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Abstract. This paper presents an integrated low-carbon heating system for outdoor swimming pools, which 
aims to make outdoor swimming pools in subtropical climates available in winter season with economic 
feasibility. The heating system consists of solar heat collectors, air-source heat pumps, and PCM storage tanks. 
The solar heat collectors collect heat from solar radiation; while the air-source heat pumps collect heat from 
ambient air. The PCM storage tanks are used to store the heat collected by the air-source heat pumps during 
off-peak hours and supply heat during the open hours of outdoor swimming pools when the solar heat is 
insufficient. We investigated the collaboration of the two heating sources at the design stage regarding energy 
and economic performance using numerical simulation. Three cases with different percentage of heat 
contribution from these two sources were studied and compared using the indices of initial investment, 
operational cost, energy use and thermal comfort unmet percentage. Results were analysed to show how the 
percentages of the heat contribution from the two sources affect the energy and economic performance of the 
proposed heating system.  

1 Introduction  

Outdoor swimming is a popular sport in many subtropical 
regions, such as Hong Kong and the Greater Bay Area of 
China. In summer, due to the hot and humid weather in 
such a region, the water temperature of outdoor 
swimming pools can be easily maintained above 28oC 
without any heat input. However, in winter, although the 
outdoor temperature is always higher than 10oC, many 
outdoor swimming pools are closed because there is a 
large amount of heat required to maintain the water 
temperature at the comfort level of 28oC [1-5]. Traditional 
heating systems, such as using gas boiler or electrical 
heaters, are not widely used due to their high operating 
cost [6, 7]. Hence, it is necessary to develop a low-carbon 
heating system with low operating cost for outdoor 
swimming pools in subtropical regions.  

Many advanced heating techniques have been 
developed to provide heat for outdoor swimming pools, 
such as solar heat collectors [8-13], heat pumps [14-17], 
geothermal energy [18], biomass heater [7], waste heat 
recovery [19, 20], PCM storage [21]. However, most of 
the existing studies mainly focused on a single heating 
source. For example, the solar collector technology 
cannot provide heat for the swimming pool when the solar 
irradiation is weak [22, 23], especially during the night. In 
this case, it is hard to achieve the preheating of the 
swimming pool before its open period, which results in 
lower water temperature at the beginning of the open 
period. Other heating technologies like air-source heat 
pump technology are therefore needed to be applied to 
preheat the swimming pool. In order to enhance the 

economic performance of the system, air-source heat 
pumps are suggested to be used during the off-peak period, 
in which the electricity price is lower than that during the 
on-peak period. Hence, thermal energy storage 
technologies like the utilization of PCM storage tank are 
adapted to achieve this goal [24]. From the 
aforementioned description, it is very necessary and 
meaningful to develop an open-air swimming pool 
heating system adapting multiple heating techniques. 

This study therefore proposes an integrated low-
carbon heating system for the open-air swimming pool, 
which is made up of solar collector, air-source heat pumps, 
and PCM storage tank. The solar heat collector is applied 
to directly provide heat for the open-air swimming pool 
during the daytime. The air-source heat pumps are used to 
collect heat from the ambient air during the electricity off-
peak time. One purpose of the collected heat is to preheat 
the swimming pool, and another purpose is to charge the 
PCM storage tank. The heat stored in the PCM storage 
tank will be released to heat the swimming pool during 
the open period. The working principle and basic control 
strategy of the proposed system are carried out. In 
addition, the main components sizing approach is 
proposed to determine the heating capacity of the air-
source heat pumps, the volume of the PCM storage tank, 
and the area of the solar collector. Performance evaluation 
of the proposed system are conducted based on the 
established simulation platform. The thermal comfort 
unmet percentage, initial cost, operational cost and total 
energy use are selected as the performance indicators. The 
performance of the system in three typical cases are 
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compared and analyzed, which assesses the proposed 

system in detail.  
The rest of the paper is organized as follows. Section 

2 describes the proposed open-air swimming pool heating 

system. Section 3 shows the sizing method of the main 

components. The design optimization approach of the 

system is carried out in Section 4. Section 5 presents the 

case studies. Concluding remarks are given in Section 6. 

2 System description 

Fig. 1 shows the main components of the proposed low-
carbon heating system for outdoor swimming pools. The 
system mainly consists of solar collectors, air-source heat 
pumps, PCM storage tanks, and thermal-insulation cover. 
The solar collectors collect heat from solar radiation and 
supply heat directly to the swimming pool when the solar 
radiation is available. The air-source heat pumps collect 
heat from the ambient air and has two functions: one is to 
preheat the swimming pool before it is open in order to 
ensure the water temperature comfortable at the beginning 
of the open period; another is to charge the PCM storage 
tank during the off-peak period. The heat stored in the 
PCM storage tank is used as supplementary heat, being 
released to the swimming pool when the solar heat is not 
enough. The thermal-insulation cover is used to reduce 
the heat loss when the swimming pool is closed.  
 

