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Abstract 

Experimental and numerical studies have demonstrated the 

great energy savings potential and CO2 emission reduction 

that can be achieved with thermally activated building 

systems (TABS). However, one downside of TABS is that 

the system has to be incorporated in the building from the 

design stage, which limits its application to new buildings. 

To encourage the application of high thermal mass radiant 

systems in refurbishment, the authors developed a radiant 

ceiling panel with incorporated phase change material 

(RCP-PCM). The focus of this study is on the control 

strategy to operate the system. Whole-building energy 

simulations have been used for evaluating the performance 

of the RCP-PCM system operating under the proposed 

control strategy. Results indicate that the control strategy 

can be regarded as effective since it can respond well to 

changes in cooling and heating demand, meet the thermal 

comfort requirements, is simple to implement, and can lead 

to an energy-efficient operation due to the capability to 

operate only at night-time. Results also show that for 

cooling-dominated climates, a phase change material 

(PCM) with a melting temperature of 21℃ is desirable to 

increase the passive cooling power of the system. However, 

in climates where both cooling and heating are required, a 

PCM with a melting temperature of 24℃ results in better 

thermal performance. The RCP-PCM system was able to 

maintain the indoor temperature within the specified range 

of thermal comfort for more than 96% of the total occupied 

hours in cooling-dominated climates and climates with both 

cooling and heating requirements.  

Key Innovations 

• A control strategy for operating a new type of high

mass radiant system that exploits the thermal

energy storage capacity of PCM is proposed.

• The proposed control strategy allows year-round

automated operation and can be used for both

heating and cooling applications.

• The proposed system and controls have a

promising potential to exploit the energy flexibility

of building thermal loads.

Practical Implications 

This paper shows that a very simple control strategy can be 

used to operate the proposed RCP-PCM system and respond 

well to changes in cooling and heating demand. Different 

from common control strategies proposed for high-mass 

radiant systems, the radiant surface temperature is an 

important feedback variable, as it determines the state of the 

PCM that is used for providing thermal energy storage 

capacity to the system.  

Introduction 

Statistics presented by the International Energy Agency 

show that the use of energy for space cooling is growing 

faster than for any other end-use in buildings (IEA, 2018). 

This trend is set to continue as local and global climate 

changes will raise demand for cooling, as well as the world’s 

economic and demographic growth in emerging economies, 

and higher comfort expectations in mature economies 

(Santamouris, 2016). In this context, it is critical to 

developing new cooling solutions that could be highly 

efficient and could exploit low-grade energy sources. 

To meet future cooling demand without dramatically 

increasing emissions, a promising and innovative 

technology to cool/heat buildings is proposed. The principle 

of the proposed system is based on a known technology such 

as an embedded water-based surface cooling system, which 

combines the advantages of radiant cooling with the 

utilization (activation) of thermal mass. The most common 

configuration of embedded radiant cooling systems is 

known as thermally activated building systems (TABS), in 

which pipes carrying water for cooling are embedded in the 

central concrete core of a building’s construction. 

As noted by Olesen & Liedelt (2001), the principle of 

radiant cooling used in TABS has the advantage of using 

relative high-water temperatures for cooling, which opens 

the possibility of exploiting low-grade energy sources 

(natural cooling sources) such as geothermal energy, 

favorable ambient air, groundwater, etc. Moreover, by using 

high-water temperature for cooling, the cooling plant of the 

system can operate at high efficiency, which leads to a 

reduction in primary energy consumption. Also, by utilizing 

the building’s thermal mass, TABS can reduce peak cooling 

loads and/or shift peak cooling loads to off-peak hours.  
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Experimental and numerical studies have demonstrated that 

TABS can be energy efficient and economically viable for 

cooling buildings and can provide an appreciated indoor 

thermal comfort (Lehmann et al., 2007; Romaní et al., 

2016). However, one downside to the application of TABS 

is that the system has to be incorporated in the building from 

the design stage, which limits its application to new 

buildings, as the piping has to be embedded into the building 

structure to take advantage of its thermal energy storage 

capacity (thermal mass). In fact, the literature shows that 

research is still required to encourage the application of 

TABS in existing buildings (Jobli et al., 2019; Romaní et 

al., 2016), which account for the largest share of the total 

building stock. As a potential solution, the system that is 

proposed in this study considers the use of a radiant ceiling 

panel with integrated PCM for providing thermal energy 

storage capacity to the system, instead of using the thermal 

mass of the building structure. 

