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Abstract

:

A phase change material (PCM) is an energy storage mass with high heat storage performance. In buildings, PCMs can be utilized to save energy in radiant floor heating systems. This study aims to analyze the thermal performance and energy saving potential by the PCM radiant floor heating system based on wet construction method and hot water. For such analysis, EnergyPlus program was used. As for the results, it was found that the proposed system almost maintained the set point of indoor air and a floor surface. Moreover, when a 10 mm PCM was applied, it was possible to save 2.4% of heating energy annually compared to existing buildings. In particular, when a 20–50 mm PCM was applied, it was found that 7.3–15.3% of heating energy was reduced annually. If indoor air temperature exceeds the comfort range of the proposed system, this problem can be solved by adjusting the set point of the floor surface or by increasing the temperature of hot water.
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1. Introduction


Studies on thermal energy storage systems that combine phase change materials (PCMs) with building structures have been actively conducted to reduce the heating energy consumption in buildings [1]. In particular, studies have been continuously conducted on PCM radiant floor heating systems, which can decrease heating energy by improving the energy performance of existing radiant floor heating systems [2,3,4,5,6,7,8,9,10,11].



Lin, K. et al. developed a shape-stabilized PCM (SSPCM) plate to be applied to a radiant floor heating system and proved that this system could maintain the indoor heating temperature in the comfort range through theories and computer simulation [2]. Moreover, they introduced a new radiant floor heating system that could perform heating by combining an office floor with an air cavity including an SSPCM plate and supplying air into the office through a floor diffuser. It was found through experiments that this system could effectively reduce the electrical energy consumed for office heating during daylight hours and maintain indoor temperature in the comfort range [3]. Jin, X. et al. introduced a PCM floor heating system that could perform cooling and heating by inserting cooling and heating coils and low-temperature and high-temperature PCMs into a floor structure. Through simulation, they found that the annual energy consumption could be reduced by approximately 37.9–41.1% using the proposed system [4]. Huang, K. et al. introduced a PCM radiant floor heating system with a solar hot-water system. This system had a unique structure in which a PCM and a capillary hot-water coil were combined on a floor in a grid form without the use of a PCM case. This system not only maintained the indoor set point in a stable manner but also decreased energy consumption by increasing the solar hot-water fraction [5]. Brazin, R. et al. developed a PCM wallboard for radiant floor heating and analyzed its heat storage and energy saving performances. The radiant floor heating system with the PCM wallboard decreased energy consumption by 18.8% and energy cost by approximately 28.7% compared to existing systems [6]. Cheng, W. et al. analyzed the correlation between the thermal conductivity of a PCM and the thermal performance of the floor in a PCM radiant floor heating system through theoretical and experimental tests. They found that the thermal performance of the floor could be improved by increasing the thermal conductivity of the PCM in the range below 1.0 W/m⋅K [7]. Zhou, G. et al. compared the heating effects depending on the combination of a PCM, sand, a polyethylene coil, and a capillary mat, which could be utilized for radiant floor heating systems, through theoretical and experimental methods. It was found that the combination of the PCM and capillary mat could most effectively reduce heating energy consumption compared to other combinations [8]. Zhang, Y. et al. analyzed the energy performance of a radiant floor heating system that combined a solar hot-water system with a PCM in an office building, as part of the study by Huang, Kailiang et al. [5]. The system reduced heating load and increased the solar energy utilization fraction by approximately 30%, thereby proving that energy consumption was decreased [9]. Plytaria, M. T. et al. combined a solar hot-water system with a radiant floor heating system operated by a heat pump and analyzed the decrease in the energy consumption of the heat pump due to the PCM. It was found through simulation that the electrical energy consumed by the heat pump was 42–67% lower in the floor structure with the PCM than in the floor structure without the PCM [10].



In summary, as shown in Table 1, most existing radiant floor heating systems have the floor structure of the dry construction method or use electricity as a heat source. Even though a few companies applied such systems to actual buildings, these systems also use the dry construction method and electricity [11]. Furthermore, it is impossible to apply the existing systems as they are to buildings that use the wet construction method, including concrete and autoclaved lightweight concrete (ALC), and hot water, such as residential buildings in South Korea. Even though a few previous studies introduced systems that use the wet construction method and hot water, the systems used cooling and heating simultaneously or they did not suggest the optimal hot water temperature [4,5,9,10]. As cold water and hot water are used in one coil, the coil or floor structure can be damaged owing to the repeated contraction and expansion of the coil. Moreover, when the optimal supply and return temperatures for floor heating are not suggested, indoor temperature may exceed the comfort range or unnecessary energy can be consumed.



