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Abstract

:

The objective of this research is to establish an appropriate operating strategy for a radiant floor heating system that additionally has an air source heat pump for providing convective air heating separately, leading to heating energy saving and thermal comfort in residential buildings. To determine the appropriate optimal operating ratio of each system taking charge of combined heating systems, the energy consumption of the entire system was drawn, and the adaptive floor surface temperature was reviewed based on international standards and literature on thermal comfort. For processing heating loads with radiant floor heating and air source heating systems, the heating capacity of radiant floor heating by 1 °C variation in floor temperature was calculated, and the remaining heating load was handled by the heating capacity of the convective air heating heat pump. Consequently, when the floor temperature was 25 °C, all heating loads were removed by radiant floor heating only. When handling all heating loads with the heat pump, 59.2% less energy was used compared with radiant floor heating only. Considering the local discomfort of the soles of the feet, the floor temperature is expected to be suitable at 22–23 °C, and 31.5–37.6% energy saving compared with those of radiant floor heating alone were confirmed.
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1. Introduction


Recently, in East Asian countries, the air heating approach with an air source heat pump as a residential heating system is attracting much interest because it has been considered as a renewable energy technology in Europe [1]. In Korea, hydraulic radiant floor heating with a gas-fired boiler releasing flue gas to the atmosphere has been commonly used for heating in most residential buildings, including high-rise apartment houses [2]. Radiant floor heating systems have an advantage in terms of thermal comfort, but their slow response to heating load variation [3,4] is undesirable in current buildings as a heating system because it requires a fast or immediate response to the space heating demand [5].



In terms of thermal comfort, many researchers [6,7,8,9] have addressed that radiant floor heating systems are more thermally comfortable due to indirect heat transfer by less heated structures, resulting from the reduction in temperature difference. Imanari et al. [7] also conducted numerical simulations and experiments and concluded that a radiant ceiling panel system creates a more thermally comfortable environment. Sastry et al. [8] concluded that a properly designed radiant system has 18% fewer dissatisfied occupants than a variable air volume system. Al-Othmani et al. [9] found that radiative heating systems interact more with occupants; thus, the target thermal comfort is achieved in a shorter time compared with the convective system. However, as Lin et al. [10] and Sun et al. [11] argue, a convective heating system with a quick reaction is more comfortable than several other types of radiant heating systems; however, there are still some arguments against this idea and further studies are being conducted for its verification [12].



Meanwhile, it is also essential to reduce energy consumption in buildings using high-efficiency heating systems. Radiant heating systems have been considered as energy-conservative heating systems [7,8,13] for a while; however, recent studies [10,14,15,16] have indicated that convective air heating systems consumed less energy than radiant floor heating systems as very efficient systems are developed such as heat pumps. Kim [14] also obtained the result that the convective heating system has the advantage of energy efficiency compared with the radiant heating system, which rather has strength in thermal comfort. Wang et al. [5] described that convective heating is more suitable for intermittent heating because radiant heating requires a higher heating capacity to offer preheating, and it takes time to heat because of its high thermal mass. Thus, it should be an appropriate heating solution in modern houses where the heating load is very low and needed to cover in a very short time. Martinopoulos et al. [15] considered that the heat pump air-conditioning system was the best overall system from the investigated areas and could be coupled with renewable energy systems. Thus, it is necessary to provide a viable key for nearly net-zero-energy buildings.



In terms of the heating mechanism, radiant heating and convective heating have competitive and complementary relations, while there are limited studies addressing effective combinations of both heating systems that maximize the benefit of each system in terms of energy conservation. Consequently, in this study, to maximize the advantages of a radiant floor heating system and a convective air heating heat pump, we analyzed the operating strategies of the combined systems focused on the energy performance via a detailed energy simulation while considering the thermal comfort of occupants in a conditioned space. Desirable operating conditions and heating responsibility ratio of each system that provide the lowest primary energy consumption compared with the reference system are suggested.