PCMs utilize the principle of latent heat storage which 

consists of storing or releasing heat in the storage medium 

when it undergoes a phase change (from one physical state 

to another) (De Gracia & Cabeza, 2015). Various studies 

have demonstrated that correct use of the thermal storage 

capacity of PCMs can reduce peak cooling loads, can help 

in overcoming the mismatch between energy generation and 

energy use, and may also allow for smaller dimensions of 

technical equipment for cooling (Kalnæs & Jelle, 2015). As 

in the case of TABS, one of the advantages of the proposed 

PCM radiant ceiling system is that the high thermal energy 

storage capacity of the PCM can reduce peak cooling loads 

and/or shift peak cooling loads to off-peak hours. This way, 

it is possible to regenerate the PCM during unoccupied 

periods (during nighttime in office buildings), which means 

that energy costs and the size of cooling system components 

can be reduced.  

Considering the limitations of passive PCM systems 

(without any mechanical input) regarding the regeneration 

of the PCM, various research studies have focused on active 

PCM systems (with the help of mechanical equipment) 

(Navarro et al., 2016). PCM regeneration in active cooling 

systems has been generally accomplished by natural or 

mechanical ventilation, employing the lower ambient 

temperatures at night-time (Osterman et al., 2015; 

Souayfane et al., 2016). On the other hand, not many studies 

have been reported which integrate a water-based radiant 

system and PCM with potential low-grade energy sources, 

which is the focus of the proposed research.  

The literature review shows that some of the aspects that 

have not been reported in detail are the design, 

dimensioning, and control of water-based radiant cooling 

systems with integrated PCM. Generally, the determination 

of the amount of PCM that has been used in radiant cooling 

systems is based on the boundary conditions (dimensions) 

of the evaluated room and radiant panel and does not follow 

any design procedure such as the proposed for embedded 

radiant heating and cooling systems (ISO 11855-4) (ISO, 

2012). Although several authors recognize the influence of 

control strategies on the performance of the system (Farhan 

et al., 2018; Nielsen et al., 2018; Stefansen et al., 2018; 

Weinläder et al., 2016), no studies have been identified that 

focus on the development and optimization of control 

strategies for water-based radiant cooling systems with 

PCM, operating under different climate conditions. The few 

studies that included information related to system controls 

(Bogatu et al., 2019; Farhan et al., 2018; Stefansen et al., 

2018) suggested a control strategy that activates the cooling 

signal based on predefined operative temperature and 

surface temperature set points but no further information 

was provided.  

Based on the above, the authors aim to provide criteria to 

effectively design, size, and control radiant ceiling panels 

with integrated PCM. This paper explicitly presents the 

control of the proposed system, which has been developed 

as part of an integrated process that also includes the design 

and dimensioning of the system, as suggested by Tödtli, 

Gwerder, Lehmann, Renggli, & Dorer, (2007) for TABS. 

The proposed control strategies take into consideration 

previous findings that indicated that radiant cooling systems 

with PCM have an optimum performance when the cycle of 

melting and solidification is completed as much as possible 

(Allerhand et al., 2019). Based on the radiant surface 

temperature that represents the melting temperature of the 

incorporated PCM, a control strategy is proposed for year-

round automated operation, which meets the comfort 

requirements, is simple to implement, and leads to an 

energy-efficient operation. 

Methods 

To evaluate the proposed control for the RCP-PCM system, 

a whole building energy simulation tool was used. 

