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A B S T R A C T   

The aim of the present study is to evaluate the thermal behavior of cylindrical modules in a thermal energy 
storage unit as a combined sensible and latent heat. A thermal energy storage unit is designed, fabricated, and 
connected to a cold and hot water supply at constant temperatures to monitor the performance of the storage 
unit. The thermal energy storage unit contains the cylindrical microcapsules containing paraffin waxes as a phase 
change material which is located inside an insulating cylinder storage tank. Water is used as a heat transfer fluid 
to transfer heat from a hot water reservoir to the thermal energy storage unit during the phase change material 
charging process and also during the discharging process water receives heat from the thermal energy storage 
unit. Charge tests are carried out at the constant temperature. Moreover, the effect of different inlet flow on 
storage unit performance is investigated. Data were analyzed using Design Expert software and regression 
analysis which indicated that the increase of charge inlet temperature and charge inlet flow leads to the increase 
of heat power, thermal performance of thermal energy storage unit, and output variables. In comparison to the 
heat storage system without phase change material, microcapsules phase change material can improve the heat 
power of the heat storage system. Also, based on the optimization process, the maximum thermal performance of 
96.4% and the maximum heat power level of 1.7 kW can be achieved in the optimized condition of the charging 
inlet temperature of 75 ◦C, charging inlet flow of 1.8− 4 m3/s, and discharging inlet temperature of 35 ◦C.   

Introduction 

Thermal energy storage (TES) systems, which are actually respon
sible for storing heat or cold for further use, are used in all places where 
there is a mismatch between supply and demand for energy [1,2]. In 
order to achieve sustainable, efficient, and low carbon energy in the 
construction sector, TES encompasses a range of opportunities and 
benefits to reduce energy consumption and emissions of greenhouse 
gases [3,4]. The use of these systems can reduce the amount of CO2 
emissions by %5.5 [5]. 

Typically, TES systems are divided into types including active and 
passive systems. Active storage systems include an auxiliary mechanical 
component for generating heat transfer between the system and the 
source [6–9]. Therefore, in this type of system, heat transfer will occur as 

a compulsory displacement. In contrast, in passive systems, the heat 
transfer between the system and the heat source occurs by the natural 
convective flow (free movement) or floating forces (due to density dif
ference) without the intervention of any external stimulus [10,11]. 
Active storage systems are divided by two categories of direct and in
direct systems. 

Effective ways to improve the efficiency of the TES systems 

The effective way to improve the efficiency of the TES systems is 
using the phase change material (PCM) [12]. Yazdanshenas and Kha
lesidoost [13] used paraffin to design a thermal reservoir for storing 
solar energy. The results of this study indicated that the thermal effi
ciency and solar energy efficiency improved with PCM storage system. 
In Chu & Choi’s [14] study, the thermal variables of the storage system 
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were studied using the spherical paraffin capsules during the melting 
and freezing processes. The results showed that the phase change period 
during the melting and freezing processes decrease even with decreasing 
the inlet temperature due to the Reynolds number increase, and the 
phase change of the capsule in the first layer is shorter than the seventh 

layer. Also, the phase change in the capsule center is longer than the 
capsule edge because the porosity at the edge of the reservoir is larger 
than that of the center. In recovering the heat of an outlet from a diesel 
engine using a heat exchanger and phase-change material, the heat 
exchanger efficiency was reported to be nearly 99% under all conditions 
at the end of the melting process. Nearly 10% to 15% of the total heat 
output is recovered by this system, with the maximum thermal capacity 
of the converter at full load and about 6.3 kW. The speed and efficiency 
of melting at higher loads are very high and are decreased with respect 
to the load [15]. Navarro et al. [16] investigated the PCM incorporation 
in a concrete core slab as a thermal storage and supply system. The main 
objective of this research project was to study the thermal performance 
of the slab and its components, in a theoretical analysis, as well as the 
suitability of the system in a Mediterranean continental climate. The 
result of this study has shown the concept was proved experimentally 
and compared to the theoretical results to demonstrate the potential of 
the technology. In another study, Weiguang et al. [17] investigated the 
Microencapsulated phase change materials (MEPCMs) on the efficiency 
of the energy storage systems. Particularly, this study was focused on 
numerically assessing the energy saving potential of a binary MEPCM 
drywall system which is capable of operating within two different phase 
change transitional temperature ranges. The simulation results demon
strated that the thermal energy charge time and thermal energy charge/ 
discharge amount of the binary MEPCM drywall were significantly 
increased when the MEPCM thickness increased from 1 mm to 5 mm, 

