7 kg and 

all the parts surrounding the tank are full. The same procedures have been followed in 

previous cases in terms of designing and distributing sensors around the SHWST wall and 

linking them in parallel with the traditional SHWST. 

4.5.3.1  Behavior and transformations of PW in SHWST    

In this case, the behavior of PW differs from the previous design due to reduced wax 

around tank. 

Figure (4.10) shows the temperature of  PW at the upper side for SHWST and the water 

temperature inside the tank. 
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Fig.(4.10)  Behavior of PW in SHWST upper side (thickness 2cm),rise water temperature to 45oC during (48 h) 

Figure (4.10) shows the rapid transformation of the material from solid state to liquid state 

(melting ) where sensor node 1 reached the melting point within 1.31 hours and sensor 

node 2 in 1.2 hours. The rapid loss of heat is also shown inside the wax due to the rapid 

transformation of the wax condition, especially in the outer layers that make contact with 

the surrounding air which leads to rapid loss of heat inside it.  

Figure (4.11) shows the temperature of PW in the lower side for SHWST and the water 

temperature inside the tank. 

 

Fig.(4.11) Behavior of PW in SHWST lower side (thickness 2cm) ,rise water temperature to 45oC during(48 h) 
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Figure (4.11) shows a significant transformation in PW (melting) within the design and 

rapid loss of stored heat. 

 

4.5.3.2 Time period of thermal storage capacity 

In this case, as shown in Figure (4.12), the SHWST temperature was raised using PW to 

45
o
C within 0.72 hours and reached temperature (18

o
C) during 32 h. 

 

Fig (4.12)  Water Temperature inside tank for SHWST using PW (thickness 2cm) and traditional SHWST, 

rise water temperature to 45oC during (48h) 

 Figure (4.12) shows the convergence of performance between the traditional SHWST and 

contains of PW. 

4.5.3.3 Amount of storage tank heat loss coefficient (UAs) and thermal efficiency    

In this case, the difference in the amount of heat water stored in the tank is lower compared 

to the two previous cases. It was decreased by 31.2%, 20.45%. See Figure (4.13). This is 

due to the reduction of the amount of PW where the amount of heat stored in water is 

proportional to the amount of PW about the tank and the capacity of storage PW .The 

tank's ability to maintain water temperature (thermal efficiency) was increased by 1.05% 

compared to the traditional SHWST and the amount of storage tank heat loss coefficient 

(UAS) is 3.217W
o
C

-1
.  
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Fig.(4.13) Amount of heat input by electronic heater and total heat storage in water for SHWST using PW 

(thickness 2-cm ) during 48 hours  

The figure (4.13) shows the amount of heat lost from the tank, where it shows a significant 

increase in the amount of PW compared to the previous two cases due to the 

transformation of a large part of the wax layers connected to the outer cover of the tank 

from solid to liquid state (melting) and a significant loss of heat stored inside the wax. 

4.5.3.4 Electric cost to raise water temperature (45
o
C) within 48 hours  

The cost of raising water temperature in HWST is calculated using the electric heater by 

equation (3.1) and (3.2) 

1- Electric cost for HWST using PW (thickness 2-cm) 

𝐸𝑒𝑙 = 𝑝𝑜𝑤𝑒𝑟 × 𝑡𝑖𝑚𝑒 

      Eel =  2.5 Kw × 0.72 h = 1.8 Kwh                                                                             (4.14) 

       𝑐𝑜𝑠𝑡 (𝑁𝐼𝑆) = 0.578
𝑁𝐼𝑆

𝐾𝑊ℎ
× 𝐸𝑒𝑙                                                                                       

  𝑓𝑜𝑟 𝑣𝑎𝑙𝑢𝑒 𝑖𝑛 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (4.14) 

     Cost (NIS) = 0.578 × 1.8 = 1.04 NIS                                                                         (4.15) 

To raise the temperature of the water inside the HWST using PW (thickness 2-cm) 0.72 

hours are required to reach the temperature of 45
o
C. Water temperature is maintained for 
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14.5 h to reach the  temperature of 31
o
C .By using this information, the amount of annual 

cost for the use of electric power can be calculated. 

