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Highlights 

 A latent heat storage unit is proposed and evaluated according to a set of key performance 
indicators. 

 Thermal energy storage unit is experimentally studied using municipal water supply. 

 The multi-tube latent heat storage unit supplies hot water at a constant temperature for 3 hours. 

 The proposed unit successfully recovers up to 12 MJ of thermal energy in 3 hours. 

 The proposed unit saves up to 130 m3 of annual natural gas consumption. 
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Abstract 

In this research, a multi-tube heat exchanger filled with phase change material (PCM) is constructed 
and investigated experimentally to evaluate its capability to serve as a heat storage unit in solar 
domestic water heating (SDWH) systems. Several operational conditions comprising the PCM initial 
temperature and the water discharge flowrates are included in the test as external factors to evaluate 
the performance of the proposed shell-and-tube latent-heat storage unit (STLHS) as a part of a SDWH 
system. The STLHS unit is assessed according to several quantitative, qualitative, and economic key 
performance indicators extracted from the Egyptian plumbing code (EPC). Firstly, the quantitative 
results show that the proposed STLHS unit increased the water temperature by a range of 7-12°C and 
maintained a constant hot water supply for extended periods, 2-3 hours. Secondly, from the qualitative 
point of view, the achieved heating levels are insufficient to fulfill the domestic needs according to the 
benchmark water temperature established by the EPC. Thirdly, evaluating the STLHS unit on an 
economic basis shows that the annual fuel saving increases by increasing the unit initial temperature, 
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where the annual fuel consumption savings reach 130 m3 of natural gas. Finally, the acquired techno-
economic performance measurements emphasize that the proposed unit has a notable possibility for 
several design modifications to achieve more improvements in its performance.  

Nomenclatures 

𝐶_𝑝 specific heat [J*kg*K-1] 

D Inner diameter [m] 

𝐸௨௦௘௥ energy delivered to the user [J] 

𝐸௛௘௔௧௘௥ energy produced by natural gas water heater [J] 

L length [m] 

𝑚 mass [kg] 

𝑚 ̇  mass flow rate [kg/s] 

OD outer diameter [m] 

𝑄௢௨௧ accumulative discharged energy [J] 

𝑄̇௢௨௧ instantons thermal power [W] 

𝑡 time [sec] 

𝑇 temperature [°C] 

𝑇ு்ி೔೙
 water-inlet temperature [°C] 

𝑇ு்ி೚ೠ೟
 water-outlet temperature [°C] 

𝑇௡௢௥௠ೠೞ೐ೝ
 nominal user water temperature [°C] 

𝑇௡௢௥௠೟ೌ೛
 average inlet-water temperature [°C] 

𝑉௨௦௘௥ equivalent heated volume of water served to the user [l] 

𝑉̇ water volume flow rate [l*min-1] 

𝜂௛௘௔௧௘௥ efficiency of natural gas heater  

𝜌 water density [kg*m-3] 

Abbreviations 
CFD Computational fluid dynamic 

DSC Differential scanning calorimeter 

EPC Egyptian plumbing code 

FCS Fuel consumption saving  

GWH Gas water heater 

HTF  Heat transfer fluid 

HX Heat exchanger 

KPI Key performance indicators 

LCOH levelized cost of heat 

LHS  Latent heat storage 

LHV Low heating value  

PCM  Phase change material 

SDWH Solar domestic water heating 

SHS Sensible heat storage 

STLHS Shell-and-tube latent heat storage 
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TES  Thermal energy storage 

1. Introduction 

In 2015 the leaders of more than 130 countries signed the Paris climate agreement and started to apply 
several adaptation interventions to avoid the catastrophic consequences of the increasing levels of CO2 
emissions (United Nations, 2015). Moreover, the leaders established the intergovernmental panel on 
climate change (IPCC) and dedicated this panel to provide the scientific studies of climate change 
impacts and recommended policies and technological adaptations to mitigate these effects. According 
to IPCC special report, the energy used in the residential sector is responsible for 22% of CO2 emissions 
worldwide (IPCC, 2018, Ma et al., 2019). A respectful part of energy consumption in the residential 
sector is used for water heating, where the traditional electric water heaters are responsible for 9% and 
11% of energy consumption in the European Union and the united states, respectively (UNEP, 2014). 
Moreover, in developing countries, the primary sources for generating electric power are fossil fuels 
and coal, which boost the need for integrating more environmentally friendly technologies into 
residential energy applications. Therefore, reconstructing the energy profile of the households towards 
using more environmentally friendly energy sources can lead to a significant reduction in CO2 emissions. 
Ma et al., (2019), showed that optimizing the energy structure of a Chinese house through decreasing 
the percentage of coal consumption by 18%, this reduction resulted in considerable mitigation for the 
CO2 emissions from heating applications up to 68 kg CO2 per household. Nevertheless, the shift 
towards using more environmentally friendly energy sources required different innovative solutions to 
tackle the randomness and lack of dispatchability of renewable energy sources. One of these solutions 
is effective heat management in industrial and residential sectors by using thermal energy storage 
(TES) (Gibb et al., 2018). The integration of TES units to the daily use of residential heating systems is 
essential to achieve the CO2 mitigation targets. There are three different categories of TES systems 
which include (i) Sensible heat storage (SHS) (Li, 2016), (ii) Latent heat storage (LHS) based on phase 
change materials (PCMs) (de Gracia and Cabeza, 2017) and (iii) Thermochemical storage (Cot-Gores 
et al., 2012).  