Nomenclature 

A Inlet water flow in charge status (m3/hr) 
B Inlet water temperature in charge status (◦C) 
C Inlet water temperature in discharge status (◦C) 
N Number of capsules 
Q Heat power of TES unit (kW) 
Vb Volume of a single paraffin wax capsule (m3) 
Vo Space volume of the packed bed region (m3) 
CCD Central composite design 
HTF Heat transfer fluid 
mCHP Micro combined heat and power 
MEPCMs Microencapsulated phase change materials 
PCM Phase change material 
RSM Response surface method 
TES Thermal energy storage  

Fig. 1. (a) DSC diagram concerning the forward reaction of phase change material (melting); (b) DSC diagram of concerning the reverse reaction of phase change 
material (freezing). 
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and the 5 mm thick layer had adequate capacity to balance the thermal 
energy during day and night. Weiguang et al. [18] in another research 
project tried to develop a new MEPCM for solar TES systems by 
encapsulation of paraffin wax with poly (urea formaldehyde). The dif
ferential scanning calorimetric analysis results showed that the melting 
temperatures were slightly increased by 0.14–0.72 ◦C after encapsula
tion. A thermogravimetric test showed that the sample weight decreased 
while the weight loss starting temperature was slightly increased after 
encapsulation. Finally, we can conclude that different studies have been 
done on application of PCM on improvement the efficiency of energy 

conversion/storage systems. Some of the application of the PCM in en
ergy systems are as follows: PCM blind system for double skin façade 
integration [19,20], Microencapsulated PCM for solar thermal energy 
storage [21], Solidification inside a clean energy storage unit utilizing 
PCM with copper oxide nanoparticles [22], Experimental study and 
performance analysis on solar photovoltaic panel integrated with PCM 
[23], An innovative battery thermal management with thermally 
induced flexible PCM [24], Heat transfer inside cooling system based on 
PCM with alumina nanoparticles [25]. 

Based on the result of previous studies, we can conclude that the PCM 

Fig. 2. Experimental Setup of TES system: (a) Melting process of the PCM during the time; (b) Experimental set-up for investigating the charging/discharging process 
TES system. 
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has an effective impact on the on efficiency of the energy storage sys
tems. In particular, the PCM cylinder capsules inside the TES units have 
been found to outperform other types of capsules due to their higher 
contact surface with the heat transfer fluid. However, studies on the 
effect of the temperature and fluid properties of the fluid are used as heat 
transfer fluid (HTF) in charge and discharge status, on the performance 
of TES unit, are in the initial stage. It also seems necessary to include the 
storage capacity as well as charge and discharge times as further intact 
areas of investigation which fill the gap in the current research work. 
The major objective of the present study is to investigate the effect of 
heat transfer fluid (HTF) temperature range on the performance of the 
latent heat thermal energy storage system consisting of micro cylindrical 
capsules. The effects of inlet heat transfer fluid temperature and fluid 
flow rate have been discussed and optimized for charging and dis
charging processes. 

Materials and methods 

Material 

The type of PCM was chosen based on the needed temperature range. 
Consequently, a material with the melting point of the same temperature 
range was chosen. The organic compounds and salt hydrates are among 
the materials with temperature ranges of 0–100 ◦C, and concerning the 
cost-effectiveness of organic compounds, the paraffin wax is used [12]. 
PCMs can be encapsulated in cylindrical, spherical, and cubic forms. In 
the current study, the cylindrical containers were used to encapsulate 
the PCM. The reason for the use of these containers was that they were 
made of the disposable iron cans which result in reduction of cost and 
help recycle these materials. In addition, compared to the common 
polyethylene encapsulation containers, the disposable iron containers 
have a higher conductivity coefficient which led to rapid melting and 
better heat transfer with the heat transfer fluid [26,27]. 