𝐷𝑎𝑦𝑠 =  
ℎ𝑜𝑢𝑟𝑠 

24 ℎ𝑜𝑢𝑟
=  

14.5

24
= 0.604 𝑑𝑎𝑦𝑠                                                                          (4.16) 

𝑓𝑜𝑟 𝑣𝑎𝑙𝑢𝑒 𝑖𝑛 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (4.16) 

𝑇ℎ𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑖𝑚𝑒𝑠 𝑡ℎ𝑒 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 ℎ𝑒𝑎𝑡𝑒𝑟 𝑟𝑢𝑛𝑠 𝑖𝑛 𝑚𝑜𝑛𝑡ℎ =  
30 𝑑𝑎𝑦𝑠

0.604 𝑑𝑎𝑦𝑠

= 49.67 𝑡𝑖𝑚𝑒𝑠                                                                                                                                (4.17) 

𝑓𝑜𝑟 𝑣𝑎𝑙𝑢𝑒 𝑖𝑛 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (4.15), (4.17) 

𝑐𝑜𝑠𝑡 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑝𝑜𝑤𝑒𝑟 𝑖𝑛 𝑚𝑜𝑛𝑡ℎ = 1.04 (𝑁𝐼𝑆) × 49.67 𝑡𝑖𝑚𝑒𝑠 = 51.7 𝑁𝐼𝑆 

𝑐𝑜𝑠𝑡 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑝𝑜𝑤𝑒𝑟 𝑖𝑛 𝑜𝑛𝑒 𝑦𝑒𝑎𝑟 = 51.7 𝑁𝐼𝑆 × 12 𝑚𝑜𝑛𝑡ℎ = 619.2 𝑁𝐼𝑆 

By using equation (4.9) the HWST using PW (thickness 2-cm) has reduced the cost of 

using electric power by 6.1%  compare with traditional HWST annually. 

4.6 Second Experiment, hot water storage tank draw-off tests and energy efficiency 

(𝝁)  

In this test, the water temperature is raised to (35,45 and 60
o
C) and then it flows into the 

SHWST and the temperature of the water flowing out of the tank is measured. Conducting 

a draw off test for SHWST is important in order to evaluate the practical performance of 

the tank. 

The draw-off test is done in order to determine the maximum amount of hot water that can 

be used before water temperature becomes lower than the pre-determined value for 

domestic use. The test begins after raising the water temperature outside the tank. The inlet 

valve is opened for the hot water to flow in .Then the water temperature is  monitored 

using the thermocouples sensor. After that, the flow rate per second for the water flowing 

in the tank is calculated. The same procedures are done using the thermocouples sensor to 

monitor the temperature of water flowing out of the tank and then the flow rate per second 

is calculated. 

The test lasts until we reach a volume of (60.120 and 180 liters) coming out of the three 

tanks taking into consideration that the capacity of tank used in this test is 60 liters. 
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Using the data obtained from the experiment , the total amount of charged heat in the water 

before flowing in the tank and the amount of discharged heat after water flows out of the 

tank were calculated. 

The figure (4.14) shows the temperature of water flowing out of the traditional SHWST  

during the draw-off test with a flow rate average of  7.14 liter/min. 

 

Fig.(4.14) Draw-off curves for the different water temperature flowing in the traditional SHWST (7.14l/min) 

Figure (4.14) shows the actual performance of the traditional  SHWST  at the different 

temperatures of water flowing into the tank for the three used volumes. Using the 

equations (3.7-3.11),the energy efficiency of the tank is calculated as shown in tables (4.1 , 

4.2 ,4.3) 

Table 4.1: Amount of heat charge ,heat discharge and the energy efficiency of the traditional SHWST when  

water flows into the tank at 60oC (ṁ = 7.14 L/min)    

The First Test 

 Water flows into the tank at a temperature of 60
o
C 

 Tin 

(
o
C) 

Tout 

(
o
C) 

Qch 

(kW) 

Qdisch 

(kW) 

Qeffective 

(kW) 

𝝁 

(%) 

Volume 1 60 56.4 642.56 23.9 618.67 96.2 

Volume 2 56 52.65 599.67 23.3 576.38 96.1 

Volume 3 52 49.5 504.32 21.28 483.09 95.78 

Total  60 49.5 1711.02 68.49 1642.53 96 
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Table 4.1 shows the energy efficiency of the traditional SHWST when water flows into the 

tank at 60
o
C .It also shows that the actual energy efficiency of the tank reached 96%. 