Based on these analyses, the authors proposed a new PCM radiant floor heating system for residential buildings in previous studies [12,13,14]. The proposed system uses the wet construction method based on ALC and mortar and only hot water as a heat source. Moreover, the system is formed such that heavy-weight impact noise and light-weight impact noise are less than 50 and 58 dB, respectively. Thus, it can be used as the floor structure of middle stories for preventing interlayer noise in residential apartment buildings. In the previous studies, the design and characteristics of the proposed system were explained and the optimal melting point of a PCM for floor heating was presented [12,13]. Furthermore, the improved heat storage performance of the system compared to existing systems was confirmed through module tests. In addition, the optimal hot-water supply and return temperatures of the system for maintaining indoor air and floor surface temperatures in the comfort range were presented [14].



This study aims to analyze the thermal performance and energy saving potential by applying the proposed system to an actual residential building. The thermal performance was analyzed to examine whether the indoor air and floor surface temperatures could be maintained at a set point that is within the comfort range. Energy saving potential was analyzed to examine whether the system could reduce the annual heating energy compared to existing systems. As a test method, indoor temperature and floor surface temperature distributions and the annual heating energy consumption were analyzed after applying the existing system and the PCM radiant floor heating system, respectively, to the middle stories (second stories) of the residential apartment buildings with the same indoor and outdoor environments. EnergyPlus ver. 8.7 (ver. 8.7, National Renewable Energy Laboratory, Denver, CO, USA), which is a software to evaluate building environment and energy, was used for this study.




2. Materials and Methods


2.1. Materials


2.1.1. PCM Radiant Floor Heating System


Figure 1 compares the existing radiant floor heating system with the PCM radiant floor heating system. Both systems are based on the wet construction method. The existing floor structure consists of ALC and mortar, and a hot-water coil is inserted into the mortar layer. In this structure, ALC prevents the heat loss of the upper layer and interlayer noise [12,15]. The mortar stores thermal energy from the hot-water coil and discharges the energy, thereby practically performing indoor heating. However, as this structure contains only a sensible heat section in which only temperature changes occur, its heat storage performance is extremely low [12]. If hot-water supply is stopped, surface temperature decreases sharply owing to out of the set-point in the mortar surface.



As a result, consistent hot-water supply and energy consumption are required to maintain the set points of indoor air and the floor surface. To overcome this shortcoming, a PCM, which is a high-performance latent heat storage material, was combined with the floor structure in this study. As the floor structure can consist of sensible heat and latent heat sections in the proposed PCM radiant floor heating system, constant surface temperature can be maintained by the amount of stored latent heat and gradual temperature decrease can be induced in the sensible heat section. Consequently, indoor and floor surface temperatures can remain constant as the time-lag phenomenon, in which the surface temperature decrease time is delayed, can be extended. Additionally, heating energy consumption can be reduced by operating the hot water and heating unit intermittently [12].




2.1.2. Characteristics of PCM and Fabrication of PCM Case


Based on the system proposed in the previous studies, the melting point of the PCM for maintaining floor surface temperature and indoor air temperature in the comfort range was presented as 35–45 °C [12]. The melting point of the PCM used in this study was 44 °C. Table 2 and Table 3 show the thermal characteristics and the heat capacity of the PCM at different temperatures [16]. The temperature at which the PCM began to liquefy was 40 °C, and the temperature of complete liquefaction was 44 °C. Moreover, the temperature with the highest latent heat storage capacity was 43–44 °C.



Also, the Figure 2 shows the fabricating progress of PCM case and the method to apply the case to the floor structure. The PCM case is a very thin aluminum material, and it is manufactured by using a vacuum device and a high-temperature heat wire, as the PCM case can have high conductivity, corrosion-resistant, and superior adhesive property to mortar.