Material characterization 

Using the Differential Scanning Calorimetry (DSC) test, it is feasible 
to obtain the melting point, glass transfer temperature, and crystalline 
percentage. The DSC test was performed using Maia DSC 200-F3 device 
and the melting as well as freezing curves were extracted (Fig. 1). 

According to the Fig. 1, the paraffin wax was melted in the tem
perature range from 54 to 61 ◦C. The first and second peak points 
represent the crystallization temperature and melting temperature, 
respectively. Also, below the area of region is known as the released 
latent heat. Hence, in this study, the distance between the maximum 
point of two diagrams is considered as the melting range of the paraffin 
wax and the inlet temperatures of charge and discharge are chosen based 
on it. 

Equipment and methods 

The experimental setup used for thermal performance of TES system 
using latent heat and sensible heat of the PCMs (paraffin wax) is shown 
in Fig. 2. Investigations are carried out by integrating this storage system 
with the constant heat source. To meet the above requirement, a cy
lindrical tank of 40 L capacity with Φ320 × 485 mm dimensions is used. 
The storage tank is insulated with elastomeric insulation of 20 mm thick 
to prevent loss of heat. For measuring the temperature of HTF, ther
mocouples (Pt 100) were located along the axis of the tank at the lo
cations of x/L = 0.25, 0.5, and 0.75 (x is the axial distance from the top 
of the TES tank in mm and L is length of the TES tank). Thermocouples 
with the standard accuracy of ±2.2C% or ±0.75% were also used for 
measuring the inlet and outlet temperatures of HTF. To determine the 
performance of the TES system, 36 cylindrical capsules PCM with the 
dimension of Φ93 × 100 mm were used. 

In the present study, water mainly serves as the HTF while encap

sulated paraffin wax is the primary TES material. Some physical prop
erties of the paraffin wax used in this study are listed in Table 1. Each 
capsule was filled with 300 g of paraffin wax which is sealed with a lid 
and epoxy to avoid leakage. 36 capsules of paraffin wax were used to 
build the PCM packed bed, occupying 485 mm height of the main body. 
According to Eq. (1), the porosity of the packed bed, ε, calculated. After 
the calculation, the porosity of the packed bed obtained of 0.373. 

ε = 1 −
NVb

Vo
(1)  

where N is the number of capsules, Vb and Vo are the volume of a single 
paraffin wax capsule and the space volume of the packed bed region 
(including the space between capsules), respectively. 

The theoretical heat storage capacity of 50 ◦C/80 ◦C case is listed in 
Table 2. As shown in Table 2, in the operation condition of between 
50 ◦C and 80 ◦C, the theoretical heat storage capacity is 130,365.23 kJ. 
Compared to the water TES tank operating under the same condition, 
the energy storage density is increased by 29.62%. 

In the present study, different variables considered such as the HTF 
inlet temperature and the HTF flow rate. During the charging process, 
the HTF is circulated through the TES tank continuously. Initially, 
temperature of PCM capsule is 32 ◦C and as the HTF exchanges its heat 
energy to PCM, the PCM is heated up to melting temperature. Later, heat 
is stored as the latent heat once the PCM melts and becomes liquid. The 
energy is then stored as the sensible heat in liquid PCM. Temperature of 
the PCM and HTF are recorded at 1 min’s intervals. 