Table 4.2: Amount of heat charge ,heat discharge and the energy efficiency of the traditional SHWST when  

water flows into the tank at 45oC (�̇� = 7.14 𝐿/𝑚𝑖𝑛)    

The Second Test 

Water flows into the tank at a temperature of 45
o
C 

 Tin 

(
o
C) 

Tout 

(
o
C) 

Qch 

(kW) 

Qdisch 

(kW) 

Qeffective 

(kW) 

𝝁 

(%) 

Volume 1 45 41.5 411.27 35.37 375.9 91.3 

Volume 2 41 38 340.23 32 308.26 90.6 

Volume 3 38 35.2 295.47 12.3 283.17 95.8 

Total  45 35.2 1046.96 79.5 967.31 92.39 

 

Table 4.2 shows the actual energy efficiency of the traditional SHWST when water flows 

into the tank at 45
o
C where it reached 92.39% .This result is lower than the result obtained 

in the first experiment which will affects the actual performance of the traditional SHWST.  

Table 4.3: Amount of heat charge ,heat discharge and the energy efficiency of the traditional SHWST when  

water flows into the tank at 35oC (�̇� = 7.14 𝐿/𝑚𝑖𝑛)    

The Third Test 

Water flows into the tank at a temperature of 35
o
C 

 Tin 

(
o
C) 

Tout 

(
o
C) 

Qch 

(kW) 

Qdisch 

(kW) 

Qeffective 

(kW) 

𝝁 

(%) 

Volume 1 35 32 250.7 20.67 230.03 91.75 

Volume 2 32 29 218.17 25.9 192.3 88.15 

Volume 3 29 26.2 373.96 38.2 335.8 89.8 

Total  35 26.2 624.66 58.85 565.8 90.58 
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Table 4.3 shows that the actual energy efficiency of the traditional SHWST when water 

flows into the tank at 35
o
C equals 95%. 

By studying the previous obtained data for the three tests , it can be clearly noted that the 

tests showed good results in terms of the energy efficiency of the traditional SHWST. It 

has also shown that the energy efficiency seems to differ by the difference in the 

temperature of the water flowing into the tank. The average of the energy efficiency of the 

traditional SHWST reached 93%.  

This thesis aims at improving the actual performance and the efficiency of the traditional 

SHWST by adding phase change materials (paraffin wax).  

Using the same procedures and under the same conditions , the three draw-off tests were 

done for the three different tank designs and with three different amounts of paraffin wax 

around the tank (thickness of 4-cm,3-cm and 2-cm). 

The figure (4.15) shows the temperature of water flowing out of the SHWST using PW (4-

cm) during the draw-off test with a flow rate average of  7.14 liter/min. 

 

Fig.(4.15) Draw-off curves for the different water temperature flowing in the SHWST using PW(4-cm) 

(7.14l/min) 

Figure (4.15) shows the actual performance of the tank surrounded by 4-cm of paraffin 

wax .Using this data and using the equations (3.7-3.11),the actual energy efficiency is 

calculated as shown in tables (4.4,4.5,4.6). 
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Table 4.4: Amount of heat charge ,heat discharge and the energy efficiency of the SHWST using PW (4-cm) 

when water flows into the tank at 60oC (�̇� = 7.14 𝐿/𝑚𝑖𝑛)     

The First Test 

Water flows into the tank at a temperature of 60
o
C 

 Tin 

(
o
C) 

Tout 

(
o
C) 

Qch 

(kW) 

Qdisch 

(kW) 

Qeffective 

(kW) 

𝝁 

(%) 

Volume 1 60 59.67 666.1 3.07 663.07 99.5 

Volume 2 59 58.6 629.7 -9.4 639.1 100.1 

Volume 3 58.5 55.9 622.27 9.42 602.85 97.2 

Total  60 55.9 1918.15 13.1 1905.05 99.32 

 

Table (4.4) shows the importance of using  phase change materials in improving the 

performance and efficiency of SHWST where the energy efficiency was raised by 3.23% 

compared to the traditional SHWST. 