2.1.3. Energy Consumption Patterns


Figure 3 and Figure 4 present the patterns for the energy consumption by the changes of the floor surface temperatures in the existing and PCM radiant floor heating systems. Since the existing systems do not have the latent heat sections that enable the phase change to occur, the floor surface temperature is rapidly decreased if the hot-water supply is stopped as showed in the Figure 3. In contrast, PCM radiant floor heating system can constantly maintain the floor surface temperature at the set-point for specific times by releasing the latent heat as shown in the Figure 4. Consequently, the time-lag phenomenon, which the point in time re-operating of heat-resource unit is delayed, occurs. Thus, the hot-water supply and the heat-resource unit can be intermittently operated, energy consumption can be also reduced.





2.2. Methods


2.2.1. Apartment Building


EnergyPlus ver. 8.7 was used to analyze the energy performance of the proposed PCM radiant floor heating system [17,18,19]. Figure 5 shows the floor plan of the apartment and the elevation modeled in the simulation. The building consisted of three stories with a height of 2.6 m each. Even though the inside was composed of various zones, all zones were assumed to be heating targets. Two types of buildings were modeled for the comparison of energy consumption. One was a general building without the PCM, while the other was a building with the PCM radiant floor heating system. The envelopes of the buildings were reinforced concrete structures, and the details of each envelope are shown in Table 4. All envelopes were designed to meet the heat transmittance (U-value) of domestic standards [20]. Four windows of different sizes were installed on the south side of each building. As shown in Table 5, the window consisted of triple pane glazing, argon insulating gas, and an aluminum frame. The U-value of the entire window was 1.208 W/m2⋅K, which was slightly higher than the domestic criterion (1.200 W/m2⋅K) [20]. In particular, the proposed PCM radiant floor heating system was applied to the second stories of the buildings because it was designed for the middle stories of apartment buildings. Therefore, among the simulation results of the indoor environment and energy consumption for the buildings, the results obtained for the second stories were the major analysis targets.




2.2.2. Weather Data


As the modeled buildings were assumed to be located in Seoul, South Korea, Seoul standard weather data were used [21]. Figure 6 shows the representative weather data constituting the outdoor environment in the simulation. The total period of the weather data was one year, and the time interval was entered every hour.




2.2.3. Indoor Heat Gain and Loss


Table 6 shows four elements that caused indoor heat gain and heat loss in the simulation. Four occupants were assumed. Light entered at the hourly fraction depending on the occupants. In accordance with the domestic standards, the infiltration and ventilation rates were entered as 1.0 air exchange per hour [22] and 0.5 air exchange per hour [20], respectively, for energy-saving buildings. In addition, as the heat gain from indoor devices and occupants does not significantly affect the indoor environment and energy consumption in small residential buildings, such elements were excluded from the simulation conditions.




2.2.4. District Heating


As shown in Figure 7, a district heating system was applied to supply hot water to the modeled building. Under the domestic standards, the maximum supply and return temperatures of the hot water provided by the domestic district heating corporation for apartment buildings are 115 °C and 55 °C, respectively [23]. Moreover, the supply and return temperatures of the hot water provided to apartment buildings through a heat exchange unit are 60 °C and 45 °C, respectively [24]. However, as the floor of the second story of the apartment building with the PCM radiant floor heating system has a different structure compared to existing buildings, new hot-water supply and return temperatures must be applied. In the previous study, we proposed that the optimal supply and return temperatures of hot water for the system are 40–41 °C and 27.4–27.5 °C, respectively [14]. Among these ranges, the supply and return temperatures of 40 °C and 27.5 °C, respectively, were applied to the simulation.



Figure 8 shows the connections of the heating units for modeling an apartment building that uses district heating in EnergyPlus. A hydronic pump, hot-water pipes, cold-water pipes, and splitters are required to supply hot water from the district heating to the floors of the apartment building. The inlet and outlet of each unit must be connected according to the flow direction of hot water. Then, the performances and characteristics of such units must be entered, as shown in Table 7.




2.2.5. Heating Schedule


It is necessary to control indoor air and floor surface temperatures simultaneously for indoor heating by the radiant floor heating system. Table 8 shows the set-point schedules of indoor air and the floor surface in EnergyPlus. The set points of indoor air and the floor surface are 20 °C and 30 °C, respectively, in the time interval with occupants and 10 °C and 15 °C, respectively, in the time interval without occupants.