2. Entire System Overview


The combined system proposed in this research (Figure 1) comprises a gas-fired boiler-driven radiant floor heating, an electric convective air heating heat pump, and a ventilator. An enthalpy recovery ventilator (ERV) was installed to supply the fresh ventilation air obligatorily required for the residential space.



In the radiant floor heating system, a gas-fired boiler was used to produce hot water circulating in the radiant floor. The heat is transferred from hot water pipes embedded in a concrete slab and then released from the heated floor to the conditioned space via convective and radiative heat transfer. According to existing literature [17,18], the heating capacity of radiant floor heating depends strongly on the spacing of the hot water pipes, diameter of the pipe, heat conductivity of the pipe, heat resistance of the slab, hot water temperature, and mass flow rate. These variables were reflected on simulation of heating capacity and energy calculation varied by floor temperature on following part.



Additionally, the deposited heat pump needs to accommodate the remaining heating load that is not met by the radiant floor under a different given operating condition by floor temperature. The heat pump reclaimed heat from the outside atmospheric air for space heating, so that freezing temperature conditions could affect the performance of the heat pump.



To supply fresh ventilation air to the conditioned residence with a minimized volume of preconditioned outdoor air, the enthalpy recovery ventilator was considered, which is a kind of dedicated outdoor air system (DOAS). The enthalpy exchanger reclaims heat and moisture from the exhaust air stream from the rooms and transfers them to the ventilation airside during the heating period.




3. System Sizing


3.1. Design Heating Load of a Model Space


In order to obtain the design (or peak) heating load for sizing the combined system, a 100 m2 model space conditioned was defined, and its physical parameters required for the hourly heating load estimation are summarized in Table 1. The window-to-wall ratio, U-value, and room set-point conditions were determined by considering local design standards [19,20]. The hourly heating load profile of the model space for the heating period was obtained using a commercial building energy simulation program (i.e., TRNSYS 18).



The ventilation rate was determined based on the ASHRAE Standard 62.2 [21]. Because the ERV was applied in the model space, the hourly ventilation load (    Q ˙   v e n t    ) was estimated using Equation (1). The ventilation air temperature leaving the ERV (   T  e r v    ) was determined using Equation (2) with the assumption that the sensible effectiveness of the ERV (   ε  e r v    ) was 70% [22]. The calculated hourly ventilation load was added to the building’s heating load profile. Consequently, the design (peak) heating load that the combined system must deal with was 4.3 kW. Thus, all components of the combined system were sized to meet this design heating load.


    Q ˙   v e n t   =  ρ  o a   ·   V ˙   v e n t   ·  c p  ·  (   T  r a   −  T  e r v    )   



(1)






   T  e r v   =  T  o a   −  ε  e r v   ·  (   T  o a   −  T  r a    )   



(2)








3.2. Air Source Heat Pump Sizing


The heating capacity of the heat pump was selected to meet the 4.3 kW design heating load of the model space. The design supply airflow rate of the heat pump (    V ˙   s a , d e s i g n    ) was determined to be 1000    m 3  / h   by considering the nominal supply airflow rates of several commercial heat pumps found in the market applicable to the model space [23]. Under the given design condition, the supply air temperature (   T  s a    ) of the heat pump was determined to be 34 °C using Equation (3) [24]. The condenser temperature (   T  c o n d    ) of the heat pump should be at least 40 °C, as determined using Equation (4), when the heat exchange effectiveness (   ε  h e x    ) between the condenser and return air from the conditioned space was 70%, which is within the range of typical condenser temperatures for heating [25,26,27]. It was assumed that the auxiliary electrical resistance heater would be activated when the supply air temperature was lower than the setpoint temperature (i.e., 34 °C).



