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Abstract 

A method for the design optimization of the PCM storage tank was proposed for applications in heating systems. To illustrate this 
method, a case study about the utilization of the PCM storage tank in the open-air swimming heating system was presented. The 
software of MATLAB and TRNSYS were used to establish the simulation platform of the system. The aim of the optimal design 
was to obtain the minimum volume of the PCM storage tank while ensuring the thermal comfort demand of the swimming pool 
was satisfied. The optimal values of the type of the PCM and water fraction were acquired, and therefore the minimum volume of 
the tank was obtained. The case study demonstrated that the method could provide a significant guideline for the optimal design 
of the PCM storage tank application. 
© 2017 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the scientific committee of the 10th International Symposium on Heating, Ventilation and Air 
Conditioning. 
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1. Introduction 

Recently the world is facing a serious problem that the fossil fuel is heavily consumed, resulting in the increasing 
emission of greenhouse gases [1]. In order to deal with the problem, the utilization of the renewable energy 
including solar and wind energy attracts the attention of many researchers [2]. Thermal energy storage systems 
(TESS) are developed to store the redundant renewable energy and release it when necessary, which can efficiently 
deal with the unstable output of the renewable energy [3]. TESS can also be able to shift the energy consumed 
during the peak to the off-peak hours, which will bring considerable finical benefit for building owners [4].  
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Compared with sensible thermal energy storage systems (STESS), latent thermal energy storage systems (LTESS) 
with PCMs has a larger energy storage density and can maintain a constant temperature during the phase change 
process [5]. Thus, they are widely used in solar energy systems [6], air conditioning systems [7], and building 
envelopes [8]. One of the most popular applications of PCMs is the PCM storage tank, which is broadly utilized in 
the heating systems. For example, in the study of Belusko et al. [9], a PCM storage tank was applied to store heat in 
the concentrated solar power system. Belmonte et al. [10] utilized the PCM storage tank in a building heating system. 
Although the performance analysis of the PCM storage tank applied in the heating system has been presented in 
many studies, how to optimize the design of PCM storage tank was few reported. 

A method to optimize the design of PCM storage tank for heating systems is proposed in this study. In order to 
illustrate this method, a case study that the PCM storage tank is applied in an open-air swimming pool heating 
system is shown. To our knowledge, this kind of applications was firstly proposed by Zsembinszki et al. [11]. They 
reported that the method using the PCM storage tank to heat the outdoor swimming pool was better than 
encapsulating PCMs in the wall of the pool because the discharging time could be better controlled. However, the 
design optimization of the PCM storage tank was not considered in their study. Therefore, the design optimization of 
the PCM storage tank applied in the outdoor swimming pool heating system is carried out in this study. The aim of 
this optimization is to obtain the minimum PCM storage tank volume while assuring the thermal comfort of the 
swimming pool (27oC to 29oC) is satisfied. The simulation platform using TRNSYS and MATLAB was established 
to investigate the effect of the type of PCM and water fraction on the minimum volume of the PCM storage tank. 
Finally, the optimal values of these parameters were obtained, and the minimum volume of the PCM storage tank 
was acquired. 

2. Methodology 

Fig. 1 shows the method for the design optimization of the PCM storage tank applied in a heating system. Firstly, 
design objectives should be specified. The typical design objectives in a PCM thermal storage tank design are to 
minimize the PCM tank volume, to minimize the whole system operation costs, and to minimize the whole system 
energy use. The tank volume is always a concern in designing a PCM thermal storage tank because a larger tank 
volume needs a large space for installation and maintenance, especially in the city like Hong Kong where the land 
resource is very scarce. Besides, using too much PCM in the thermal storage tank results in the increase of the 
investment cost since the price of the PCM is expensive. 

Secondly, the parameters that can significantly affect the specified design objectives should be identified. Those 
parameters should be considered as the decision variables for the design optimization. Note that different objectives 
may have different decision variables. The decision variables include design parameters and operation parameters. 
Design parameters in a PCM thermal storage tank design may include the diameter, height and number of PCM 
modules, and so on. The operation parameters are related to the operation of the system that uses the thermal storage 
tank. For example, the rated water mass flow rate through a PCM tank may affect the selected size of the PCM tank. 