Table 4.5: Amount of heat charge ,heat discharge and the energy efficiency of the SHWST using PW (4-cm) 

when water flows into the tank at 45oC (�̇� = 7.14 𝐿/𝑚𝑖𝑛)     

The Second Test 

Water flows into the tank at a temperature of 45
o
C 

 Tin 

(
o
C) 

Tout 

(
o
C) 

Qch 

(kW) 

Qdisch 

(kW) 

Qeffective 

(kW) 

𝝁 

(%) 

Volume 1 45 44.7 434.9 1.94 432.9 99.55 

Volume 2 44.5 44.2 413.4 1.42 411.93 99.6 

Volume 3 44 43.5 405.9 3.5 402.4 99.14 

Total  45 43.5 1254.1 6.86 1247.2 99.45 

 

Table 4.5 shows that the  actual energy efficiency of the SHWST that was surrounded by 

4cm of the paraffin wax reached 99.45% .This result is higher than the traditional SHWST 

by7.06%. 
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Table 4.6: Amount of heat charge ,heat discharge and the energy efficiency of the SHWST using PW (4-cm) 

when water flows into the tank at 35oC (�̇� = 7.14 𝐿/𝑚𝑖𝑛)     

The Third Test 

Water flows into the tank at a temperature of 35
o
C 

 Tin 

(
o
C) 

Tout 

(
o
C) 

Qch 

(kW) 

Qdisch 

(kW) 

Qeffective 

(kW) 

𝝁 

(%) 

Volume 1 35 34.7 265.2 1.61 263.6 99.39 

Volume 2 34.5 33.4 263.1 1.52 261.58 99.42 

Volume 3 33 32.7 258.21 2.37 255.84 99.1 

Total  35 32.7 786.52 5.5 781.02 99.3 

 

The results obtained from the third test ,shown in table 4.6, shows the actual energy 

efficiency of the SHWST using PW (thickness of 4-cm).When water flows in at 35
o
C , the 

energy efficiency increase by 8.72% compared to the traditional SHWST under the same 

conditions. 

The average of the energy efficiency of the SHWST, using an amount of paraffin wax of 

4cm ,reached 99.36% which seems to be higher than the traditional SHWST by 6.36%. 

The figure (4.16) shows the temperature of water flowing out of the SHWST using PW (3-

cm) during the draw-off test with a flow rate average of 7.14 liter/min. 
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Fig.(4.16(Draw-off curves for the different water temperature flowing in the SHWST using PW(3-cm) 

(7.14l/min) 

Figure (4.16) shows the actual performance of the SHWST surrounded by 3cm of paraffin 

wax at different temperatures of water flowing into the tank. It also shows that the actual 

efficiency of the SHWST ,using PW of 3cm, is higher than the traditional SHWST 

.However, this design's efficiency seems to be lower than the tank surrounded by 4cm of 

PW. The tables (4.7,4.8,4.9) shows an analysis of the energy efficiency of this design. 

Table 4.7: Amount of heat charge ,heat discharge and the energy efficiency of the SHWST using PW (3-cm) 

when water flows into the tank at 60oC (�̇� = 7.14 𝐿/𝑚𝑖𝑛)     

The First Test 

Water flows into the tank at a temperature of 60
o
C 

 Tin 

(
o
C) 

Tout 

(
o
C) 

Qch 

(kW) 

Qdisch 

(kW) 

Qeffective 

(kW) 

𝝁 

(%) 

Volume 1 60 59.2 471.12 5.76 465.36 98.73 

Volume 2 58 57.63 401.63 7.74 393.89 98 

Volume 3 57.5 57.3 407.21 2.73 404.42 99.31 

Total  60 57.3 1279.96 16.23 1263.72 98.73 
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The results shown in table (4.7) shows that the energy efficiency of the tank surrounded by 

3cm of PW reached 98.73% which is higher than the traditional SHWST by 2.73% and 

lower than the tank surrounded by 4cm of PW by 1.6%.  