The evaporator temperature (   T  e v a p    ) was set to −20 °C to absorb sufficient heat from the outdoor air under the design condition (i.e., −11.3 °C) [23]. The outdoor airflow rate at the evaporator (    V ˙   e a    ) was set to 1000      m   3  / h  . The heat exchange effectiveness between the evaporator and the outdoor air was assumed to be 70%, and the evaporator leaving air temperature (   T  e a    ) was determined using Equation (5).


   T  s a   =    L  s e n   +  L  v e n t      ρ  s a   · c  p a  ·   V ˙   s a , d s     +  T  r a    



(3)






   T  c o n d   =    T  s a   −  T  r a      ε  h e x      



(4)






   T  e a   =  T  o a   −  ε  h e x   ·  (   T  e v a p   −  T  o a    )   



(5)







The refrigerant used in the heat pump was R410A. Figure 2 shows the pressure–enthalpy diagram of the heat pump cycle under the design operating condition. The process line of points 1–2 is the process at the compressor, points 2–3 is the process at the condenser, points 3–4 is at the expansion valve, and points 4–1 is at the evaporator. Point 2 was determined using Equation (6) by applying a compression efficiency (   η  c o m p    ) of 75% [28].


   h 2  =    h  2 , i d e a l   −  h 1     η  c o m p     +  h 1   



(6)






   W  c o m p   = G ·  (   h 2  −  h 1   )   



(7)






   Q  h p , c o n d   = G ·  (   h 2  −  h 3   )   



(8)






   Q  h p , e v a p   = G ·  (   h 1  −  h 4   )   



(9)







The impact of the inverter control of the compressor was considered by varying the refrigerant flow rate based on the heating demand [27]. The coefficient of performance of the heat pump was calculated using Equation (10). The power consumption of the heat pump (   P  h p    ) was calculated using Equation (11). Additionally, the horsepower of the compressor (  P S  ) is provided in Equation (12). It was assumed that the mechanical efficiency of the compressor was 70%. Consequently, the specifications of the heat pump selected for heating the model space are summarized in Table 2.


  C O  P  h p   =  Q  h p , c o n d   / A W  



(10)






   P  h p   = A W · G  



(11)






  P S =   A W ∗ 0.239006 ∗ G   632 ∗  η  m e c h      



(12)








3.3. Radiant Floor Heating Sizing


In this simulation, it is assumed that the radiant floor is sufficiently insulated without any heat loss to the outside of the radiant floor. Thus, hot water carrying heat through the hydraulic pipe transfers the entire potential heating capacity to the floor, and the heat is delivered to the room through the heated floor. The heat transfer rate of the radiant floor was calculated in steady-state thermal equilibrium. It was assumed that the supply water temperature (   T  s w    ) was 40 °C, and the difference between supply and the return water (   T  r w    ) temperatures was 15 °C.



The total heating capacity of radiant floor heating (   Q  R F H    ) supplies the building heating load (   Q  l o a d    ) with the assistance of the air-to-air heat pump (   Q  H P    ), as expressed in Equation (13). Regarding the hydraulic radiant floor, the heat transfer rate of the hydraulic radiant floor was controlled to vary the mass flow rate of the supply water (    m ˙  w   ). The specific heat of the water was also varied according to the water temperature.


    Q ˙   l o a d   =   Q ˙   R F H   +   Q ˙   H P    



(13)






    Q ˙   R F H   =   m ˙  w  ·  c p  ·  (   T  s w   −  T  r w    )   



(14)