Thirdly, the simulation platform of the system should be established using professional software, such as 
MATLAB, TRNSYS, and Energy Plus, etc. A simulation platform for optimizing the design is necessary because in 
most cases an explicit relationship between the objectives and the decision variables cannot be obtained. The 
simulation platform generally consists of the mathematical models, operation conditions and design constraints. The 
mathematical models are usually used to describe the energy and heat flow in the main components. The computer 
codes are utilized to express the operational and design constraints in the controller. 

Finally, the simulation results should be analyzed to find the optimal variables. The post-process software 
including ORIGIN, MATLAB and SPSS, can be used to analyze the results. The relationship between the variables 
and the design objective should be identified. On the basis of this relationship, the optimization objectives will be 
gained. At the same time, the optimal variables will be acquired. 
 

http://crossmark.crossref.org/dialog/?doi=10.1016/j.proeng.2017.10.023&domain=pdf
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Fig. 1. The method for the design optimization of the PCM thermal storage tank  

3. Case study 

In the case study, the PCM storage tank will be used to heat an open-air swimming pool located in the City 
University of Hong Kong. It has the total volume of 1963.5 m3 and the sur-face area of 1100 m2 with the following 
dimensions: 50 m long and 22 m wide. Along the length, the depth of the swing pool at both ends is 1.2 meter, 
which lasts for 10 m; while in the middle the depth is 2.5 m deep in the middle; which last for 15 meters. At both 
sides, the depths changes from 1.2 m to 2.5 m with the length of 7.5 m. The swimming pool is closed from 
December to next April due to the cold weather, which causes facility and space waste as there is no any other 
functional use of that space after the swimming pool is closed. In or-der to enhance the utilization of the swimming 
pool in winter time, a heating system is needed to provide sufficient heat to ensure the thermal comfort of the 
swimming pool water. As the swimming pool has large amount of water, the cost will be very high if conventional 
electrical heaters are used to provide heat. Thus, a new heating system in which the PCM storage tank is applied to 
shift the electricity consumed during the peak to the off-peak peri-od, is proposed as shown in Fig. 2.  

The LTES consists of PCM storage tank, air-source heat pump, electrical heater, heat ex-changer, pump, and 
valve. It has two operation modes: charging mode during the peak hour (00:00 to 08:00), and discharging mode 
during the off-peak hour (12:00 to 20:00). During the charging mode, the air-source heat pump and electrical heater 
will be utilized to heat the cold water together. The former aims to reduce the electricity consumed of the system; 
while the latter aims to shift the energy consumed during the peak to off-peak hour. Then the heat will be stored into 
the PCM storage tank. During the discharging mode, the heat stored in the heat storage tank will be released to heat 
the cold water leaving from the heat exchanger. Then the hot water leaving from the heat storage tank is used to 
provide heat for the swimming pool through the heat exchanger. 
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Fig. 2. The schematic of the heat storage system 

The basic control strategy is to switch the operation mode of the system according to the time. Besides, during 
the charging mode the air-source heat pump will firstly be used to heat the cold water leaving from the PCM storage 
tank. When the outlet temperature of the tank is larger than or equal to 60oC, the air-source heat pump will be closed. 
Then the electrical heater will be open to heat the cold water. When the outlet temperature of the tank is larger than 
or equal to 95oC, the electrical heater will be closed. 

The minimum volume of the PCM storage tank Vmin is considered as the objective. The volume of the PCM 
storage tank is calculated by: 
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where n is the number of PCM tubes; Dout and l are the outer diameter and length of the PCM tubes, respectively; 
and ε is the water fraction in the PCM storage tank. The water fraction and the type of the PCMs are selected as the 
design variables in this optimization. This design of the PCM storage tank should consider the following constrains: 
 

 The instantaneous temperature of the swimming pool should be limited inside the comfortable zone (27oC to 
29oC). 

 The PCMs in the PCM storage tank should be completely solidified before 20:00, i.e. the solidification fraction 
f is equal to 1. 
 