 
Fig. 1. The proposed low-carbon heating system for outdoor 

swimming pools. 
 
In this system, heat comes from two sources: ambient air 
and solar radiation. Both of them suffers from stochastic 
changes. Therefore, how to size the capacity of the main 
components is an important issue, which is strongly 
relevant to the reliability of the system. Another important 
issue is to allocate the heating capacity to the air-source 
heat pumps and the solar heat collectors, which will affect 
the system annual energy use, the system annual operation 
cost as well as the thermal comfort of the swimming pool. 
Therefore, a method is proposed to size the main 
components and another to optimize the system design 
regarding energy performance, thermal comfort and 
annual operation cost.    

3 Main components sizing 

The basic sizing criterion is to ensure that the daily heat 
energy provided by the heating system can satisfy the 

maximum daily heat energy requirement of the swimming 
pool for maintaining the water temperature at comfortable 
level during the open period. Thus, the first step for the 
components sizing is to find the maximum daily heat 
energy requirement. To this end, a swimming pool heat 
loss model is needed. This model is used to estimate the 
heat energy loss when the swimming pool water 
temperature is maintained at the comfortable level under 
a design day. The design day should be chosen from 
historical daily weather data, under which the heat energy 
loss reaches the maximum.       
 
As the heat energy is supplied from both the solar heat 
collector and the PCM storage tank, the second step is to 
specify the percentage contribution from both sources. 
Assume the maximum daily heat energy requirement is 
��  and the percentage contribution from the solar heat 
collector is �, then the daily heat energy that should be 
contributed by the solar heat collector ���  is  

��� � ���                                   (1) 
The daily heat energy that should be contributed by the 
PCM storage tank ���� is  

���� � �1 
 ����                           (2) 
The third step is to use ���  to size the area of the solar heat 
collector.  

��� � ���/�������,��                         (3) 
where ��� is the area of the solar heat collector, ������,� 
is the designed total solar irradiation during the open 
period, which is determined by the following equation: 

������,� � �������� � ������              (4) 
where � is the cumulative probability of less than  ������ . 
The schematic of the relationship between the total solar 
irradiation during the open period and cumulative 
probability is shown in Fig. 2.  
 

 
Fig. 2. The relationship between the total solar irradiation 

during the open period and cumulative probability. 
 

The fourth step is to use the ���� to size the PCM storage 
tank.  

���� � ��������� � ���������,� 
 ���,�� �
��������	                            (5) 

where ���� and ���� are the specific heat and mass of 
the PCM inside the tank; �� and �� are the specific heat 
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and mass of the water inside the tank; ���,�  is the 
maximum temperature that the air-source heat pump can 
reach up to; ���,�  is the design temperature of the 
swimming pool; and ����	 is the enthalpy of the PCM. 
 
The last step is to size the air-source heat pump. The 
heating capacity of the air-source heat pumps is calculated 
for achieving two goals. One is to make sure that the PCM 
storage tank can be heated up to the set temperature point 
(e.g. 60oC) during the charging mode. Another is to ensure 
that the open-air swimming pool can be heated up to the 
set point during the preheating mode. The larger one is 
selected to size the capacity of the air-source heat pumps.   

4 System design optimizations 

Since the percentage contribution � from the solar heat 
collector and the PCM storage tank will affect the energy 
performance, thermal comfort and financial performance 
of the heating system, this section presents a method to 
investigate the importance of the percentage contribution 
�  regarding these performance indicators. First, a 
simulation platform for a swimming pool and its low-
carbon heating systems is constructed. Then, using the 
simulation platform, the energy use of the heating system 
and the swimming pool water temperature will be 
generated corresponding to different percentage 
contribution � . Then, these data will be used for 
comparison analysis and identifying a suitable �   to 
balance these performance indicators.  

4.1 Simulation platform 

The simulated system has a configuration shown in Figure 
3. Besides the main components, the system has heat 
exchangers, pumps, valves, and water pipes.  
 