Furthermore, the total amount of heat transfer can be calculated considering the effect of convection heat transfer and radiation heat transfer regarding room air in the model building. In this study, because energy was simulated under a steady state, the average of unheated surface temperatures (  A U S T  ) was assumed to reach 20 °C, which is the room air temperature (   T a   ) in the space (i.e., Equation (15)) [29,30]. Thus, the convective heat transfer coefficient and radiant heat transfer coefficient were integrated into the overall heat transfer coefficient (   h o   ). The total amount of heat transfer rate was calculated using the heated surface area (   A  f l o o r    ), overall heat transfer coefficient (   h o   ), and the difference between the floor surface temperature and mean radiant temperature (  M R T  ). MRT can be obtained using Equation (16) with the floor area (   A  f l o o r   )  , other structural surface areas (   A  w a l l    ), floor surface temperature (   T  f l o o r    ), and the average of unheated surface temperatures (  A U S T )   of walls and ceiling. The overall heat transfer coefficient (   h o   ) was acquired using Equation (17) with floor surface temperature (   T  f l o o r   )   and operative temperature (   T  o p    ), which can be found in DIN EN 1264–2 [31]. The overall heat transfer coefficient variation floor temperature is shown in Figure 3. The operative temperature of the model space was obtained as the arithmetic average of room temperature (   T a   ) and mean radiant temperature (  M R T )   [32]. The settings and conditions in the simulation were referenced from previous research on acquiring floor surface temperature [33,34,35].


    Q ˙   R F H   = A ·  {   h  r a d   ·  (   T  f l o o r   − A U S T  )  +  h  c o n v   ·  (   T  f l o o r   −  T a   )   }   



(15)






    Q ˙   R F H   =  A  f l o o r   ·  h o  ·  (   T  f l o o r   − M R T  )   



(16)






   h o  = 7.67 ·    (   T  f l o o r   −  T  o p    )    0.1    



(17)






  M R T =    T  f l o o r   ·  A  f l o o r   + A U S T ·  A  w a l l      A  t o t a l      



(18)






   T  o p   =    T a  + M R T  2   



(19)









4. Energy Simulation


4.1. Air Source Heat Pump


The flow rate of supply air (    V ˙   s a , p r e s e n t    ) was determined by the loads to be handled, as described in Equation (20). The effectiveness of the heat exchange (   ε  c o n d    ) between the condenser and return air from the conditioned room was set to 70%, based on research on the heat exchange effectiveness [22]. The airflow rate of the exhaust at the evaporator (    V ˙   e a    ) was determined by the amount needed at the condenser using Equation (21). When the amount of heat from 1000    m 3  / h   of outside air at the evaporator is insufficient compared to the amount needed at the condenser for the heating load, the auxiliary heater was switched on to heat the supply air. The components such as fans and auxiliary heaters were operated as the building load varied, and their energy consumption was determined to vary.


    V ˙   s a , p r   =     L ˙   s e n   +   L ˙   v e n t      ρ  s a   · c  p a  ·  (   T  s a   −  T  r a    )     



(20)






    V ˙   e a   =     Q ˙   e v a p , a c   ∗ G    ρ  e a   · c  p a  ·  (   T  o a   −  T  e a    )     



(21)







The heat exchange amounts at the evaporator and condenser were calculated on the air sides and the component sides. First, the amount of refrigerant ( G ) needed to transfer sufficient heat to the condenser was calculated using Equation (22), dividing the heating capacity by the heating effect. The heating capacity (   Q  a , c o n d    ) is the same as the building load to be handled and the amount of heat exchange on the airside supplied to the room. The heating effect (   Q  h p , c o n d    ) can be obtained by the enthalpy difference from the pressure–enthalpy diagram in Figure 2, corresponding to the heat dissipation in the condenser.



The cooling capacity (   Q  a , e v a p    ) and cooling effect (   Q  e v a p , a c    ) of the evaporator side was calculated using the circulating refrigerant. The cooling capacity (   Q  a , e v a p    ) indicates the amount of heat in the outdoor air cooled by the heat absorption of the evaporator, and it can be determined using the density of the air (   ρ  o a    ), its specific heat (  c  p a   ), its volume flow rate (    V ˙   e a    ), and the temperature difference between the front and back of the heat exchanger, as seen in Equation (25). The cooling effect (   Q  e v a p , a c   )   is the actual cooling amount of the evaporator, indicating the amount of heat the evaporator can absorb from the outdoor air with the circulating refrigerant ( G ). Moreover, the cooling effect (   Q  e v a p , a c   )   can be obtained using Equation (23), by multiplying the enthalpy difference between points 1 and 4 by the flow rate of the circulating refrigerant.