Table 4.8: Amount of heat charge ,heat discharge and the energy efficiency of the SHWST using PW (3-cm) 

when water flows into the tank at 45oC (�̇� = 7.14 𝐿/𝑚𝑖𝑛)     

The Second Test 

Water flows into the tank at a temperature of 45
o
C 

 Tin 

(
o
C) 

Tout 

(
o
C) 

Qch 

(kW) 

Qdisch 

(kW) 

Qeffective 

(kW) 

𝝁 

(%) 

Volume 1 45 43.03 275.2 6.85 268.35 97.51 

Volume 2 43 42.05 296.3 7.85 288.45 97.35 

Volume 3 42 41.68 253.32 6.7 246.62 97.3 

Total  45 41.68 824.82 21.4 803.42 97.41 

 

As shown in table (4.8) ,the results obtained from the second test shows that the energy 

efficiency of the tank surrounded by 3cm of PW reached 97,41% which seems to be higher 

than the traditional SHWST by 5% and lower than the tank surround by 4cm of PW by 2%.  

Table 4.9: Amount of heat charge ,heat discharge and the energy efficiency of the SHWST using PW (3-cm) 

when water flows into the tank at 35oC (�̇� = 7.14 𝐿/𝑚𝑖𝑛)     

The Third Test 

Water flows into the tank at a temperature of 35
o
C 

 Tin 

(
o
C) 

Tout 

(
o
C) 

Qch 

(kW) 

Qdisch 

(kW) 

Qeffective 

(kW) 

𝝁 

(%) 

Volume 1 35 34.23 270.31 16.95 253.36 93.72 

Volume 2 34 33.61 254.26 13.48 240.78 94.7 

Volume 3 33.5 31.19 261.2 14.88 246.32 94.3 

Total  35 31.9 785.77 45.31 740.46 94.23 

 

As shown in table (4.9) , the energy efficiency became lower by 5.72% compared to the 

SHWST that is surrounded by 4cm of PW ,and higher than the traditional SHWST using 

the same procedures and under same conditions .  
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As shown in table (4.7 ,4.8 ,4.9), the energy efficiency  seems to be lower by 3.75% 

compared to the previous design .The reason for this is the amount of PW that was used 

compared to the previous design .However , the energy efficiency using this design seems 

to be higher than the traditional SHWST by 2.75%. 

The figure (4.17) ) shows the temperature of water flowing out of the SHWST using PW 

(2-cm) during the draw-off test with a flow rate average of 7.14 liter/min. 

 

Fig.(4.17  ( Draw-off curves for the different water temperature flowing in the SHWST using PW(2-cm) 

(7.14l/min) 

Figure 4.17  shows that the performance and efficiency of the SHWST seems to be lower 

compared by the two previous designs .The is due to two reasons  : the first is small 

amount of PW that surrounded the tank compared to the previous designs. The second 

reason is the increase in the temperature of  PW which will result in loss in the heat stored 

inside the PW. 

The tables (4.10,4.11,4.12) shows an analysis of energy efficiency for SHWST using PW 

(thickness of 2cm ) at different temperatures of water flowing in the tank.  
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Table 4.10: Amount of heat charge ,heat discharge and the energy efficiency of the SHWST using PW (2-

cm) when water flows into the tank at 60oC (�̇� = 7.14 𝐿/𝑚𝑖𝑛)     

The First Test 

Water flows into the tank at a temperature of 60
o
C 

 Tin 

(
o
C) 

Tout 

(
o
C) 

Qch 

(kW) 

Qdisch 

(kW) 

Qeffective 

(kW) 

𝝁 

(%) 

Volume 1 60 56.4 666.14 26.93 639.21 95.96 

Volume 2 56 52.33 604.46 29.89 574.57 95.05 

Volume 3 52 47 507.77 36.46 471.31 92.82 

Total  60 47 1253.10 56.82 1196.28 95.47 

 

The results shows that the energy efficiency of the tank surrounded by 2cm of PW reached 

95.47% which is lower than the traditional SHWST by 0.53%  and lower than the previous 

designs by 3.5% and 2.7%. 