In recent years, different types of TES modules have been extensively studied in different temperature 
ranges and applications (Alva et al., 2018; Singh et al., 2016). Although there are several advantages 
and disadvantages of each TES technology, the LHS technique is remarkably considered thanks to its 
high energy density and isothermal charging/discharging characteristics (Zalba et al., 2003). In this 
context, the integration of PCM into the shell-and-tube HX exhibits a considerable advantage over other 
LHS methods as it combines design simplicity and reliable thermal performance (Seddegh et al., 2017b, 
Seddegh et al., 2017a). A significant amount of studies were dedicated to investigating the effect of the 
geometry design on the melting and solidification of PCM inside shell-and-tube HX as a TES unit (Han 
et al., 2017; Seddegh et al., 2015; Wang et al., 2016). Moreover, many researchers studied the effect 
of the operational parameters, such as the mass flow rate and the inlet temperature of the heat transfer 
fluid (HTF), on the melting/solidification cycles inside the shell-and-tube TES unit (Wang et al., 2016, 
Gasia et al., 2016, Gasia et al., 2017).  

Most PCMs are plagued by extremely low thermal conductivity, which hinders the utilization of LHS 
techniques in different applications. The reported thermal conductivity of PCMs is less than 0.3 W/m-K 
for organic PCMs and 0.7 W/m-K for salt hydrates (Abokersh et al., 2017b; Bose and Amirtham, 2016; 
Reddy et al., 2018). To overcome the problem of poor thermal conductivity, several solutions are 
proposed to increase the heat transfer surfaces such as using a fined tube (Eslamnezhad and Rahimi, 
2017; Hosseini et al., 2015), or use a multi-tube HX (Agyenim et al., 2010; Jourabian et al., 2017). The 
researchers concluded that increasing the number of tubes remarkably enhanced the heat transfer rate 
and decreased the cycle time (Esapour et al., 2016; Jourabian et al., 2017). Overall, the literature shows 
that most of the researches leaned towards evaluating the performance of different LHS units as an 
isolated TES component. However, integrating the external factors from the heating system into the 
evaluation of the capability of these storage units to serve in domestic or industrial applications is rarely 
investigated. 
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It is challenging to design and select the suitable TES that fulfill the targets of the system requirements; 
this is because there are several options for integrating the TES unit into residential 
applications/systems. Moreover, the available energy sources, type of required energy, the 
available/required rate of charging/discharging are varied according to the complexity level and 
constraints of each system, which complicate the selection process of the appropriate TES for the target 
application (Gibb et al., 2018). Besides, there is a lack of a complete methodology for evaluating the 
TES units integrated with a thermal system, and it is indecisive to judge on the performance of an 
isolated TES unit without prior defining the purpose and the expected outcomes to the end-users of this 
unit (Giacone and Mancò, 2012; Gibb et al., 2018; Lindberg et al., 2015). Consequently, there is a 
necessity for a reliable evaluation of the TES units’ performance based on the system requirements 
and the stakeholders’ perspectives to determine the essential parameters and the key performance 
indicators (KPI) of the TES unit. Aiming at tackling the challenge associated with the TES evaluation, 
Gibb et al., (2018), developed a systematic methodology to evaluate the TES units where the evaluation 
process of any TES unit is implemented through two main steps. Firstly, the characterization of the 
unit’s technical and economic parameters to define the performance and the constraints associated 
with the TES unit as an independent thermal storage module. Secondly, define the expected benefits 
of integrating this TES unit into the target thermal system and determine the key performance indicators 
(KPI) of the served process. In the proposed methodology, the TES unit should be interlinked with the 
thermal system where the TES performance parameters are linked and compared to the system 
requirements according to a set of KPI as shown in Figure 1 (Gibb et al., 2018).  

 

Figure 1 Linking the process requirement with the TES system parameters (Gibb et al., 2018). 

Concisely, a reliable evaluation for a TES unit requires a clear specification for the storage unit, the 
system, and the advantages of integrating the storage unit with the thermal system according to the 
predefined KPIs. The KPIs of a TES unit integrated into a thermal system can be categorized as 
follows(Gibb et al., 2018, Cabeza et al. 2015): 

1. Qualitative and quantitative indicators: evaluating a dimensionless adjective or measuring a 
quantity value. 

2. Lagging and leading indicators: evaluating the results of a process to determine the success or 
failure in fulfilling the requirement. 

3. Input to output indicators: evaluating the system according to its efficiency. 

4. Directional indicators: evaluating the system according to its ability to be developed. 

5. Financial indicators: evaluating the feasibility and the economic aspects of the system. 

To the best of the authors' knowledge, the study to evaluate the performance of a TES module 
integrated into a solar domestic water heating (SDWH) system according to the recently proposed 
methodology by Gibb et al., (2018) is not fulfilled yet. Therefore, a reliable evaluation of the direct 
benefits for integrating an LHS module to a SDWH is still a controversial issue and requires a study that 
combines the unit’s thermal characteristics and the unit’s performance according to a pre-established 
set of technical and economic criteria. 