The temperature of the outdoor air (   T  e a    ) exchanged in the evaporator can be obtained using Equation (24). The ambient air conditions used were calculated as −11.3 °C and 50% according to the domestic design standard [19]. The heat exchange effectiveness (   ε  c o n d   ,    ε  e v a p    ) of the condenser and evaporator was calculated to be 70% with reference to the preceding study [22].


  G =     Q ˙   a , c o n d      q  h p , c o n d     =     L ˙   s e n   +   L ˙   v e n t      h 2  −  h 3     



(22)






    Q ˙   e v a p , a c   =   Q ˙   h p , e v a p   · G =  (   h 1  −  h 4   )  · G  



(23)






   T  e a   =  T  o a   −  ε  h e x   ·  (   T  e v a p   −  T  o a    )   



(24)






    Q ˙   H P   =  ρ  o a   ·   V ˙   e a   · c  p a  ·  (   T  o a   −  T  e a    )   



(25)








4.2. Boiler


To process the required heating loads in a radiant heating system, a conventional gas boiler was used to supply hot water to the pipe under the floor. The boiler was operated to modulate the part-load ratio depending on the heating loads to be processed. The part-load ratio of the boiler is the ratio of the present heating load to the design heating capacity of the boiler, as reported in a previous paper [36].



The boiler energy (   Q  b o i l e r    ) was calculated using the simple hot water boiler Equation (27), as suggested by EnergyPlus [37], which considers the efficiency of a boiler and the boiler efficiency performance curve (BEC) (i.e., Equation (26)). The efficiency of the boiler (   η  b o i l e r    ) was 90% in this study [38]. The constants used in Equation (26) are described as follows:


   C 1  = 0.626428326 ,        C 2  = 0.645643582 ,        C 3  = − 0.77720685 ,        C 4  = 0.313806701  










  B E C =  C 1  +  C 2   (  P L  R  b o i l e r    )  +  C 3     (  P L  R  b o i l e r    )   2  +  C 4     (  P L  R  b o i l e r    )   3   



(26)






    Q ˙   b o i l e r   =   Q ˙   l o a d   /  (   η  b o i l e r   · B E C  )   



(27)








4.3. Model of Other Components


4.3.1. Fan


As shown in Figure 1, two variable air volume fans were used—a supply fan and a return fan in the heat pump. The ERV also comprises two variable flow fans as a heat pump—a supply fan and a return fan.



The power of the variable flow fans was estimated using the general variable-air-volume fan power Equations (28)–(30) stated by ASHRAE 90.1 [39]. The part-load ratio of the variable flow fan is the ratio of the present airflow rate (    V ˙   a , p r e s e n t    ) to the design airflow rate (    V ˙   a , d e s i g n    ). The efficiency of each fan was assumed to be 50%. The total fan power was estimated to sum up every fan equipped in the heat pump and ventilation system, as shown in Equation (31).


   P  f a n , d s   =    ρ  r a   ∗   V ˙   a , d s   ∗ P D    η  f a n      



(28)






  P L  R  f a n   =     V ˙   a , p r       V ˙   a , d s      



(29)






   P  f a n , p r   =  P  f a n , d s   ∗ ( 0.0013 + 0.1470 ∗ P L  R  f a n   + 0.9506 ∗ P L  R  f a n  2  − 0.0998 ∗ P L  R  f a n  3   



(30)






   P  f a n , t o t a l   =  P  f a n , s a , p r   +  P  f a n , e a , p r   +  P  f a n , e r v , p r   ∗ 2  



(31)








4.3.2. Pump


The radiant floor heating system comprises a pump for supplying hot water. The power of the pump was estimated using Equation (32), with variables such as density (   ρ w   ), gravitational acceleration ( g ), water flow rate (    V ˙   w a t e r    ), head loss ( H ), and pump efficiency (   η  p u m p    ). The efficiency of the pump was set at 60%, and head loss was assumed to be 20, as reported in a previous study [40].