EnergyPlus v.9.2 was selected as it is capable of accurately 

simulating radiant system performance (Feng et al., 2014; 

Ghatti, 2003) and uses a one-dimensional CondFD solution 

algorithm to simulate the PCM (Al-Janabi & Kavgic, 2019). 

Additionally, EnergyPlus building energy models that 

include low-temperature radiant systems and PCM elements 

have been extensively validated against experimental 

measurements (Feng et al., 2016; Henninger et al., 2004).    

Description of the building model 

For the simulations, a single zone model conditioned with 

the RCP-PCM system was built in EnergyPlus. The single-

zone dimensions are 8 m x 6m x 3.2m, with a total area of 

48 m2. The single-zone model has a high-performance 

envelope with limited direct solar, which is an important 

design consideration for typical radiant designs in most 

climates (Yang et al., n.d.). This minimizes the effect of heat 

gain/loss to the exterior on the performance of the radiant 

system compared to internal gains and heat stored in the 

mass of the zone.  
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The south façade of the building model is the only exposed 

surface to outside weather conditions and has a window to 

wall ratio of 20% (a common design value for a TABS 

system) (Raftery et al., 2017). The construction of the 

exterior wall consists of three different layers, i.e. the 

outside layer is normal-weight concrete with a thickness of 

100 mm., the medium layer is insulation with a thickness of 

59 mm, and the inside layer is a plasterboard with a 

thickness of 13 mm. The total U-value of the exterior wall 

is 0.513 W/m2 K. The other three walls of the zone have an 

adiabatic boundary condition. The floor and ceiling slabs 

are made of normal-weight concrete with a thickness of 

203.3 mm and are thermally interconnected with other 

zones to represent a middle floor zone. The internal loads of 

the single zone model are reasonably uniform to represent 

an office environment. A typical office occupancy period 

was used in the simulations (Monday to Friday from 8:00 to 

18:00). The properties of the envelope constructions as well 

as the internal loads are summarized in Table 1. 

Table 1: Properties of opaque exterior envelope and 

internal loads of the simulated building zone. 

Exterior opaque envelope element 

Walls: Insulated concrete wall U-factor 0.513 W/m2 K 

Floor/ceiling: Typical insulated 

carpeted slab 

U-factor 2.25 W/m2 K 

Windows: Double pane windows 

6mm with shades 

U-factor 2.68 W/m2 K 

SHGC 0.306 

Zone loads 

People 10 m2 per person 

Lights 8 W/m2 

Plug and process 8 W/m2 

The surface area of the PCM radiant ceiling panels, supply 

water flow rates, and design cooling/heating power are 

determined based on a sizing methodology that will be 

presented in a future study. The supply water temperatures 

for cooling and heating operation are 15℃ and 45℃ 

respectively, which are typical values for water-based 

radiant systems (Uponor, 2013).  

The PCM radiant ceiling panel system has a pipe diameter, 

spacing, and depth of 15.9, 152.4, and 76.2 mm 

respectively. For the simulations, the PCM radiant ceiling 

panel was modeled as an internal source construction with 

the piping located in between two layers, i.e. the outside 

layer, which is a 20 mm thickness insulation (thermal 

conductivity of 0.04 W/mK), and the inside layer which is 

microencapsulated PCM with a thickness of 0.15 m. The 

thermal properties of the different PCMs that were used in 

the simulations are presented in Table 2.  

 

 

 

 

 

Table 2: Properties of the PCM used in the simulations. 