Aligning with this perspective, a multi-tube LHS unit based on shell-and-tube design is introduced to be 
used as a retrofit within a domestic water heating system. The performance of this shell-and-tube latent 
heat storage (STLHS) unit within a water heating system of a single-family house is assessed according 
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to a set of technical and economic indicators. The novelty of this work relies on providing the non-
technical end-users tangible evaluation for the performance of an LHS unit that can be used within their 
domestic heating system. Those end-users are considered as stakeholders whose perspective is 
essential to establish a reliable standard for testing the performance of LHS units. In this context, the 
presented experimental study examines the ability of the proposed LHS unit to fit the demand of the 
domestic water heating system based on reference values defined by the EPC (MHUUC, 1999). 
Accordingly, the thermal performance of the system is qualitatively and quantitatively evaluated during 
the discharging phase using real draw-offs conditions. Thus, municipal water as heat transfer fluid (HTF) 
with uncontrolled temperature and different flow rates is used, as external affecting factors, to 
investigate the capability of the proposed TES unit to serve as a part of a SDWH system. In addition, 
the outcome system performance is economically evaluated to determine the financial benefits of using 
this unit within the available SDWH systems. 

This paper is organized as follows:0 section 2 presents the methodology and design criteria used to 
build the proposed TES unit. Section 3 presents the system design, including the experimental setup 
and the PCM selection criteria. Section 4 illustrates the experimental procedure and presents the list of 
the conducted experiments. Section 5 is dedicated to present the obtained results and discuss the key 
findings. Finally, section 6 presents a conclusion for the work and the several recommendations for 
future research.  

2. Methodology and design criteria  

The working methodology has three main phases which are used to evaluate the performance of the 
proposed STLHS unit according to the presented KPI framework. Firstly, selecting the criteria that are 
used to design the STLHS unit and qualitatively asses its capability to serve as reliable storage in the 
domestic heating systems. Secondly, quantitively asses the STLHS unit thermal performance through 
the inlet/outlet water temperature difference and the accumulated energy. Thirdly, the supplied hot 
water and the equivalent fuel saved are evaluated from a financial point of view.  

2.1. Design criteria and qualitative analysis  

The design methodology for the TES unit of SDWH system does not depend only on the estimation of 
the total energy stored to ensure the functionality and the reliability of the designed system (Ahmed et 
al., 2016). Both the discharge flow rate and discharge phase time are essential factors that determine 
the capability of the system to fulfill the required domestic hot water demand (Edwards et al., 2015). 

Another important aspect in designing a domestic water heating unit is the delivery temperature. The 
required water delivery temperature varies according to the application being served. Generally, there 
are two main types of hot water, tempered and un-tempered, with a delivery temperature range between 
40-45°C and 55-60°C, respectively (Burch and Thorton, 2014; Fuentes et al., 2018). Tempered water 
is usually mixed with cold water, from the main supply, to decrease its temperature to be suitable for 
different applications, which include human contact such as showers, washing hands, etc. The main 
usage of un-tempered water is in applications with direct hot water usage such as dishwashers and 
washing machines. 

According to the EPC (MHUUC, 1999), the maximum allowable water temperature that directly contacts 
the human skin is in the range between 54-60°C. However, for economic reasons, it is preferred to limit 
the water temperature range to 45-49°C. Moreover, the EPC code states that the maximum period of 
peak consumption is in the range between 2-3 hours during the morning hours, 6-9 am, and the evening 
hours, 5-8 pm. In addition, (Zhou et al., 2018) recommended that the hot water demand on the user 
side is 3 hours. Consequently, the performance of the proposed TES unit will be evaluated according 
to its ability to deliver hot water at the minimum useable temperature (45°C) during the whole peak 
periods (2-3 hours). 
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2.2. Quantitative analysis  

In addition to the mentioned qualitative analysis, the unit will be assessed quantitively by the amount of 
energy recovered during the discharge phase. The discharged energy from the TES unit is calculated 
using the temperature difference between the inlet and outlet temperatures of the HTF at each time 
step. It is assumed that the storage unit is well insulated, and the heat losses from the unit are neglected. 
Accordingly, the rate at which the thermal energy is discharged or released from the PCM to the water 

(𝑄̇௢௨௧) is calculated using Eq. (1) (Sharma et al., 2009), and (Kabbara et al., 2016). 

𝑄̇௢௨௧ = 𝑚 ̇ 𝐶_𝑝 ൫𝑇ு்ி೚ೠ೟
− 𝑇ு்ி೔೙

൯ (1) 

where 𝑚̇ is the HTF mass flow rate, 𝐶_𝑝 the HTF specific heat, 𝑇ு்ி೔೙
 is the HTF inlet temperature, 

and 𝑇ு்ி೚ೠ೟
 is the HTF outlet temperature. The cumulative discharged energy (𝑄௢௨௧) is the summation 

of all instantaneous discharged energies over all time intervals, ∆𝑡, during the discharging phase, as 
given by Eq. (2) (Kabbara et al., 2016; Sharma et al., 2009). 

𝑄௢௨௧ = ෍𝑉̇𝐶_𝑝 ൫𝑇ு்ி೚ೠ೟
− 𝑇ு்ி೔೙

൯ ∆𝑡௜

௡

௜ୀ଴

 (2) 

2.3. Economic analysis 

A reliable evaluation for the unit performance needs a normalized value to eliminate the effect of the 
fluctuation in water inlet temperature. Therefore, the total accumulated energy is converted to an 
equivalent amount of heated water supplied to the user, as given by Eq. (3) (Frazzica et al., 2016). 