Experimental design and optimization process 

When many factors and interactions affect desired responses, 
response surface methodology (RSM) is an efficient tool for optimizing 
the process. The RSM is a set of statistical and mathematical techniques 
used for modelling, and analyzing experiments [28]. The advantage of 
using RSM is that it reduces the number of experiments required and for 
use in industrial projects and has economic benefits [29]. One of the 
important goals of RSM is to determine the relationship between one or 
more response variables and several independent variables in multi- 
objective experiments [30].In the present study, Design-Expert® Soft
ware (Version 10.) [31] was employed for statistical analysis, and 
optimization was performed using RSM to achieve the highest thermal 
power of TES unit and highest thermal performance of TES unit. Central 
Composite Design (CCD) with three factors was used to evaluate the 

Table 1 
Physical properties of paraffin wax.  

Property value 

Specific heat (solid phase) 1.97 kJ/(kg.K) 
Specific heat (liquid phase) 2.1 kJ/(kg.K) 
Density (solid phase) 0.866 kg/m3 

Density (liquid phase) 0.774 kg/m3 

Enthalpy of fusion 195.27 kJ/kg 
Phase change temperature range 54.2–61 ◦C  

Table 2 
Theoretical heat storage capacity of 50 ◦C/80 ◦C case.   

Heat storage capacity (kJ) Percentage 

Water tank 
Total  5000.95 100%  

PCM-water tank 
Latent heat of paraffin wax  2147.97  
Sensible heat of paraffin wax  529.91  
Sensible heat of water  2000.38  
Sensible heat of stainless-steel shell   
Total  100%  
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effects of these factors on dependent variables. CCD has three levels for 
each factor (− 1, 0, and 1). The encoded and actual levels of the inde
pendent variables for designing experiments with CCD are presented in 
Table 3. 

Results and discussion 

Results of TES unit evaluation 

Fig. 3 represents the thermal variations of HTF in line during the TES 

tank length (x/L = 0.25, 0.5, 0.75) in the operation condition of 70 ◦C 
inlet temperature and 480 L/h volumetric flow. Based on the result, 
water temperature in all layers increases quickly until reaching the PCM 
melting temperature. However, HTF temperature increase in the loca
tion of x/L = 0.25 of the tank is faster since the hot water flows in the 
tank entry. In this layer, the temperature reaches at 70 ◦C in 7 min, and 
then continues constant to the extent in which PCM is melted 
completely. As shown in Fig. 4, there is the same direction in the layers. 
This is because after the PCM is completely melted in the first layer, the 
absorbed heat decreases due to the reduction of the local temperature 
difference between PCM and HTF in the first layer. Therefore, heat 
transfer as well as temperature increase in the second layer. It was also 
observed that the temperature changes of the tank layers are uniform 
and this temperature uniformity is due to the presence of PCM metal 
containers as well as metal punches inside the storage tank that transfer 
heat through conduction in the radial direction of the tank. Therefore, 
an almost uniform temperature was observed throughout the storage 
tank. 

Fig. 4 illustrates the thermal variations of HTF and ΔT during time 
for the inlet temperature variations (Tin), outlet temperature (Tout), and 
temperature difference (Tin − Tout) in the case of PCM tank charging 
process at 70 ◦C and 480 L/h inlet flow. Inlet and outlet temperatures are 
increased by time ΔT value increases by 23 ◦C in the initial five minutes 
and follows a decreasing trend afterwards since PCM is heated by the 
melting temperature and absorbs considerable latent heat. Fig. 5 shows 
the stored heat energy throughout the PCM charging process concerning 
different HTF flows. According to the result, the heat energy in the 
beginning of charging increase and follows a decreasing trend after
wards. Such a thermal drop is due to the decrease of temperature dif
ference between the HTF and storage tank. Furthermore, PCM is 
absorbed following the charging process and the stored heat energy is 
almost uniform due to the uniform thermal difference between HTF and 
the storage tank. 

Results of statistical analyses 

The experimental runs of the independent variables with CCD design 
and experimental results are given in Table 4. As shown in Table 3, in
dependent parameters include the inlet water flow in charging process 
(A), inlet water temperature in charging process (B), and inlet water 
temperature in discharging status (C). Also, dependent parameters (re
sults) include the heat power level (Q) and TES unit thermal perfor
mance (Nt). Based on these results, maximum heat power and maximum 
thermal performance of PCM thermal tank, which are 1.74 kW and 
97.2%, pertain to experiment 8 with 75 ◦C charging inlet temperature, 
660 Lit/hr charging flow, and 35 ◦C discharging inlet temperature. In 

Table 3 
Dependent and independent variables of experiment matrix in response level 
method.   