 CrodaTherm21 CrodaTherm24W 

Latent heat  (J/kg) 190,000 184,000 

Liquid state thermal 

conductivity (W/m-

K) 

0.15 0.16 

Liquid state density 

(kg/m3) 
850 843 

Liquid state specific 

heat (J/kg-K) 
1900 2200 

Peak melting 

temperature (C) 
21 23.8 

Solid state thermal 

conductivity (W/m-

K) 

0.18 0.22 

Solid state density 

(kg/m3) 
891 906 

Solid state specific 

heat (J/kg-K) 
2300 3700 

Peak freezing 

temperature (C) 
19 22.2 

Description of the control strategy 

A simple Rule-Based Control (RBC) was developed for 

operating the RCP-PCM system. The goal of the proposed 

RBC is to exploit the thermal energy storage capacity of the 

PCM for shifting the heating/cooling loads in time (which 

can be used for demand-side management and flexibility 

initiatives in buildings), while maintaining daytime 

occupied space thermal conditions within the ranges of 

thermal comfort specified by ASHRAE Standard 55 (-

0.5<PMV<0.5). This range can also be expressed as an 

operative temperature range between 21 – 26°C at an 

airspeed between 0.1 to 0.2 m/s, occupant metabolic rate of 

1.1 met, variations in relative humidity (between 40 to 

60%), and clothing insulation (0.6 to 1.0 clo). 

The RBC that was implemented is known as load shifting 

with fixing scheduling and has commonly been used for 

energy flexibility initiatives in buildings. The control 

strategy constrains the circulation of hot/cold water only 

during specific periods defined by a lockout period (period 

of the day in which the system cannot operate)  and an 

available period (period of the day in which the system is 

available to operate if a cooling or heating call occurs).  

Although the best conditions for operating the heating plant 

occur generally during the middle of the day, preliminary 

simulation results showed that a pre-heating period is 

necessary to maintain indoor temperatures above the lower 

limit of the thermal comfort early in the morning when the 

occupancy period begins. For this reason, the same lockout 

period was defined for heating and cooling mode (from 8:00 

to 18:00).   

The radiant zone mode, which defines the changeover 

between heating and cooling, is determined each day at the 

end of the occupied period. The system is in cooling mode 

if the maximum indoor operative temperature (calculated 
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once per day at the end of the entire occupied period) is 

greater than the upper operative temperature limit for 

comfort. If the previous condition is not met, and the 

minimum indoor operative temperature (calculated once per 

day at the end of the entire occupied period) is less than the 

lower operative temperature limit for comfort, the system is 

in heating mode. Primary heating or cooling is not required 

when the maximum and minimum operative temperatures 

remain within the comfort limits. 

The water flow rate to the RCP-PCM system is controlled 

by opening or closing a valve (on/off controller) based on 

cooling/heating calls. At the start of the available period (i.e. 

immediately after the end of the lockout period), a call for 

cooling occurs if the radiant surface temperature is greater 

than the radiant surface setpoint and the zone is in cooling 

mode. Similarly, a call for heating occurs if the radiant 

surface temperature is lower than the radiant surface 

setpoint and the zone is in heating mode. Radiant surface 

temperature setpoints are defined based on the peak 

melting/freezing temperatures of the PCMs (see Table 2). 

When a cooling call occurs, an air-cooled chiller with a 

reference COP of 2.93 supplies water at 15℃. When a 

heating call occurs, a natural gas boiler with a nominal 

thermal efficiency of 0.9 supplies water at 45℃.  

An active heating or cooling call terminates (valve 

immediately closes) at the start of the lockout period each 

day. The valve also closes immediately if the indoor 

operative temperature is higher than the upper operative 

temperature comfort limit (for heating) or less than the 

lower operative temperature limit for comfort (for cooling). 

To evaluate the proposed control strategy, two different 

climates were selected for the simulations, i.e. a cooling 

dominated climate (Miami, Florida), and a climate that 

includes periods with heating and cooling demand (Toronto, 

ON). For the last case, the system has two operation modes 

(cooling or heating) depending on the daily maximum and 

minimum operative temperatures as previously described, 

avoiding wasted energy use from heating and cooling during 

the same day. For each climate location, two PCMs with 

different melting temperatures were evaluated (see Table 2). 

All the control sequences were implemented using Energy 

Management System (EMS) objects in EnergyPlus.   