𝑉௨௦௘௥ =
𝐸௨௦௘௥

𝜌 𝐶_𝑝 ቀ𝑇௡௢௥௠ೠೞ೐ೝ
− 𝑇௡௢௥௠೟ೌ೛

ቁ
 (3) 

where 𝐸௨௦௘௥ is the cumulative discharged energy (𝑄௢௨௧) calculated from Eq. (2), 𝑉௨௦௘௥ is the equivalent 

heated volume of water served to the user at the required temperature, and 𝜌  is the water density. 

𝑇௡௢௥௠ೠೞ೐ೝ
 is the nominal user temperature which is fixed at 45°C as defined by EPC (MHUUC, 1999), 

and 𝑇௡௢௥௠೟ೌ೛
, is the average inlet water temperature which is fixed at 20°C following the municipal 

plumbing code (Egyptian Plumbing Code,Ministry of Housing, Utilities and Urban Communities,Egypt, 
1999). Furthermore, a primary economic analysis is introduced to combine the technical and financial 
performance of the proposed STLHS unit. In this analysis, the energy gained from the STLHS unit is 

compared to a conventional gas-fired water heater (GWH) with an estimated efficiency 𝜂௛௘௔௧௘  of 0.9 

(Bourke et al., 2014, Park et al., 2014). Thus, 𝐸௛௘௔ , computed by Eq. (4) (Li et al., 2017), is used to 
calculate the equivalent amount of annual energy consumed by the GWH to produce the calculated 

𝑉௨௦௘௥. 

𝐸௛௘௔௧௘௥ =
𝐸௨௦௘௥

𝜂௛௘௔௧௘௥
 (4) 

Further, the annual fuel consumption savings (FCS) are calculated to present a tangible equivalent to 
the volume of gas saved by using the STLHS unit to produce energy instead of the conventional GWH. 
The FCS can be calculated using Eq. (5) (Li et al., 2017). 

FCS =
𝐸௛௘௔௧௘௥

LHV
 (5) 
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where LHV is the average low heating value of natural gas, which is equal to 10.5 kWhth*m-3 (Li et al., 
2017; Mostafavi Tehrani et al., 2013a, 2013b).  

2.4. Uncertainty analysis  
The level of uncertainty in the experimental results depends on the accuracy of the measurement tools 
used in this experiment. The accuracy of the measurement equipment is calculated by the 
manufacturer. The uncertainty of the calculated values is determined by the following equations (Rahimi 
et al., 2019):  

𝜕𝑓

𝑓
= ቈ൬𝑛ଵ

𝜕𝑥ଵ

𝑥ଵ
൰

ଶ

+ ൬𝑛ଶ

𝜕𝑥ଶ

𝑥ଶ
൰

ଶ

+ ⋯ + ൬𝑛௡

𝜕𝑥ଵ

𝑥ଵ
൰

ଶ

቉

ଵ/ଶ

 (6) 

Accordingly, the uncertainty of the calculated energy discharge rate is 

𝑄௢௨௧ = 𝑓൫𝑉̇, 𝑇ு்ி೚ೠ೟
, 𝑇ு்ி೔೙

൯ (7) 

𝜕𝑄௢௨௧

𝑄௢௨௧
= ൥ቆ

𝜕𝑉̇

𝑉̇
ቇ

ଶ

+ ቆ
𝜕𝑇ு்ி೚ೠ೟

𝑇ு்ி೚ೠ೟

ቇ

ଶ

+ ቆ
𝜕𝑇ு்ி೔೙

∆𝑇ு்ி೔೙

ቇ

ଶ

൩

ଵ/ଶ

 (8) 

where the numerators are the uncertainty of measurement tools, and the denominators are the 
maximum measured values.  

3. System design 

In this experimental work, a multi-tube heat exchanger unit filled with paraffin wax is utilized as a LHS 
unit for SDWH system. Figure 2 shows the integration of the proposed LHS unit within the SDWH 
system. The STLHS unit specifications and the properties of the used PCM material will be discussed 
in detail in the following sections. 

 

Figure 2: The proposed SDWH system with the STLHS unit arrangement 
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3.1. Experimental setup 

The experimental setup consists of 3 main parts, the TES tank, the water supply system, and the 
measurement system. The TES tank, the primary concern of the study, is a shell-and-tube HX. The 
shell-side is filled with paraffin wax. The water supply system is used to supply and circulate the HTF 
in the tube-side. While the measuring system helps in quantifying the system performance. Figure 3 
shows the experimental setup for the proposed system.  

The TES tank is made of a circular 2 mm thick steel pipe. The pipe is 100 mm inner diameter (D) and 
1.8 m long (L). The TES tank is insulated with 45 mm layer of Rockwool with thermal conductivity 0.035 
W*m-1*K-1, and the unit held vertically on a steel stand. A bundle of copper U-tubes is inserted in the 
TES tank vertically. The bundle consists of six U-tubes 6.3 mm outside diameter (OD) and 0.4 mm thick. 
The tubes are connected in series, and the intermediate temperatures are measured using six J-type 
thermocouples. The U-tubes are supported in place using 4 Corian rings at distances 11, 55, 55, and 
43 cm from one end of the TES tank, as shown in Figure 4. 

During the charging process, a domestic electric water heater with a capacity of 1500 W and a 
volumetric tank capacity of 80 liters is connected to a 1 HP centrifugal pump to charge the PCM. On 
the other hand, during the discharging process, water from mains, at ambient temperature, is pumped 
through the U-tubes of the HX using the same pump. 