Chosen levels 

Independent 
variables  

1   0   − 1  

Charging flow (lit/hr)  660   480   300  
Charging 

temperature ◦C  
75   70   65  

Discharging 
temperature ◦C 

45 40 35 45 40 35 45 40 35  

Dependent 
variables          

Thermal power of TES 
unit          

Thermal performance 
of TES unit           

Fig. 3. Temperature distribution (in line with tank length) with temperature 
and constant inlet flow (Tin = 70 ◦C, Qin = 480 L/h). 

Fig. 4. Thermal variations of HTF and ΔT during time (Tin = 70 ◦C, Qin = 480 
L/h). 

Fig. 5. Stored heat energy throughout the PCM charging process concerning 
different HTF flows (Tin = 75 ◦C). 
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contrast, the minimum heat power level and tank thermal performance, 
which are 0.31 kW and 18.9%, pertain to the experiment 20 with 65 ◦C 
charging inlet temperature, 300 L/h inlet flow, and 45 ◦C discharging 
inlet temperature. 

Heat power of TES unit 
Table 6 shows the results of variance analysis concerning the level of 

produced heat power of TES unit. The effect of inlet flow in charging 

status is significant at 1% probability level while the square of this factor 
is not significant. Also, the effect of inlet temperature and square of this 
factor are significant at 1% probability level. The effect of inlet tem
perature factor in discharging condition was examined as a categoric 
factor which was found to be significant at 1% probability. Of the 

Table 4 
Data derived from different experiments based on the CCD experiment design.  

Independent Parameters Dependent Parameters 

Experiment Inlet water flow in charge 
status (Lit/hr)  
A 

Inlet water temperature in 
charge status (◦C)  
B 

Inlet water temperature in 
discharge status (◦C)  
C 

Heat power of TES 
unit (kW)  
Q 

Thermal performance of 
TES unit (%) 
Nt 

1 660 65 35  0.6  34.6 
2 300 75 35  1.17  70.7 
3 480 70 45  0.66  37.0 
4 660 70 45  0.84  52.1 
5 480 70 45  0.68  42.0 
6 480 70 40  0.77  42.8 
7 660 75 40  1.61  87.9 
8 660 75 35  1.14  97.2 
9 300 75 40  1.06  64.7 
10 660 70 40  0.96  55.9 
11 300 65 35  0.41  25.4 
12 480 65 35  0.51  29.1 
13 480 65 40  0.38  22.8 
14 660 75 45  1.51  94.3 
15 480 70 35  0.87  48.4 
16 480 70 40  0.75  47.4 
17 480 70 40  0.81  48.1 
18 480 70 45  0.68  41.4 
19 480 70 35  0.95  52.0 
20 300 65 45  0.31  18.9 
21 480 70 35  0.86  48.9 
22 660 70 35  1.05  64.1 
23 660 65 40  0.53  58.7 
24 660 65 45  0.42  24.3 
25 480 70 45  0.66  39.3 
26 480 65 45  0.42  23.4 
27 300 75 45  1.01  61.0 
28 480 75 35  1.52  78.6 
29 480 75 40  1.46  86.6 
30 300 65 40  0.37  19.3 
31 300 70 45  0.56  35.0 
32 480 75 45  1.24  91.5 
33 300 70 35  0.68  37.6 
34 480 70 35  0.94  49.7 
35 480 70 40  0.78  50.4 
36 300 70 40  0.70  45.2  

Table 5 
The results of analysis of variance (ANOVA) concerning the level of heat power 
produced by PCM thermal tank.  