3. Results


3.1. Indoor Air and Floor Surface Temperatures


It was analyzed whether indoor and floor surface temperatures were maintained at the set points on the second stories of the apartment buildings with the existing and PCM radiant floor heating systems. The analysis was conducted from 0:00 on January 26th to 1:00 on January 28th (two days), when the outdoor temperature was the lowest throughout the year, to examine detailed temperatures.



Figure 9 shows the indoor temperature distributions of the existing building and the building with the PCM radiant floor heating system. The indoor temperature of the existing building ranged from 14.7 to 18.5 °C for 48 h, including the heating and non-heating periods. The indoor air temperature of the building with the PCM radiant floor heating system ranged from 14.2 to 18.5 °C. In the non-heating period, indoor temperature was controlled to remain at 10 °C or higher, and the two buildings met this set point. In particular, in the heating period, the two buildings maintained an indoor temperature of 18 °C within an error range of approximately ± 1 °C. This is approximately 2 °C lower than the set point of 20 °C. This difference is because of the insufficient thermal energy supply from the radiant floor heating system to the inside. However, as the temperature is not significantly different from the set point, this problem can be addressed by slightly increasing the heat capacities of the radiant floor heating system. There are two methods of increasing the heat capacities of the floor structures for raising low indoor temperature to the set point. The first is to increase the temperature of hot water, and the second is to increase the set point of the floor surface. If insufficient heat supply is improved through these methods, it will be possible to maintain indoor air temperature in the comfort range.



Figure 10 shows the floor surface temperatures on the second stories of the existing building and the building with the PCM radiant floor heating system. The floor surface temperature of the existing building was 27.8–30.5 °C during the heating and non-heating periods, while that of the building with the PCM was 27.3–30.1 °C. In the non-heating period, the floor surface temperatures of the two buildings remained within 27.3–27.8 °C, which were higher than the set point of 15 °C. Moreover, in the heating period, the floor surface temperatures of the two buildings remained at 30 °C within an error range of ± 1 °C. Therefore, it was confirmed that the proposed PCM radiant floor heating system could almost meet the set points of indoor air.




3.2. Annual Heating Energy Consumption and Reduction Ratio


The analysis of energy consumption was focused on district heating and hot-water use by apartment buildings. Figure 11 and Figure 12 show the energy consumptions and reduction ratios per year on the second stories of the existing building and the building with the PCM radiant floor heating system. The annual energy consumption by district heating was 123.9 MWh for the existing building and 121.8 MWh for the building with the PCM radiant floor heating system. When the existing floor system was replaced by the PCM radiant floor heating system, district heating was reduced by approximately 1.6%. Moreover, the annual hot-water energy consumption was 41.7 MWh for the existing building and 39.7 MWh for the building with the PCM radiant floor heating system. Therefore, the hot-water energy reduction ratio obtained by applying the PCM radiant floor heating system instead of the existing system was approximately 4.8%. Overall, the total annual energy consumption on the second story was 165.6 MWh for the apartment building with the existing floor system and 161.5 MWh for the building with the PCM radiant floor heating system. The total annual heating energy reduction ratio obtained by applying the PCM radiant floor heating system instead of the existing system was 2.4%.





4. Discussion


The above analysis showed that the annual heating energy reduction ratio obtained by applying the PCM radiant floor heating system instead of the existing system was 2.4%. However, this value is extremely low and unsatisfactory in aspect of energy reduction. Hence, the capacity of the PCM was increased gradually to further improve the energy saving performance of the proposed system. In this instance, the PCM cannot exceed the maximum thickness of the ALC because it is designed to be inserted in the ALC layer, as shown in Figure 13. Therefore, the thickness of PCM was set as 20, 30, 40, and 50 mm in the additional tests to improve system performance.