 

Figure 3: (a) Photograph of the STLHS unit used in the experiment, (1) temperature control, (2) 
Datalogger, (3) PCM unit, (4) circulating pump, (5) water storage tank, (b) schematic diagram for 

the experimental setup 
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               (a) (b) 

Figure 4: Schematic diagram for the STLHS system, (a) longitudinal section showing 
thermocouples distribution, (b) top section showing tubes connections 

The PCM temperature is measured using 30 J-type thermocouples, with an accuracy of ±2.2C 
(OMEGA Engineering, Inc., 2016). All thermocouples used in this research are calibrated against a 

thermometer whose calibration is traceable to NIST and DAkkS, with an accuracy of ±1C (OMEGA 
Engineering, Inc., 2005). The thermocouples, grouped into six groups (A: F), are installed along the 
tube axial direction at distances of 20, 48, 76, 104, 132 and 160 cm from one end of the steel tube, as 
shown in Figure 4-a. The five thermocouples of each group are installed at a radial distance of 10, 20, 
30, 40, and 50 mm measured from the inner surface of the tube, as shown in fFigure 4-b. In addition, 
two thermocouples are used to measure the temperatures of the HTF at inlet and outlet. The 
thermocouples are connected to a multiplexer connected to a data logger that saves the data every 6 
seconds. Finally, a rotameter with an accuracy of ±2% full-scale accuracy used to measure the volume 

flow rate (𝑉̇) of the HTF (OMEGA Engineering, Inc.,  2009). 

3.2. PCM selection 

The selection of suitable PCM for TES unit depends on the application temperature (M.H. Abokersh et 
al., 2017). It should have a high latent heat of fusion, high thermal conductivity, low volume, and density 
changes during phase change, no sub-cooling effects during solidification, high density, and high 
specific heat (Kapsalis and Karamanis, 2016; Regin et al., 2008). Also, it should be chemically stable, 
non-flammable, and non-toxic. The availability and reasonable price are also critical factors when 
choosing the PCM. Based on these criteria, a commercial-grade paraffin wax, type Alex PW600, with 
oil content 2-3% is selected as the most suitable option (Alex wax 600, Alexandria Wax Company, 
Semouha Alexandria-Egypt). A pre-characterization for the thermophysical properties of the paraffin 
wax is recommended since it might vary according to the manufacturer (Murray and Groulx, 2014). 
Generally, the PCMs are characterized by calorimetric experiments like Differential Scanning 
Calorimeter (DSC) to obtain the enthalpy, specific heat, melting, and solidification temperatures. The 
characterization experiments are performed using a DSC (TA Instruments, Inc., 2016), in the 
Department of Chemical Engineering at King Fahd University of Petroleum and Minerals. A 6 mg 
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paraffin wax sample is heated from 20°C to 90°C at a rate of 5°C/min. Figure 5 shows the DSC results 
for the melting and solidification curves of the examined specimen. The curves illustrate that the melting 
and solidification temperatures are 61.8°C and 58.3°C, respectively. Other paraffin wax properties are 
provided by the manufacturer (Alex wax 600, Alexandria Wax Company, Semouha Alexandria-Egypt). 
Table 1 summarizes the thermo-physical properties of the used paraffin wax. 

 

Figure 5: DSC curves of paraffin wax for melting and solidification 

Table 1: Thermophysical properties of the used paraffin wax (Alex PW600) 

Melting temperature  61.8°C 
Solidification temperature 58.3°C 
Latent heat of solidification 201.8 kJ*kg-1 

Latent heat of melting  189.8 kJ*kg-1 
Density (solid) 0.902 g*ml-1 at 22.2°C 

Specific heat capacity @25°C 1.8 kJ*kg-1*K-1 

4. Experimental procedure 

The proposed storage unit is mainly designed to replace a conventional TES water tank in the SDWH 
system. Most of these systems use a control unit to maintain the hot water stored in the tank at a certain 
temperature. Similarly, in the proposed system, the PCM is charged to a certain temperature at the 
beginning of each experiment. Hot water at constant temperature is circulated through the proposed 
system until the PCM in the STLHS unit becomes entirely homogenous. The charging phase stops 
when two criteria are achieved: (i) The differences in temperature between the upper and lower PCM 
zones is ±2 K, and (ii) The temperature difference between 𝑇ு்ி೔೙

, and 𝑇ு்ி೚
 is ±1 K for at least 15 min. 

The discharge experiments start immediately after completing the charging phase, where municipal 
water with un-controlled temperature is circulated through the system for 2-3 hours according to the 
experimental plan. 