Table 4.11: Amount of heat charge ,heat discharge and the energy efficiency of the SHWST using PW (2-

cm) when water flows into the tank at 45oC (�̇� = 7.14 𝐿/𝑚𝑖𝑛)     

The Second Test 

Water flows into the tank at a temperature of 45
o
C 

 Tin 

(
o
C) 

Tout 

(
o
C) 

Qch 

(kW) 

Qdisch 

(kW) 

Qeffective 

(kW) 

𝝁 

(%) 

Volume 1 45 39.4 434.84 39.46 395.38 90.93 

Volume 2 39 37.6 342.32 10.10 332.23 97.05 

Volume 3 37.5 35.1 298.60 15.87 282.73 94.69 

Total  45 35.1 766.13 48.86 717.26 93.61 

 

The results in table 4.11 shows that the energy efficiency of the design reached 93.61% 

which is higher than traditional tank by 1.2% and higher than the previous two designs by 

3.7% and 6.1%. 
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Table 4.12: Amount of heat charge ,heat discharge and the energy efficiency of the SHWST using PW (2-

cm) when water flows into the tank at 35oC (�̇� = 7.14 𝐿/𝑚𝑖𝑛) 

The Third Test 

Water flows into the tank at a temperature of 35
o
C 

 Tin 

(
o
C) 

Tout 

(
o
C) 

Qch (kW) Qdisch 

(kW) 

Qeffective 

(kW) 

𝝁 

(%) 

Volume 1 35 34.1 280.64 4.15 276.5 98.5 

Volume 2 34 32.4 265.22 13.6 251.7 94.8 

Volume 3 32 26.4 219.26 41.28 177.97 81.1 

Total  35 26.4 765.13 58.1 707 92.41 

 

The results presented in table 4.12 shows that the energy efficiency of the design reached 

92.4%  which is higher than the traditional by 1.8% and lower than the previous designs by 

4.2% and 2%. 

By studying the results and data that were obtained from the 3 tests , it can be noted that 

the energy efficiency of design (with 2cm of PW) seems to be lower  than the two previous 

designs . The results shows that the energy efficiency was decreased by 6.71% compared 

to the first design and by 3.12% compared to the second design .With that being said, the 

energy efficiency increased by 1.25% compared to the traditional SHWST. 

The results obtained from this study shows that adding phase change materials 

(PCMs),which are regarded as the most used material in latent heat storage system, to the 

SHWST resulted in raising the performance and the efficiency of the SHWST. Table 4.13 

shows the actual performance of different designs of  the SHWST using PCMs compared 

to the traditional SHWST that uses sensible heat. 
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Table 4.13: Energy efficiency ,thermal efficiency and heat lose coefficient (UAs) for the three different 

SHWSTs using PW (thickness 2,3 and 4cm) compared to the traditional SHWST 

Sensible heat 

storage(SHS) 

 

Latent heat storage (LHS) 

 Traditional 

SHWST 

SHWST 

using PW 

(thickness 

2-cm) 

Performance 

indicators 

Compare 

with 

traditional 

SHWST 

SHWST 

using PW 

(thickness 

3-cm) 

Performance 

indicators 

Compare 

with 

traditional 

SHWST 

SHWST 

using PW 

(thickness 

4-cm) 

Performance 

indicators 

Compare 

with 

traditional 

SHWST 

Heat lose 

coefficient 

(UAs) 

3.321 WoC-1 3.271 

WoC-1 

-1.5% 1.37 

WoC-1 

-58.74% 1.152 

WoC-1 

-65.3% 

Thermal 

efficiency 

(%)  

91.51% 92.01% +0.5% 94.8% +3.29% 95.47% +3.96% 

Energy 

efficiency 

at 35
o
C (%) 

90.58% 92.41% +1.83% 94.23% +3.65% 99.3% +8.72% 

Energy 

efficiency 

at 45
o
C (%) 