 

Fig. 3. Configuration of the proposed low-carbon heating 
system for outdoor swimming pools (1. solar collector; 2. 

valve; 3. pump; 4. heat exchanger; 5. thermal-insulation cover; 
6. open-air swimming pool; 7. PCM storage tank; 8. PCM tube; 

9. air-source heat pump) 

 

The simulation of the system was constructed using the 
professional software of TRNSYS and Matlab. TYPE 71 
was used to simulate the solar collectors. The PID 
controller was realized using TYPE 23. The mixing and 
diverting valves are simulated by TYPE 649 and TYPE 
647, respectively. The thermodynamic models of the 

PCM storage tank and the open-air swimming pool were 
simulated using the model presented in [25]. Both of them 
were realized using programs. The interface, TYPE 155, 
was adopted to link the models in TRNSYS and 
programmes in Matlab. 

4.2 Performance indicators 

The thermal comfort unmet percentage is selected as the 
technical performance indicator in this study. It is the 
percentage of the thermal comfort unmet time in the total 
open time during the open period. 
 
The initial cost and operational cost are selected as the 
economic performance indicators in this study. The initial 
investment includes the initial cost of the solar collector, 
air-source heat pumps, PCM storage tank, heat 
exchangers, and controllers, etc. The operational cost is 
made up of on-peak cost and off-peak cost.  
 
The total energy use is selected as the energy performance 
indicator. The total energy use is made up of the energy 
use of the pumps and the energy use of the air-source heat 
pumps.  

4.3 Overall performance evaluation score 

The overall performance evaluation score ( �� ) is 
calculated by the following equations: 

�� � � � � �!�! � ���� � ���� 	            (6) 
where � , �! , �� , and ��  is the evaluation score of the 
thermal comfort unmet percentage, initial cost, 
operational cost, and energy consumption, respectively. 
� , �!, ��, and �� is the weight factor for the evaluation 
score of the thermal comfort unmet percentage, initial cost, 
operational cost, and energy use in the overall 
performance score, respectively. They should satisfy the 
following: 

� � �! � �� � �� � 1		                    (7) 
The � , �! , �� , and ��  is calculated by the following 
equations: 

� �  "# "$

 "%# "$
∙ 100														            (8) 

�! �
!�#!�$
!�%#!�$

∙ 100																	           (9) 

�� � ��#��$
��%#��$

∙ 100													           (10) 

�� � ��#��$
��%#��$

∙ 100				                   (11) 

where () is the thermal comfort unmet percentage; *� is 
the initial cost; +� is the operational cost; and ,� is the 
total energy use. 	-  and �  represents the least and most 
preferred performance, respectively. 

5 Case studies 

In order to evaluate the performance of the proposed 
open-air swimming pool heating system, the proposed 
heating system was applied to a typical outdoor 
swimming pool of Hong Kong, which has a surface area 
of 1100m2. Two weekly analysis for assessing the 
performance of the system are conducted from 1st 
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December 2012 to 7th December 2012, and from 8th 
December 2012 to 14th December 2012, respectively. The 
technical performance, economic performance, and 
energy performance were compared and analysed in three 
cases.  

5.1 Three cases 

Fig. 4 shows the ten-years statistic results of the total solar 
irradiation during the open period with the cumulative 
probability. In this study, the design cumulative 
probability is 0.5, and the corresponding total solar 
irradiation during the open period is 6.77MJ/m2. Table 1 
shows the sizing results of the main components in three 
typical cases. The solar energy percentage in Case 1, Case 
2 and Case 3 are 0%, 10%, and 20%, respectively. The 
area of solar collector, heating capacity of air-source heat 
pumps, volume of PCM storage tank in Case 1 are 0m2, 
601.7kW, and 135.8m3, respectively. The area of solar 
collector, heating capacity of air-source heat pumps, 
volume of PCM storage tank in Case 2 are 959.8m2, 
541.5kW, and 122.2m3, respectively. The area of solar 
collector, heating capacity of air-source heat pumps, 
volume of PCM storage tank in Case 3 are 1919.6m2, 
481.3kW, and 108.6m3, respectively. 

 

Fig. 4. The variation of the total solar irradiation during the 
open period with the cumulative probability. 

 

Table 1. Sizing results in three typical cases. 

Items Case 1 Case 2 Case 3 

Solar energy 
percentage  

0% 10% 20% 

Area of solar collector  0m2 959.8 m2 1919.6m2 

Heating capacity of 
air-source heat pumps  

601.7kW 541.5kW 481.3kW 

Volume of PCM 
storage tank  

135.8m3 122.2m3 108.6m3 

5.2 Technical performance comparison 

In Week 1, the thermal comfort unmet percentage in all 
the cases are 0%; and in Week 2, the thermal comfort 

unmet percentage in all the cases are 0%. The average 
thermal comfort unmet percentage in all the cases are 0%. 
Hence, the thermal comfort unmet percentage in Case 1 is 
the same with that in Case 2 and Case 3, which suggests 
that the technical performance in Case 1 is the same with 
that in Case 2 and Case 3. In addition, the water 
temperature of the pool can be well maintained within the 
thermal comfort range in all cases. The corresponding 
evaluation score of the thermal comfort unmet percentage 
is 1, 1 and 1, respectively.  