The experimental plan is designed to investigate the thermal energy discharging process under different 
HTF volume flow rates and initial PCM temperatures. The initial PCM temperatures are selected to 
examine the behavior of the LHS unit in the solid, mushy, and liquid phases. Specifically, initial PCM 
temperatures, 50°C, 60°C, 70°C, and 80°C, are studied to select the charging temperature that will fulfill 
the design criteria. Moreover, each initial temperature is examined under four different HTF discharge 
volume flow rates 1, 1.5, 2, 2.5, and 3 l/min. Based on the initial PCM temperature (𝑇௉஼ெ೔

), the discharge 

experiments are classified into four groups, as summarized in Table 2. 
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Table 2: Experiments plan 

Group 
PCM initial temperature 

(state) 
Discharge flow rate 

(l*min-1) 
Experiment number 

1 
50°C 
(solid) 

1.0 1.1 

1.5 1.2 

2.0 1.3 

2.5 1.4 

3.0 1.5 

2 
60°C 

(Mushy) 

1.0 2.1 

1.5 2.2 

2.0 2.3 

2.5 2.4 

3.0 2.5 

3 
70°C 

(liquid) 

1.0 3.1 

1.5 3.2 

2.0 3.3 

2.5 3.4 

3.0 3.5 

4 
80°C 

(liquid) 

1.0 4.1 

1.5 4.2 

2.0 4.3 

2.5 4.4 

3.0 4.5 

5. Results and discussion 

The experimental results are grouped into two main sub-sections to evaluate the outcomes of the tested 
units according to the established performance indicators. Firstly, the STLHS is quantitatively and 
qualitatively evaluated in the three different phases; solid, mushy, and liquid. The water inlet and outlet 
temperatures measurements are used to calculate the accumulated recovered energy (𝑄௢௨௧). 
Moreover, the outlet water temperatures are used to assess qualitatively the viability of the STLHS unit 
to be used as a reliable TES unit within a SDWH system. Meanwhile, the PCM temperature 
measurements are used to detect the PCM temperature distribution along the unit to analyze the 
dominating heat transfer mechanism during the discharging phase. Secondly, the proposed unit is 
assessed on an economic basis by quantifying the annual fuel savings obtained by integrating the unit 
within the domestic heating system.   

5.1 Quantitative and qualitative assessment 

5.1.1. Evaluate the system performance in the solid phase 

This set of thermal energy discharge experiments starts when the PCM is in the solid phase, the main 
heat transfer mechanism is conduction, and the PCM acts as a SHS medium. Figure 6 (a) shows a 
sample for the instantaneous PCM average temperatures at positions A, B, C, D, E & F inside the tank 
and the water inlet/outlet temperatures during the thermal energy discharging experiment (1.1). The 

figure shows that at the beginning of the experiments the PCM temperature drops at a rate of 0.2C/min 
which then decreases, and the temperature curves becomes flat. This is due to the fact that the rate of 

thermal energy transfer from the PCM to the water is proportional to the temperature difference (∆𝑇) 
between the PCM and water, which is higher at the beginning of the experiment. Also, the figure shows 

that the upper zone of the PCM cools before the lower zone, as it is subjected to the largest ∆𝑇, since 
the cold water enters from the top. Figure 6 (a) shows that the proposed storage unit increases the 
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water temperature by 5-7C and maintains this temperature constant for about 120 min. However, the 

maximum water temperature reached is far below the useable temperature, 45C. The same 
observation is noticed at the other water flow rates, as shown in Figure 7 (a). Accordingly, these sets 
of experiments were stopped after 120 min instead of 180 min. Recalling that increasing the HTF flow 
rate during the energy discharge phase effectively enhances the heat transfer rate and increases the 
total energy recovered from the TES units (Tao and He, 2011; Wang et al., 2013; Zhang et al., 2016). 
This set of experiments shows that this conclusion is not valid in all cases. Contrary to what is expected, 

Figure 8 (a) shows that the energy recovered in experiment (1.5), with the highest water flow rate (𝑉̇= 

3 l/min, and 𝑇ு்ி೔೙
= 28C), is not the maximum. Meanwhile, the maximum energy recovered is from 

experiment (1.3), with the lowest inlet temperature (𝑇ு்ி೔೙
 =20C and 𝑉̇= 2 l/min). The cumulative 

discharged energy from experiment (1.3) is 9.1 ±1.3 MJ, which is 21% higher than the total energy 
discharged from experiment (1.5). This is mainly because that the HTF inlet temperature has a 
significant influence on the rate of heat transfer between the PCM and the HTF. The enhancement of 
heat transfer between the PCM and the circulated HTF increased the discharging power and 
consequently increased the accumulated energy at the end of the 3 hours test.  

 

Figure 6: 

 

Temperature profile of PCM during experimental tests of a group (1) where 

(a) PCM temperatures at 𝑇௉஼ெ೔
= 50C, 𝑉̇= 1 l*min-1, and 𝑇ு்ி೔೙

= 30C 

(b) PCM temperatures at 𝑇௉஼ெ೔
= 60C, 𝑉̇= 1 l*min-1, and 𝑇ு்ி೔೙

= 26C 

(c) PCM temperatures at 𝑇௉஼ெ೔
= 70C, 𝑉̇= 1 l*min-1, and 𝑇ு்ி೔೙

= 22C 

(d) PCM temperatures at 𝑇௉஼ெ೔
= 80C, 𝑉̇= 1 l*min-1, and 𝑇ு்ி೔೙

= 25C 
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Figure 7: (a) Average water inlet and outlet temperatures for experiment group 1 
(b) Average water inlet and outlet temperatures for experiment group 2 
(c) Average water inlet and outlet temperatures for experiment group 3 
(d) Average water inlet and outlet temperatures for experiment group 4 
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Figure 8: (a) Cumulative energy recovered during experiment group 1 
(b) Cumulative energy recovered during experiment group 2 
(c) Cumulative energy recovered during experiment group 3 
(d) Cumulative energy recovered during experiment group 4 

5.1.2. Evaluate the system performance in the phase change region 

In this set of experiments, the PCM is charged to 60C to study the effect of increasing the PCM initial 
temperature on the ability of the storage unit to heat the water to the required useable temperature. 
Figure 6 (b) shows the instantaneous average PCM temperatures at positions A, B, C, D, E, & F during 
the thermal energy discharging experiment (2.1). The figure shows that the PCM temperature is almost 
constant at the beginning of the experiments as the PCM solidifies. The PCM temperature drops at a 
very slow rate of 0.11ºC/min due to the phase change. 