Source of 
change 

Degree of 
freedom 

Sum of 
squares 

F value p-value 

Model 11  4.85  268.28  0.0001** 

A 1  0.50  302.03  0.0001** 

B 1  3.89  2366.79  0.0001** 

C 2  0.22  67.03  0.0001** 

AB 1  0.11  68.19  0.0001** 

AC 2  0.004978  1.51  0.0001** 

BC 2  0.008400  2.55  0.2404ns 

A2 1  0.0003556  0.22  0.0987ns 

B2 1  0.11  66.22  0.6461ns 

Residual 24  0.039  –  0.0001** 

Lack of Fit 15  0.031  2.14  – 
Error 9  0.008650  –  0.1257ns 

Total 35  4.89  –  – 

ns = not significant. 
** = Very significant P value ≤ 0.01. 

Table 6 
The results of analysis of variance (ANOVA) concerning the thermal perfor
mance of PCM thermal tank.  

Source of 
change 

Degree of 
freedom 

Sum of squares F value p-value 

Model 17  0.043  81.71  0.0001** 

A 1  0.0032  104.86  0.0001** 

B 1  0.036  1183.66  0.0001** 

C 2  1.232 × 10− 3  20.12  0.0001** 

AB 1  1.099 × 10− 4  3.59  0.0743ns 

AC 2  1.080 × 10–5  0.18  0.8397ns 

BC 2  6.781 × 10− 4  11.02  0.0007** 

A2 1  2.319 × 10− 6  0.076  0.0002** 

B2 1  6.413 × 10− 4  20.94  0.4143ns 

ABC 2  5.671 × 10− 5  0.93  0.7055ns 

A2C 2  2.178 × 10− 5  0.36  0.0480* 
B2C 2  2.212 × 10− 4  3.61  
Residual 18  8.755 × 10− 3   

Lack of Fit 9  7.205 × 10− 3  2.56  0.0891ns 

Error 9  1.550 × 10− 3   

Total 35  0.44   

ns = not significant. 
** = Very significant P value ≤ 0.01. 
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interactive effects, the interactive effect of temperature and charge flow 
have been reported to be significant at 1% probability. Considering the 
sum of squares (3.89), the inlet temperature factor in charging status has 
the maximum variations in data derived from the heat power level 
produced by TES unit and has the highest effect on increasing the per
formance of TES unit. 

The response surface methodology has suggested the quadratic 
model with R-squared of 0.98 for the heat power dependent variable. 
According to Table 5, the analysis of variance concerning the quadratic 
equation for the level of produced power was significant at 1% level 
which represents the efficiency of obtained model. One of the consid
erable criteria in response surface methodology is the lack of fit index. In 
case this index is significant, responses are predicted by the model with a 
weak probability. As Table 5 illustrates, the lack of fit index is not sig
nificant for the produced power level, thus the quadratic model is of 
sufficient accuracy for estimating the data. Having excluded non- 
significant coefficients, the quadratic model was obtained based on 
real factors and different discharge temperatures which is shown in Eqs. 
(3)–(5) as follows: 

35 ◦C discharge temperature: 

Q̇ = 20.02 − 0.0063 × A − 0.61 × B+ 1.074 × AB − 2.06 × 10− 7

× A2 + 0.0047 × B2 (3)   

45 ◦C discharge temperature: 

Q̇ = 20.14 − 0.0064 × A − 0.61 × B+ 0.00011 × AB − 2.06 × 10− 7

× A2 + 0.0047 × B2 (4)   

45 ◦C discharge temperature: 

Q̇ = 20.64 − 0.0065 × A − 0.62 × B+ 0.00011 × AB − 2.06 × 10− 7

× A2 + 0.0047 × B2 (5) 