Results 

Figures 1a and 1b show the yearly simulation results of 

operative temperature and radiant surface temperature for 

the two selected locations. Cases with a PCM melting 

temperature of 21 ℃ for the Miami location and 24 ℃ for 

the Toronto location are shown. The results from an entire 

annual simulation show that the RCP-PCM system 

operating under the proposed control strategy can maintain 

comfortable conditions in both types of climates and can 

respond well to changes in cooling and heating demand.  

Given the Miami climate (Figure 1a), the simulated building 

zone spent the entire year in cooling mode (building mode 

= 1), or off (building mode = 0). As can be seen, the PCM 

panel radiant surface temperature is maintained 

approximately between 19.5 and 21.5 ℃, which 

corresponds to the peak freezing and melting temperatures 

of the PCM and represent the radiant surface temperature 

setpoints in the proposed control strategy. Considering that 

the building is mostly in cooling mode or off, the radiant 

surface temperature is always below the indoor operative 

temperature during occupation periods, which helps to 

absorb heat gains during the day.  

 

 

Figure 1: Yearly simulation results of indoor operative 

temperature and PCM ceiling panel radiant surface 

temperature for a) Miami – Fl., and b) Toronto – Canada. 

The peak melting temperature of the PCM is 21 ℃ and 24 

℃, for the Miami and Toronto case respectively. 

When the Toronto climate is considered (Figure 1b), the 

building zone spent in heating mode (building mode = -1) 

mostly from mid-October to the firsts weeks of April, and 

in cooling mode (building mode = 1) or off (building = 0) 

from June to mid-September. During the heating mode, the 

radiant surface temperature is maintained approximately 

between 22.8 and 25℃, which is generally above the zone 

operative temperature during occupied periods. This way, 

the PCM panels can maintain a comfortable temperature 

during winter days by releasing the energy stored during the 

night. On the other hand, when the system is in cooling 
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mode (building mode = 1), the radiant surface temperature 

is maintained approximately between 22 and 23.8℃, which 

is generally below the zone operative temperature during 

occupied periods. This way, the PCM panels can maintain a 

comfortable temperature during summer days by absorbing 

heat gains during the day. 

As shown in Figure 2, in terms of thermal comfort a PCM 

melting temperature of 21℃ is beneficial in a cooling-

dominated climate such as the Miami climate, while a PCM 

melting temperature of 24℃ has a better performance in 

climates that also have an important heating demand. By 

using a PCM with a melting temperature of 21℃ in Miami, 

the PCM radiant system can maintain an operative 

temperature between 21 – 26 ℃ for 99.4% of the total 

occupied hours. In the Toronto case, a PCM temperature of 

24℃ is preferable, as it helps to maintain an operating 

temperature between 21 – 26 ℃ for 96.4% of the total 

occupied hours. 

 

Figure 2: Simulated indoor operative temperature 

distribution during occupation hours. 

Figures 3 and 4 show a winter week (from January 4th to 

January 11th) and summer week (from July 12th to July 

19th) of data to illustrate how the proposed control strategy 

operates in both cooling and heating mode in the Toronto 

climate. In heating mode (Figure 3), the beginning of the 

selected period shows that the RCP-PCM system is 

operating, i.e. water is flowing through the tubing to charge 

the PCM (melt the PCM). By circulating hot water at 45℃, 

the PCM reaches a temperature of 25℃ which is an 

indication that the PCM is melted. After reaching 25℃, the 

circulation of hot water stops, and the PCM starts to release 

the stored heat into the zone right before the occupation 

period starts. In the following occupied days, the high latent 

heat of the PCM and the zone internal gains help to maintain 

a radiant surface temperature above or equal to 23℃ at the 

end of the occupation periods, which prevents the 

circulation of hot water. Hot water circulates again at the 

end of the occupied period on Friday, as the PCM radiant 

surface temperature drops below 23℃. Considering that 

during the weekend there are no internal heat gains in the 

zone, the PCM radiant system generally has to operate to 

avoid a drop in the PCM temperature and indoor operative 

temperature. This way, when the weekend is over and the 

working week starts on Monday morning, the PCM is 

“charged” at 25℃ and ready to release the stored heat 

during the occupied period.    