   P  p u m p   =  (   ρ w  ⋅   V ˙   w a t e r   ⋅ g ⋅ H  )  /  η  p u m p    



(32)








4.3.3. Auxiliary Heater


For the auxiliary heater, an electric heating coil was used in this research. As explained above, the heating coil was switched on only when the supply air could not reach the desired value. The heating capacity to process with the electric heating coil (   Q  e h    ) can be obtained using Equation (33).


   Q  e h   =  (   Q  e v a p , a c   −  Q  a , e v a p    )  / 0.7  



(33)









4.4. Turndown Ratio


When the combined system was used to treat the heating load, the appropriate capacity of each component was estimated via simulation. To restrict the extreme capacity adjustment to the required load, the turndown ratio of each value in Table 3 was used for each component in the entire system.


   Q  a c   =  Q  d s   ∗ T D R  



(34)








4.5. Adaptive Floor Temperature


In order to share the heating rates of the two combined systems—radiant floor heating and heat pump systems—the former was operated by changeable floor temperature within acceptable ranges, and the remaining load was treated with the heat pump. This floor surface temperature is suggested in the following international standards: ISO 11855–1 of Europe [42] and ASHRAE Standard 55 of the United States [43]. They are mostly 19–29 °C for a sedentary, standing, or walking situation. These standards were based on early studies on thermal comfort [8,44,45,46,47]. In China, 24–30 °C as the appropriate floor surface temperature has been proposed for designing radiant floor heating for various spatial purposes [48,49]. An upper limit of the surface temperature was also suggested in case of skin burns or discomfort, while a lower limit is not required. The Japanese committee on the radiant floor heating amenity also determined comfortable floor temperature and confirmed the upper and lower limits of floor temperature as 31 °C and 25 °C, respectively [50].



However, countries such as Korea, where the radiant floor system has been used as the main heating method for a long time, have relatively higher standards regarding public awareness because of their living environment and established habits. Particularly, in Korea, the traditional radiant floor heating system called Ondol has a great effect on the Korean habits of heating. They are accustomed to higher floor temperatures compared with air, that is in the range of 30.6–38.8 °C because radiant floor heating takes quite a long time to heat a room, and the insulation of outer rooms is not sufficient in ancient typical houses compared with contemporary houses [51].



However, in a warm indoor environment, floor temperature can be lowered to comply with the western standards because building loads are lowered with buildings becoming well-insulated and highly air-tight. In one study focused on floor surface temperature, the room air temperature was maintained at 20 °C. Thus, the comfortable floor temperature was in the range of 25–31.3 °C [52]. Another study by Song et al. stated that the floor surface temperature in the low metabolism state is 23–33 °C [53]. Via these researches, a distinct possibility was obtained for lowering floor surface temperatures when integrating convective air heating based on several studies.





5. Simulation Results and Discussion


5.1. Energy Consumption by Floor Surface Temperature


Energy simulations were conducted from December to March during the heating period of the simulation year, and the sum of the energy consumed during this period was added to the results. Figure 4 shows the primary energy consumption of each component with changes in floor temperature in the entire system, combined with radiant floor heating and a heat pump system. Primary energy factors of 2.75 for electricity and 1.1 for gas were used to convert the primary energy of each component. The heat pump, fan, pump, and auxiliary heater use electricity, while the boiler uses gas.