Figure 14 compares the annual heating energy consumptions on the second story of the apartment building, where the thickness of the PCM is varied from 10 to 50 mm. According to the analysis results described earlier, the annual heating energy consumptions in the cases with the existing system and 10 mm PCM were 165.6 and 161.5 MWh, respectively. When the thickness of the PCM was increased to 20, 30, 40, and 50 mm, the heating energy consumptions were 153.5, 147.8, 143.6, and 140.3 MWh, respectively. As shown in Figure 15, the total heating energy reduction ratio was 2.4% in the building that applied the 10 mm PCM, and it ranged from 7.3% to 15.3% when the thickness of the PCM increased from 20 mm to 50 mm. This is because the discharge of latent heat and sensible heat increased with the capacity of the PCM. In other words, the use of hot water was reduced as the duration in which floor surface temperature remained constant was extended by the PCM. Therefore, it can be judged that the energy saving performance of the floor can be improved as the capacity of PCM increases in the PCM radiant floor heating system. However, as the proposed PCM radiant floor heating system is designed as the floor structure for the middle stories of apartment buildings, it must also prevent interlayer noise [12]. Therefore, when ALC is replaced by PCMs in the future, it is necessary to examine whether the new system can exhibit the same noise performance as the existing system.




5. Conclusions


This study aimed to evaluate the indoor environment and energy saving performance for the PCM radiant floor heating system based on the wet construction method and hot water. The results of this study are summarized as follows:

	
When the radiant floor heating system with the 10 mm PCM was applied to an apartment building, the indoor air temperature ranged from 14.2 to 18.5 °C with a control error of ± 1 °C for the simulation days including heating and non-heating periods. However, considering the heating period only, the indoor air temperature was maintained at around 18 °C. Furthermore, the floor surface temperature by the PCM radiant floor heating system ranged from 27.3 to 30.1 °C with a control error of ± 1 °C in the heating and non-heating periods. On the other hand, considering the heating period only, the floor surface temperature was maintained at approximately 30 °C.



	
Consequently, the indoor air and floor surface temperatures were nearly maintained at each set-point for the heating period by applying to the PCM radiant floor heating system to the apartment building. However, in the case of the indoor air temperature, it was around 2 °C lower than the set-point of 20 °C. As a result, if the indoor air temperature is maintained at lower or higher temperatures than the set-point, it can be solved by adjusting the floor surface temperature through the changes of the hot-water temperature or the PCM melting point.



	
District heating plant was applied to supply the hot water to the PCM radiant floor heating system for the heating period, and the annual energy consumption was analyzed by connecting the district heating plant and the PCM radiant floor heating system. While the annual energy consumed by the existing radiant floor heating system was found to be 165.6 MWh, the annual energy consumed by the PCM radiant floor heating system was 161.5 MWh. Therefore, it revealed that the radiant floor heating system with 10 mm PCM can reduce the energy consumption of around 2.4 % annually as compared with the existing system.



	
The thickness of the PCM was increased to 20–50 mm to improve the energy performance of the PCM radiant floor heating system. As a result, the annual energy saving ratio was increased from 7.3 to 15.3 %. This is because the discharge of latent heat and sensible heat increased with the capacity of the PCM. However, when the proposed system is utilized as the floor structure on the middle stories of apartment buildings, the change in noise performance caused by replacing the existing ALC with PCM must be examined.








Along with the previous studies, this study presented the results on the design, structure, optimal hot-water temperature, and energy performance for the PCM radiant floor heating system based on the wet construction method and hot water. In future, an experimental test will be conducted to analyze the actual heating energy consumption by applying the proposed system to actual apartment buildings or test houses.
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Figure 1. Comparison between existing and phase change material (PCM) radiant floor heating systems. 
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Figure 2. The fabricating progress and the application to the floor of the PCM case. 
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Figure 3. The patterns of the floor surface temperature and the energy consumption in the existing radiant floor heating system. 
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Figure 4. The patterns of the floor surface temperature and the energy consumption in the PCM radiant floor heating system. 
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Figure 5. Floor plan of the apartment building (left) and modeling by simulation (right). 
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Figure 6. Annual Seoul standard weather data. 
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Figure 7. Conception of hot-water circulation between the district heating and an apartment building. 
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Figure 8. Connection loop of each unit for circulation of hot water in EnergyPlus. 
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Figure 9. Indoor air temperatures on the second stories of the apartment buildings. 
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Figure 10. Floor surface temperatures on the second stories of the apartment buildings. 
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Figure 11. Annual energy consumptions of the PCM radiant floor heating systems. 
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Figure 12. Annual energy saving ratio of the PCM radiant floor heating system. 
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Figure 13. Application method of 10–50 mm PCM. ALC: autoclaved lightweight concrete. 
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Figure 14. Energy consumptions by the application of 10–50 mm PCM. 
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Figure 15. Energy reduction ratios by the application of 10–50 mm PCM. 
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Table 1. Previous studies on phase change material (PCM) radiant floor heating systems.