In these equations, Q̇ is the heat power level produced by TES unit, A 
is the charge inlet flow level, and B is the charge inlet temperature. The 
positive mark of estimated regression coefficients derived from the 
central mixed model indicates direct effect of independent variables on 
response variables, and the negative mark emphasizes indirect effect of 
independent variable on response variables. Therefore, as the above- 
mentioned equations represent, the effect of charge inlet temperature 
on heat power level of TES unit is higher than the effect of inlet flow. 
Fig. 7 shows the three-dimensional diagram concerning the interactive 
effect of factors examined in this study based on the heat power of TES 
unit. The maximum and minimum heat power of TES unit pertain to the 
temperatures and inlet flows of 75 ◦C, 660 L/h, and 65 ◦C , 300 L/h, 
respectively. The heat power level for aforementioned temperature and 
flow at 35 ◦C is 1.74, 0.41 kW, at 40 ◦C is 1.61, 0.37 kW, and at 45 ◦C is 
1.51, 0.311 kW, respectively. Hence, according to the obtained results, 

Fig. 7. 3D surface diagram concerning the interactive effect of temperature and inlet water flow (A) at 35 ◦C discharge constant temperature; (B) at 40 ◦C discharge 
constant temperature; (C) at 45 ◦C discharge temperature on heat power level of TES unit. 
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maximum heat power pertains to 75 ◦C inlet temperature, 660 L/h inlet 
flow, and 35 ◦C discharge temperature. Also, minimum heat power is 
related to 65 ◦C inlet temperature, 300 L/h inlet flow, and 45 ◦C 
discharge temperature. Consequently, maximum heat power of TES unit 
occurs at higher temperature and flow and at lower discharge 
temperature. 

Thermal performance of TES unit 
Table 6 shows the results of variance analysis concerning the level of 

produced thermal performance of TES unit. The effect of inlet flow in 
charging status is significant at 1% probability level while the square of 
this factor is not significant. Also, the effect of inlet temperature and 
square of this factor are significant at 1% probability level. The effect of 
inlet temperature factor in discharging condition was examined as a 
categoric factor which was found to be significant at 1% probability. The 
inlet temperature factor in charging status has the maximum variations 
in data derived from the heat power level produced by TES unit and has 
the highest effect on increasing the performance of TES unit. 

The response surface methodology has suggested the quadratic 
model with 0.92 R-squared for the thermal performance dependent 
variable. According to Table 6, the analysis of variance concerning the 
quadratic equation for the thermal performance was significant at 1% 
level which represents the efficiency of obtained model. One of the 
considerable criteria in response surface methodology is the lack of fit 
index. As Table 6 illustrates, the lack of fit index is not significant for the 
thermal performance level, thus the quadratic model is of sufficient 
accuracy for estimating the data. Having excluded non-significant 

coefficients, the quadratic model was obtained based on real factors and 
different discharge temperatures which is shown in Eqs. (3)–(5) as 
follows: 

35 ◦C discharge temperature: 

1̅̅
̅̅̅

Nt
√ = 1.92358 − 2.77913 × 10− 4 × A − 0.041162 × B + 3.03174 × 10− 6 × AB

+1.26801 × 10− 8 × A2 + 2.31616 × 10− 4 × B2

(6)   

40 ◦C discharge temperature: 

1̅̅
̅̅̅

Nt
√ = 4.26180 − 4.96555 × 10− 4 × A − 0.10425 × B + 6.47261 × 10− 6 × AB

+2.57174 × 10− 8 × A2 + 6.54558 × 10− 3 × B2

(7)   

45 ◦C discharge temperature: 

1̅̅
̅̅̅

Nt
√ = 1.86446 − 2.02188 × 10− 4 × A − 0.036769 × B + 5.84082 × 10− 7 × AB

+8.82496 × 10− 8 × A2 + 1.88241 × 10− 4 × B2

(8) 

In these equations, Nt is the thermal performance level of TES unit, A 
is the charge inlet flow level, and B is the charge inlet temperature. As 

Fig. 8. 3D Surface diagram concerning the interactive effect of temperature and inlet water flow (a) at 35 ◦C discharge constant temperature; (b) at 40 ◦C discharge 
constant temperature; (c) at 45 ◦C discharge temperature on thermal performance level of TES unit. 