To provide radiant floor heating, the energy consumptions of the boiler and pump were computed. As the floor temperature increased by 1 °C, these components consumed more energy with a linear dimensional change, but the energy consumption of the boiler did not affect the low floor temperatures (i.e., 21 °C and 22 °C) because the boiler was affected by the turndown ratio. The remaining load in the conditioned zone after the radiant floor system removed some of the heating load was handled by a heat pump. In the air-to-air heat pump, the energy consumptions of the heat pump and fans in the evaporator and condenser were computed to provide the remaining load. As the floor temperature increased by 1 °C, these components in the convective heat pump consume less energy with a relatively proportional variation. Radiant floor heating and heat pump systems comprise components that are able to handle part loads such as inverter heat pumps, variable airflow fans, and water flow pumps. Therefore, the energy consumed by each component under the heating load tends to increase and decrease linearly. The energy consumption of fans in the ERV was also added to the total energy consumption of fans.



Overall, it was shown that energy consumption also increases with increasing temperature because the boiler in radiant floor heating consumes more energy than the compressor in the heat pump when dealing with the same load. When the floor temperature was 20 °C, all loads were treated with the heat pump system alone and consumed 8.5 MWh in total, saving 59.2% compared with those at 25 °C, when all loads were treated with the radiant floor heating system.




5.2. Heating Ratio of Two Heating Systems


The heating charge ratios of radiant floor heating and the heat pump system with the variation in floor temperature are shown in Figure 5. When the floor temperature was 20 °C, only the heat pump was operated to handle the indoor heating load. When the floor temperature was 25 °C, all the heating load could be removed with the radiant floor heating system alone. For radiant floor heating, a higher floor temperature (i.e., over 26 °C) was not necessary due to the low heating load of highly insulated and air-tight buildings. When the floor temperature was 22–23 °C, the heating ratio of the heat pump handling was 14–43% of the total heating load. This can be applied to heat pumps and all kinds of convective air systems because the heating ratio denotes the amount of heating load that can be divided to take charge by two convective and radiant heating systems, resulting in different amounts of energy consumption.




5.3. Discussion


Concerning the acceptable floor temperature, previous researches have mostly proposed higher floor temperatures, which are described in the adaptive floor temperature chapter above; however, they are only purposed for radiant floor heating systems, and not radiant floor heating combined with other heating methods. Thus, the applicable range of International floor temperature standards (i.e., 19–29 °C) can be applied to the proposed combined heating system. Consequently, most recently built buildings, such as zero-energy buildings, are highly insulated and air-tight, and thus, they have a reduced load. Therefore, the heating load can be removed with a floor temperature of 25 °C. If air heating facilities are combined, the floor temperature can be reduced to 22–23 °C to lower the local discomfort of the foot while saving approximately 31.5–37.6% in energy in the case of the heat pump.





6. Conclusions


This study extends heating methods using radiant and convective systems by taking advantage of efficient energy consumption and thermal comfort. In the combined system, a radiant floor heating system was combined with a convective air heat pump to accomplish these two purposes. To analyze the performance of the entire system, the primary energy consumption estimated as the floor temperature was varied by 1 °C. Consequently, setting the floor temperature to 20 °C, the heat pump consumed 8.5 MWh of primary energy and saved 59.2% of the energy when setting the floor temperature to 25 °C. Moreover, the radiant floor heating system consumed 20.9 MWh of primary energy. When the floor temperature was set at 22–23 °C considering local discomfort of the foot, the primary energy consumption decreased by 31.5–37.6%, thus achieving both purposes simultaneously.