5.3 Economic performance comparison 

Fig. 5 shows the operational cost comparison between 
three cases and the corresponding evaluation score 
comparison between three cases. In Week 1, the 
operational cost in Case 1, Case 2 and Case 3 are 19931 
HKD, 18269HKD and 16682HKD, respectively. In Week 
2, the operational cost in Case 1, Case 2 and Case 3 is 
20176HKD, 18348HKD, and 16455HKD respectively. 
The average operational cost in Case 1, Case 2 and Case 
3 is 20054HKD, 18309HKD and 16569HKD, 
respectively. Hence, the operational cost in Case 2 is 8.7% 
less than that in Case 1, and the operational cost in Case 3 
is 17.4% less than that in Case 1. The corresponding 
evaluation score of the operational cost is 0, 0.5 and 1, 
respectively. 

 

 

 

Fig. 5. (a) Operational cost and (b) corresponding evaluation 
score comparison between three cases. 
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Fig. 6 shows the initial cost comparison between three 
cases and the corresponding evaluation score comparison 
between three cases. The initial investment in Case 1, 
Case 2 and Case 3 are 2739kHKD, 3261kHKDand 
3767kHKD, respectively. Hence, the initial investment in 
Case 1 is 16.0% less than that in Case 2 and 27.3% less 
than that in Case 3. The corresponding evaluation score of 
the initial cost in Case 1, Case 2 and Case 3 are 1, 0.49, 
and 0, respectively. 

 

 

Fig. 6. (a) Initial investment cost and (b) corresponding 
evaluation score comparison between three cases. 

5.4 Energy performance comparison 

Fig. 7 shows the total energy use comparison between 
three cases and the corresponding evaluation score 
comparison between three cases. In Week 1, the total 
energy use in Case 1, Case 2 and Case 3 are 86.3GJ, 
78.9GJ and 71.8GJ, respectively. In Week 2, the total 
energy use in Case 1, Case 2 and Case 3 are 87.6GJ, 
79.3GJ and 70.6GJ, respectively. The average total 
energy use in Case 1, Case 2 and Case 3 are 87.0GJ, 
79.1GJ and 71.2GJ, respectively. Hence, the total energy 
use in Case 2 is 9.1% less than that in Case 1, and the total 
energy use in Case 3 is 18.2% less than that in Case 1. The 
corresponding evaluation score of the total energy use in 
Case 1, Case 2 and Case 3 are 0, 0.5, and 1, respectively. 
 

 
 

 

Fig. 7. (a) Total energy use and (b) corresponding evaluation 
score comparison between three cases. 

5.5 Overall performance comparison 

Fig. 8 shows the overall performance comparison between 
three cases. In this study, the weight factor for the 
evaluation score of the thermal comfort unmet percentage, 
initial cost, operational cost, and energy use in the overall 
performance score is 0.25, 0.25, 0.25, and 0.25, 
respectively. The overall performance evaluation score in 
Case 1, Case 2 and Case 3 is 0.50, 0.62, and 0.75, 
respectively. Hence, the optimal case is Case 3 in which 
the solar energy percentage is 20%. 

 

Fig. 8. Overall performance comparison between three cases. 
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6 Conclusions 

The proposed low-carbon heating system for outdoor 
swimming pools uses air-source heat pumps and solar 
heat collectors collects heat from ambient air and solar 
radiation, respectively. The working principle and sizing 
approach of the system are introduced in detail. The 
heating system has been evaluated in a simulation 
environment regarding thermal comfort unmet percentage, 
initial cost, operational cost, and total energy use. Results 
indicate that the water temperature of the open-air 
swimming pool in all cases can be maintained within the 
thermal comfortable range. The weekly operational cost 
can be saved by 17.4% when the solar energy percentage 
increases from 0% to 20%. The initial cost will be 
increased by 27.3% when the solar energy percentage 
increases from 0% to 20%. The weekly total energy use 
can be saved by 18.2% when the solar energy percentage 
increases from 0% to 20%. The overall performance 
evaluation score in Case 1, Case 2 and Case 3 is 0.50, 0.62, 
and 0.75, respectively. Hence, the optimal case is Case 3 
in which the solar energy percentage is 20%. 
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