The figure shows that the water outlet temperature remains above 35C for more than 180 min. The 

results show that the TES unit increases the water temperature by 5-14C as shown in figure Figure 7:. 

However, the water outlet temperature is still below the required temperature, 45C. These results 
indicate that the proposed TES unit partially fulfilled the vital performance benchmarks. 

Figure 8 (b) shows the instantaneous cumulative discharged energy for experiments group 2. The figure 
shows that the maximum cumulative discharged energy is 9.5 ±1.4 MJ which is obtained from 

experiment (2.1), with water flow rate 𝑉̇= 1 l/min. While, the cumulative discharged energy obtained 

from experiment (2.5), with water flow rate 𝑉̇= 3 l/min, is 6.8 ±1.5 MJ, which is lower by 28%. This is 
mainly because the average HTF inlet temperature in experiment (2.1) was equal 26.8℃ which is lower 
than the average inlet temperature in experiment 2.5 which is equal to 31℃. This increase in 
temperature difference between the PCM and the circulated HTF enhanced the energy recovery rate 
which consequently increased the accumulated energy recovered at the end of the test. These results 
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confirm the main finding of the previous tests that both HTF inlet temperature and flow rate should be 
adjusted concurrently to achieve the optimum energy recovery from the TES units. 

The effect of using the multi-tube design on the homogeneity of the PCM temperature is examined 
using the temperature contours drawn by contouring and surface mapping software, Surfer 14, (Golden 
Software, LLC., 2017). The results obtained from experiment group 1 are depicted in Figure 9. The 
contours show the PCM temperature change as time progresses during the discharging process. For 
the investigated volume flow rates, the figure shows that the PCM temperature is almost uniform along 
the storage unit. This observation is mainly due to the recirculation of hot water from top to bottom in 
the TES tank, which helps to homogenates the PCM temperature along the unit. 

 

Figure 9: Temperature contours inside the storage tank at 𝑇ு்ி೔೙
= 60C 

5.1.3. Evaluate the system performance in the molten phase 

Based on the experimental plan, a new set of experiments, groups 3 and 4, are conducted where the 

discharging process starts from higher initial PCM temperatures, 70C and 80C. These temperatures 

are above the phase change temperature, 62C, by 8C and 18C, respectively. Figure 6 (c) and (d) 

show that, for an initial PCM temperature of 70C and 80C, the PCM temperature drops at a rate at of 

0.7C/min and 1C/min, respectively. This is due to the high temperature difference between the HTF 
and the PCM and the convection currents in the molten PCM, which enhances the heat transfer. Since 
the dominating mode of heat transfer is convection the PCM temperature drops at rates that are 3.5-5 

times higher than that for an initial PCM temperature of 50C, where conduction is the only mode of 
heat transfer. 

The analysis of the results of these sets of experiments show an almost similar pattern, as shown in 
figures 6, 7, and 8 (c and d). Hence, to avoid redundancy, only the results of experiments group 4 will 
be discussed after this. 

The discharging experiments start while the PCM is in its molten phase. In this case, the PCM acts as 
a SHS unit, and natural convection are the main heat transfer mechanism. This is also the case in the 
mushy region. The stored thermal energy is discharged until the temperature reaches the lower 

solidification temperature 58C, where conduction becomes the only mode of heat transfer between the 
PCM and water. Figure 6 (d) shows a sample of the instantaneous PCM average temperatures at the 
five different elevations inside the TES tank and the water inlet/outlet temperatures during the thermal 
energy discharging experiment. The results show that the unit increases the water temperature by 6-

14C and is able to maintain a hot water supply for more than 180 min. However, even at a PCM initial 

temperature of 80C the TES unit is not able to increase the water temperature to the required 
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temperature 45C, as shown in Figure 7 (d). In terms of the cumulative discharged energy, Figure 8 (d) 

shows that increasing the water volume flow rate to 𝑉̇= 3 l/min significantly increases the cumulative 
discharged energy to reach 12.3 ±1.8 MJ for experiment (4.5). This is mainly because of the low inlet 
water temperature during this experiment. 

Although natural convection is the dominating heat transfer mechanism during the solidification of the 
molten PCM, the temperature contours depicted in Figure 10 illustrate that the temperature of the upper 
region decreases much faster than the lower levels. This observation emphasizes that the circulation 
of water inside the TES unit reduces the buoyancy driven convection. The cold-water inlet from the top 
decreases the temperature of this region much faster than the lower levels. 

Finally, Figure 11 depicts the average PCM temperature at different elevations for experiments group 
(4), at t = 180 min. The figure shows that the PCM temperature of the lowest region is higher than the 
other regions of the storage unit.  