These integrated operation strategies considering floor discomfort and energy saving can be applied to apartment buildings in the upcoming future, where both radiant floor and convective air heating systems are established. However, depending on the lifestyles of occupants, whether mainly standing or sedentary, floor temperature can be adjusted, and energy-saving rates and heating ratio based on the floor temperature will be predictable through the simulation results of this study. Based on this research, an experimental study with detailed control logic for the systems is required in future studies.
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Nomenclature




	
T

	
Temperature [°C]




	
   m ˙   

	
Mass flowrate of water [kg/h]




	
   V ˙   

	
Volume flowrate of air [m3/h]




	
    C p    

	
Specific heat [kJ/kg°C]




	
G

	
Circulating refrigerant [kg/h]




	
    h x    

	
Enthalpy (x = 1, 2, 3, 4) [kg/h]




	
h

	
Heat transfer coefficient [W/m2°C]




	
L

	
Heating load [kW]




	
     Q ˙   H P     

	
Heating capacity of convective air heating heat pump [kW]




	
     Q ˙   R F H     

	
Heating capacity of radiant floor heating system [kW]




	
    W  c o m p     

	
Compressor work [kJ/kg]




	
Abbreviations




	
ERV

	
Enthalpy recovery ventilator




	
AUST

	
Average of unheated surface temperature




	
MRT

	
Mean radiant temperature




	
COP

	
Coefficient of performance




	
Greek Symbols




	
  η  

	
Efficiency [-]




	
  ε  

	
Effectiveness [-]




	
  ρ  

	
Density [m3/kg]




	
Subscripts




	
RFH

	
Radiant floor heating system




	
HP

	
Convective air heating heat pump system




	
a

	
Air




	
w

	
Water




	
ra

	
Return air




	
sa

	
Supply air




	
oa

	
Outdoor air




	
ea

	
Exhaust air




	
vent

	
Ventilation




	
sen

	
Sensible




	
hp

	
Heat pump




	
evap

	
Evaporator




	
cond

	
Condenser




	
comp

	
Compressor




	
conv

	
Convective heating




	
rad

	
Radiant heating




	
hex

	
Heat exchange




	
ac

	
Actual




	
pr

	
Present




	
ds

	
Design




	
mech

	
Mechanical




	
o

	
Overall




	
op

	
Operative temperature
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Figure 1. Schematic of the combined system. ERV: enthalpy recovery ventilator. 
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Figure 2. Pressure–enthalpy diagram of the designed heat pump. 
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Figure 3. Overall heat transfer coefficient in radiant floor heating system. 
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Figure 4. Primary energy consumption of the systems with variation in floor temperature. 
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Figure 5. Heating charge ratio of the systems with variation in floor temperature. HP: convective air heating heat pump, RFH: radiant floor heating system. 
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Table 1. Physical parameters of the model space. rad: radiant heating, conv: convective heating.
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Location

	
Seoul, South Korea




	
Volume

	
10 m × 10 m × 3 m, 300 m3




	
Indoor air condition

	
Dry-bulb temperature (   T  z o n e    ) = 20 °C




	
Relative humidity (  R H  ) = 40%




	
Window-to-wall ratio

	
0.25




	
Occupants

	
5 people




	
Internal heat gains

	
Lights

	
1.9 W/m2 (rad), 0.8 W/m2 (conv)




	
Equipment

	
1.6 W/m2 (rad), 6.4 W/m2 (conv)




	
People

	
50.5 W/person (rad), 50.5 W/person (conv)




	
U-value

	
Exterior wall

	
0.117 W/m2




	
Window

	
0.95 W/m2




	
Peak heating load

	
Envelope

	
3.7 kW




	
Ventilation

	
0.6 kW
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Table 2. Specifications of the heat pump selected. COP: coefficient of performance.
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	Specification
	Value





	Condensing temperature (   T  c o n d    )
	40 °C



	Evaporating temperature (   T  e v a p    )
	−20 °C



	Design condition of outdoor air
	−11.3 °C, 50%



	Heating capacity
	4 kW



	COP
	3.16



	Circulating refrigerant (G)
	7 kg/h



	Nominal horsepower (PS)
	2.5 PS
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Table 3. Turndown ratios.






Table 3. Turndown ratios.





	Component
	Value





	Heat pump
	0.25 [41]



	Boiler
	0.25 [39]



	Fan
	0.1



	Pump
	0.1
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