The TRNSYS 17 is utilized to establish the simulation platform of the entire system. Type 6 is used to simulate 
the electrical heater, and it is considered no heat losses during the heating process. Type 740 is selected to simulate 
the constant speed pump. The heat exchanger is simulated by the Type 91 in which the heat exchanger effectiveness 
is assumed to be 0.9. The PCM storage tank and swimming pool models are solved by the MATLAB programs. The 
control strategy of the whole system is also coded using MATLAB. They are linked into the TRNSYS 17 by the 
MATLAB interface Type 155. The method used to model the heat transfer process in the PCM storage tank refers to 
the reference [12], in which the heat transfer process in the water tank containing spherical capsules filled with PCM 
is simulated. The governing energy balance equation about the heat transfer process between the PCM and the HTF 
could be expressed as: 
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where ρf is the density of the HTF; cpf is the specific heat of the HTF; vf is the mean velocity of the HTF; Tf is the 
temperature of the HTF; t is the time; ε is the water fraction in the energy storage tank; htotal is the effective 
convective heat transfer coefficient between the HTF and the PCM; APCM is the heat transfer area of the tube wall; 
TPCM is the temperature of the PCM; Vs is the volume of one element; and x is the distance. The heat transfer process 
of the PCM is determined as the following equation: 
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where ρf is the density of the HTF; cpf is the specific heat of the HTF; vf is the mean velocity of the HTF; Tf is the 
temperature of the HTF; t is the time; ε is the water fraction in the energy storage tank; htotal is the effective 
convective heat transfer coefficient between the HTF and the PCM; APCM is the heat transfer area of the tube wall; 
TPCM is the temperature of the PCM; Vs is the volume of one element; and x is the distance. The heat transfer process 
of the PCM is determined as the following equation: 
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where ρPCM is the density of the PCM; HPCM is the enthalpy of the PCM. 

4. Results analysis 

In order to validate the reliability of the mathematical models, the numerical results of the PCM storage tank and 
the swimming pool model were compared with the experimental results of Watanabe et al. [13]. The numerical 
simulation used the same parameters and work conditions as in the experiments of Watanabe et al. Fig. 3 shows the 
comparison results on the heat storage tank model, where the data measured at the position where the distance is 
139.5 and 274.9 mm from the top of the tank (x=139.5mm and x=274.9mm) [13]. It can be concluded that the 
simulated results have a good agreement with the experimental results, which means that the mathematical model of 
both the energy storage tank and the swimming pool are accurate and reliable. 
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Fig. 4 shows the variation of the minimum volume of the PCM storage tank with the water fraction. The 
relationship indicates that the minimum volume of the PCM storage tank increases as the water fraction increases. 
Therefore, in order to obtain the minimum volume of the PCM storage tank, the water fraction ε should be the 
smallest, which occurs when two cylindrical PCM tubes touch with each other. The theoretical smallest ε was 0.22; 
while 0.25 was selected considering practical recommendation [14]. 
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In this section, T0 and ε are set to 28oC and 0.25, respectively. Fig. 5 shows the minimum PCM storage tank 
volume when three different PCMs, including 38% Urea + 62% acetamide (titled as PCM 1), Sodium acetate 
trihydrate (PCM 2) and Palmitic acid (PCM 3) were used. They were respectively 65.2 m3, 54.2 m3 and 83.2 m3. 
PCM 2 (Sodium acetate trihydrate) was the optimal one. Without PCM (only water), the tank size was 98.5 m3. 
Therefore, the use of PCM 2 can reduce the tank volume by 44.9%. 
 

 
Fig. 5. Comparison of the minimum PCM storage tank volume using three different PCMs 

5. Conclusions 

In this study, a method to optimize the design of PCM storage tank applied in the heating system was introduced. 
The case study about the optimal design of the PCM storage tank utilized in the open-air swimming pool heating 
system in Hong Kong was presented to illustrate the method. The optimization objective was to minimize the 
volume of the PCM storage tank while satisfying the thermal comfort demand of the swimming pool (27oC and 
29oC). The simulation platform of the system was built by the software of MATLAB and TRNSYS, using which the 
effect of the water fraction and the type of the PCMs on the volume of the tank has been investigated. The optimal 
water fraction and PCM type were 0.25 and Sodium acetate trihydrate, respectively. The minimum volume of the 
PCM storage tank was 52.4m3. In the future, other external factors including the demand for heating time, 
application site and utilization of the solar collector will be considered for the optimal design of the PCM storage 
tank.  
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