92.39% 93.61% +1.22% 97.41% +5.02% 99.45% +7.06% 

Energy 

efficiency 

at 60
o
C (%) 

96% 95.47% -0.53% 98.73% +2.73% 99.32% +3.32% 
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Chapter 5 

CONCLUSIONS AND FUTURE WORK 

5.1 Conclusions  

This thesis presents an experimental study on the use of paraffin wax as a type of phase 

change material in the hot water storage tank. This experiment was conducted by studying  

three different cases depending on the amount of wax that is used around the tank 

(thickness 4-cm, 3-cm and 2-cm) .In this thesis ,two experimental tests are discussed. The 

first was done by raising water temperature inside the tank to 45°C without water flow rate 

(thermal storage tank test) and the second is a draw-off test in which the flow rate is 

calcualated.The main conclusions that were derived from this thesis can be stated as 

follows: 

- The use of latent storage systems improves the efficiency of thermal storage 

systems. 

- In the first case ,when the PW's thickness around the tank is 4 cm, the thermal 

efficiency was improved by 4.23% compared to the traditional SHWST and the 

storage tank heat loss coefficient (UAs) equal 1.152W
o
C

-1
. Consequently, 

electricity consumption to raise the temperature of water inside the tank is reduced 

annually by 67.5% compared with traditional SHWST. 

- In the second case ,when the PW's thickness around the tank is 3 cm, the thermal 

efficiency was improved by 3.29% compared to the traditional SHWST and the 

storage tank heat loss coefficient (UAs) equal 1.37W
o
C

-1
. Consequently, electricity 

consumption to raise the temperature of water inside the tank is reduced annually 

by 56.42% compared with traditional SHWST. 

- In third case, when PW's thickness is around the tank 2 cm,  negative results were 

obtained compared to the previous two cases. The thermal efficiency was improved 

by 1.5 % compared to the traditional SHWST and the storage tank heat loss 

coefficient (UAs) equal 3.217 W
o
C

-1
. Consequently, electricity consumption to 

raise the temperature of water inside the tank is reduced annually by 6.1% 

compared with traditional HWST. 

- By comparing the energy efficiency ,which was derived from the draw-off test, it 

was noted that the energy efficiency was increased by 6.35% in first case ,3.8% in 

second case, and 0.8% in the third case compared to the traditional SHWST.  
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Finally, the development of heat storage systems helps in the utilization of excess energy. 

The use of phase change materials in these systems helps to increase their thermal storage 

capacity and thermal efficiency. 

 

5.2 Recommendation and future work  

This study showed the use of paraffin as a type of phase change material in thermal storage 

system resulted in increasing thermal efficiency for these systems . However, this 

application requires further studies to facilitate its use in future designs .  

The recommendation for future work  includes  experimental, numerical and analytical 

studies in order to better understand the latent heat storage system by using phase change 

material and building better designs for these systems . 

 In this study, an experiment on the use of PW was conducted  as a surrounding hot  

water storage tank material .This design requires the building of a numerical model 

using CFD software for better comparing the results obtained from the practical 

experiment with the theoretical study results at the same working conditions .  

 Conducting a comprehensive analytical on renewable energy sources in Palestine 

and the amount of annual solar radiation  as well as studying the potential and 

suitability  of using solar thermal storage systems in Palestine . 

 Adding the design of hot water storage tank with paraffin wax on the solar thermal 

storage system and conducting theoretical and practical experimental studies . 

 In this study , paraffin wax was used as a type of phase change material .The need 

for further  studies on different types of these materials is required  for using them 

in solar thermal storage system application .  
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APPENDICES 

Appendix A : paraffin wax (60-62 
o
C) Specification 

Appendix B: PT100 Sensor Specification Data Sheet 

Appendix C : Field-logger Data sheet 
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Appendix A : paraffin wax (60-62 
o
C) Specification [39] 
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Appendix B : PT100 Sensor Specification Data Sheet [40]  
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Appendix C : Field-logger Data sheet [41]  

 



  

70 

 

 



  

71 

 

 



  

72 

 

 



  

73 

 

 



  

74 

 

 


	cover.pdf
	final-raef.pdf