 

Figure 10: Temperature contours inside the storage tank at 𝑇ு்ி೔೙
= 80C 

 

 

Figure 11: PCM average temperatures at different elevations for experiment group 4 at t=180 min 
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5.2. Economic assessment  

The average hot-water demand for a single-family house is equal to 188 l/day (MHUUC, 1999). The 
equivalent amount of heated water delivered to the end-user 𝑉௨௦௘௥  is used to normalize the amount of 
hot water supplied and eliminate the effect of temperature fluctuation. As shown in Figure 12, the results 
confirm that the equivalent heated water from the proposed STLHS unit can cover 16% to 73% of the 
daily hot-water needs in the worst and best-case scenarios, respectively.  

 

Figure 12 Equivalent water delivered to the end-user under different test conditions with 188 l/day 
as a daily demand. 

The annual FCS is calculated to quantify the direct financial benefits of using the proposed STLHS in 
SDWH systems. Moreover, the FCS has quantifiable environmental benefits in addition to its economic 
advantages. Where, the FCS has a direct relation to the cut of CO2 emissions, which is equal to 1.914 
kg CO2/m3 of natural gas (Tehrani et al., 2013a).  

Figure 13 shows the annual savings in natural gas by using the proposed STLHS to supply the hot 
water needs throughout the year. The average FCS increases by 43% by increasing the initial PCM 
temperature from 50°C to 80°C. The annual average minimum FCS is 74 m3/year, and the average 
maximum is 132 m3/year. The presented primary economic analysis induces the necessity to perform 
more detailed techno-economic research, including financial parameters, including capital cost, 
maintenance expenses, fuel prices, and project lifetime. This is to optimize the STLHS unit performance 
and enhance its economic viability.  
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Figure 13 Annual fuel consumption savings with different PCM initial temperatures 

6. Conclusion 

In this research, an experimental setup is constructed to evaluate the technical and economic aspects 
of a TES unit based on various performance indicators in order to include different stakeholders’ 
perspectives in the assessment process. Accordingly, a STLHS unit is used as a heat storage module 
for a SDHW system of a single-family house. The performance of the tested TES unit is evaluated 
according to a set of technical and economical KPIs extracted from the local standard. The key findings 
are categorized into qualitative, quantitative, and economic parameters.  

 From the qualitative aspects, the proposed STLHS unit is quantitatively appraised by the 
accumulated energy recovered and the water temperature gradient across the unit. The 
analysis of the total energy recovered by using different discharge volume flow rates shows 
dissimilarity to the prior knowledge, and it is concluded that the effect of increasing the HTF 
volume flow rate on the total energy recovery is highly dependent on the HTF inlet temperature. 

 From the qualitative perspective, which includes the capability of the unit to deliver hot-water at 
a practical temperature for a specific time frame as recommended by (Egyptian Plumbing 
Code,Ministry of Housing, Utilities and Urban Communities,Egypt, 1999). The results show that 
both the amount of thermal energy recovered, and the inlet/outlet water temperatures depend 
on several parameters such as the temperature difference between the inlet HTF and the PCM, 
HTF mass flow rate, and the specific heat of the HTF and the PCM type. Therefore, it is 
recommended that the HTF flow rate should be adjusted according to the application and the 
available HTF inlet temperature to meet the design requirements such as the discharge time 
duration and the useable HTF outlet temperature. Moreover, from a qualitative point of view, 
the proposed STLHS unit has a remarkable potential to be used as a preheater in industrial 
and commercial applications. 

 The PCM temperature at different elevations and radial positions inside the STLHS unit is 
measured and analyzed. The PCM temperature contours show that the temperature of the 
bottom region is higher than the upper region. As such, several design parameters such as the 
volume-to-area ratio of the TES unit and the locations of the inlet and outlet ports need further 
investigation. 

 From the economic perspective, the proposed unit shows a promising performance as the 
integration of the STLHS unit within the SDWH would save natural gas up to 130 m3*year-1. As 
such, the authors are planning to conduct a complete life cycle assessment to examine the 
techno-economic performance of the STLHS unit and compare its Levelized cost of heat 
(LCOH) with other TES units. 

 From the stakeholders’ perspective, the results obtained in this study is useful for two kinds of 
stakeholders. Firstly, for the end-users, comparing the performance of the proposed STLHS 
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unit to the standard requirements show that the proposed technology still needs further 
improvements to completely replace the conventional gas/electric water heaters in the current 
SDWH systems. However, the end-users could still benefit from this STLHS unit as a pre-heater 
to decrease their monthly gas bills. Secondly, for the LHS designers and manufacturers, in the 
light of the results obtained in this study, the energy recovery efficiency or the accumulated 
energy from a LHS unit only is not enough for judging the reliability of the designed module in 
real applications. Moreover, it is essential to ensure that the required outlet temperature is 
considered as the main parameter in the selection of the proper PCM for an LHS unit in a 
SDWH system. 

Overall, this study represents the implementation of a recently developed methodology to evaluate TES 
units based on established KPIs. In this methodology, the influence of uncontrolled system factors are 
integrated within the techno-economic analysis to present a comprehensive and reliable evaluation of 
a thermal storage unit. Through the implementation of the proposed methodology to the STLHS unit, 
the results show that the unit has several tangible benefits and remarkable potential for further 
development. Besides, for improving the usage of the proposed TES, it is promising to develop a 
computational fluid dynamic (CFD) model to examine the natural circulation and the solidification of 
PCM within the STLHS unit during the discharging phase. This CFD model will be useful for 
investigating the utilization of different PCM with higher melting temperature and modify the unit 
configuration to determine the optimum design. 
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