Table 1. Previous studies on phase change material (PCM) radiant floor heating systems.





	
Author and Company

	
Year

	
Type of Floor

	
Energy Resource






	
Study

	
Lin, K. et al. [2]

	
2004

	
Dry construction

	
Electrical energy




	
Lin, K. et al. [3]

	
2007

	
Dry construction

	
Electrical energy




	
Jin, X. et al. [4]

	
2011

	
Wet construction

	
Hot and cold

water




	
Huang, K. et al. [5]

	
2014

	
Wet construction

	
Solar energy

& hot water




	
Barzin, R. et al. [6]

	
2015

	
Dry construction

	
Electrical energy




	
Cheng, W. et al. [7]

	
2015

	
Dry construction

	
Electrical energy




	
Zhou, G. et al. [8]

	
2015

	
Dry construction

	
Hot water




	
Zhang, Y. et al. [9]

	
2016

	
Dry construction

	
Solar energy

& hot water




	
Plytaria, M. T. et al. [10]

	
2018

	
Wet construction

	
Solar energy

& hot water




	
Company

	
Negishi corporation Ltd. [11]

	
Type 1

	
2018

	
Dry construction

	
Solar energy




	
Type 2

	
2018

	
Dry construction

	
Solar energy




	
Type 3

	
2018

	
Wet construction

	
Electrical energy











[image: Table]





Table 2. The thermal characteristics of the PCM with the melting point of 44 °C.






Table 2. The thermal characteristics of the PCM with the melting point of 44 °C.





	
PCM

Type

	
Melting

Point

	
Specific Heat

(Cp)

	
Density

(ρ)

	
Conductivity

(k)




	
(°C)

	
(J/kg·°C)

	
(kg/m3)

	
(W/m·°C)






	
Organic material

	
41–44

	
2000

	
800

	
0.2
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Table 3. Heat capacity of PCM at different temperatures [16].






Table 3. Heat capacity of PCM at different temperatures [16].





	Temperature (°C)
	Capacity (J/kg)





	35
	2000



	36
	2000



	37
	3000



	38
	2000



	39
	3000



	40
	6000



	41
	43,000



	42
	53,000



	43
	107,000



	44
	25,000



	45
	2000



	46
	2000



	47
	2000



	48
	2000



	49
	2000



	50
	2000
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Table 4. Structures and characteristics of building envelopes [20].






Table 4. Structures and characteristics of building envelopes [20].





	
Section

	
Material

	
Thickness

	
U-value (c)




	
Material

	
Total




	
(mm)

	
(mm)

	
(W/m2⋅K)






	
1st-story

floor structure

	
Concrete slab

	
210

	
415

	
0.1741




	
Insulating material

	
120




	
ALC

	
40




	
Hot-water coil

	
15




	
Mortar

	
40




	
Finishing material

	
5




	
2nd-story

floor structure

	
Gypsum board

	
10

	
425

	
0.1534




	
Air cavity

	
100




	
Concrete slab

	
210




	
Insulating material

	
20




	
ALC (a)

	
15




	
PCM (b)

	
10




	
ALC

	
15




	
Hot-water coil

	
15




	
Mortar

	
40




	
Finishing material

	
5




	
3rd-story

floor structure

	
Gypsum board

	
10

	
425

	
0.1530




	
Air cavity

	
100




	
Concrete slab

	
210




	
Insulating material

	
20




	
ALC

	
40




	
Hot-water coil

	
15




	
Mortar

	
40




	
Finishing material

	
5




	
3rd-story

roof structure

	
Gypsum board

	
10

	
490

	
0.1105




	
Air cavity

	
100




	
Insulating material

	
90




	
Concrete slab

	
210




	
Mortar

	
80




	
Exterior

wall

	
Concrete wall

	
180

	
310

	
0.2005




	
Insulating material

	
120




	
Gypsum board

	
10








(a) Autoclaved Lightweight Concrete. (b) Phase Change Material. (c) Thermal Transmittance.
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