M. Mazlan et al.                                                                                                                                                                                                                                



Sustainable Energy Technologies and Assessments 48 (2021) 101557

9

the above-mentioned equations represent, the effect of charge inlet 
temperature on thermal performance level of TES unit is higher than the 
effect of inlet flow. Fig. 8 shows the three-dimensional diagram con
cerning the interactive effect of each factor in different discharge 
temperatures. 

Similar to the heat power variable, maximum thermal performance is 
achieved when the temperature and charge inlet flow are at the 
maximum level and discharge temperature is at the minimum level. 
Thus, as it is clear, the increase of charge inlet temperature from 65 ◦C to 
75 ◦C in 480 L/h constant inlet flow and 40 ◦C discharge inlet temper
ature results in increase of thermal performance level from 22.8% to 
86.6%. Under the same condition, 660 L/h, and 40 ◦C discharge inlet 
temperature, the aforementioned level reaches 28.7% to 87.9% which 
represents higher effect of inlet temperature factor on the thermal per
formance of TES unit when compared to the effect of inlet flow. 

Performance of TES with PCM and without PCM 
Studies were conducted to compare the performance of heat storage 

tank with PCM and without PCM. Therefore, experiments were carried 
out for both storing dimensions at equal temperature and inlet. The 
experiment was run at 75 ◦C inlet temperature, 450 L/h inlet flow, and 
40 ◦C discharge temperature. According to Fig. 9, the heat power level in 
the second layer in the presence of PCM under the same time condition is 
higher than the case of storage with without PCM. 

Optimization using RSM 

The optimal value for each of the studied variables was predicted 
using Eqs. (3)–(8) in order to obtain the highest thermal power of TES 
unit and highest thermal performance of TES unit. This Eqs are based on 
a regression polynomial equation, which is derived from the RSM model. 
The optimal value for each of the variables is as follows: the charging 
inlet temperature of 75 ◦C, charging inlet flow of 1.8− 4 m3/s, and dis
charging inlet temperature of 35 ◦C. The regression polynomial equation 
predicts that if the variables are set to these values, the highest the 
maximum thermal performance of 96.4% and the maximum heat power 
level of 1.7 kW can be achieved. In order to verify this prediction, the 
optimized points were evaluated experimentally under three replica
tions. The average heat and thermal performances of TES unit were 
obtained as 1.65 kW and 95%. Thus, the experimental results show that 
the value predicted by RSM is in excellent agreement with the experi
mental measurements. 

Conclusions 

The present study investigated the thermal behavior of cylindrical 
modules in a thermal energy storage (TES) unit as a combined sensible 
and latent heat. The response surface methodology (RSM) approach was 
used for multi-objective optimization of the different variables (inlet 
water flow in charge status (Lit/hr), inlet water temperature in charge 
status (◦C), and inlet water temperature in discharge status(◦C) in order 
to maximize the heat power of TES unit (kW) and thermal performance 
of TES unit (%). Followings are the results drawn from the present study:  

• Similar to the charge temperature factor, the increase of charge inlet 
flow (at charge and discharge constant inlet temperatures) leads to 
the increase of output variables, however such an extent is lower 
when compared to the effect of charge inlet temperature.  

• Considering that the tank charge time in the presence of PCM, based 
on the quality of using this material in heat storing tank, is equal to 
the case of PCM absence, the application of such types of tanks to 
store the heat is justifiable as they outperform the cases with the PCM 
absence.  

• Maximum heat power and maximum thermal performance of PCM 
thermal tank, which are 1.74 kW and 97.2%, pertain to 75 ◦C 
charging inlet temperature, 660 L/h charging flow, and 35 ◦C dis
charging inlet temperature. In addition, the minimum heat power 
level and thermal performance, which are 0.31 kW and 18.9%, 
pertain to 65 ◦C charging inlet temperature, 300 L/h inlet flow, and 
45 ◦C discharging inlet temperature.  

• 75 ◦C charging inlet temperature, 660 L/hcharging inlet flow, and 
35 ◦C discharging inlet temperature is the most optimized condition 
for attaining the maximum thermal performance (96.4%), and that 
the maximum heat power level is 1.7 kW. 
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