In cooling mode (Figure 4), chilled water at 15℃ generally 

circulates after every occupied period (weekdays) to 

“recharge” (solidify) the PCM (release the stored heat into 

the water loop) by bringing its temperature down to around 

22℃. After reaching 22℃, the circulation of chilled water 

stops, and the PCM starts to absorb the heat gains from the 

zone right before the occupation period starts. During the 

occupation period, the PCM increases its temperature to 

around 23.8℃ (by absorbing zone heat gains), which is an 

indication that the PCM is mostly in a liquid state. 

Considering that during the weekend there are no internal 

heat gains in the zone, the PCM absorbs less heat than 

during weekdays, which prevents the circulation of chilled 

water as the PCM temperature does not reach the defined 

setpoint (23.5℃).  

Discussion of results 

Though the proposed control strategy does not find the 

optimal control solution by any means, it can be regarded as 

effective as it can respond well to changes in cooling and 

heating demand, meet the thermal comfort requirements, is 

simple to implement, and can lead to an energy-efficient 

operation due to the capability to operate only at night-time. 

This was demonstrated in another study (Gallardo & 

Berardi, 2019) where the energy consumption of a DOE 

medium office prototype building model with a 

conventional all-air system was used as a baseline for 

comparing the proposed system and controls. The results 

showed that the RCP-PCM system can yield energy savings 

of around 48% compared to conventional all-air systems in 

very hot and humid climate conditions. The energy savings 

are mainly due to a reduction in the energy consumption of 

the cold generation system (night-time operation improved 

the plant efficiency) and lower energy use for ventilation 

compared with conventional all-air systems. The high 

thermal energy storage capacity of the system allows the 

designer or operator to choose a specific operation time. 

However, it is important to note that for heating 

applications, the results indicate that a pre-heating period is 

necessary to pre-condition the space and maintain the 

temperature within thermal comfort limits in the early 

morning hours when the occupancy period begins. Although 

under these conditions the heating plant does not reach its 

highest efficiency, operating during unoccupied hours has 

the advantage of shifting loads to non-peak periods. Future 

research will evaluate the energy performance of the system 

for heating applications with different lockout periods. 
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Figure 3: Time-series for several winter days (from January 4th to January 11th) in Toronto - Canada for the PCM radiant 

system in heating operation mode. 

 

Figure 4: Time-series for several summer days (from July 12th to July 19th) in Toronto - Canada for the PCM radiant system 

in cooling operation mode. 

It is important to highlight that the control sequences that 

are proposed in this study are part of an integrated process 

that includes the design and dimensioning of the RCP-PCM. 

The methodology used to design and size the system apply 

to cases where: 

• The building has a standard performance envelope with 

limited direct solar gains (up to 30% window to wall 

ratio). 

• The change in heat/gain loss through the envelope is 

relatively small compared to internal gains.  

• The building space has reasonably uniform internal 

loads from day to day, such as an office environment.  

Conclusions 

The system and the control strategy proposed in this study 

show promising potential to promote energy flexibility 

initiatives in buildings. Generally, these types of initiatives 

can only be applied in a certain type of buildings (with high 

thermal mass) or may require a large space within the 

building (when using thermal energy storage (TES) tanks), 

so their application is still limited. The proposed system can 

overcome these limitations, as it can be installed in any type 

of office buildings without occupying useful space, as it 

takes advantage of the high thermal energy storage capacity 

of the PCM that is discreetly incorporated into standard 

radiant ceiling panels. 

Simulation results showed that for cooling-dominated 

climates, a melting temperature of 21℃ is desirable to 

increase the passive cooling power of the system. However, 

in climates where both cooling and heating are required, a 

melting temperature of 24℃ results in better thermal 

performance. The RCP-PCM system was able to maintain 

the indoor temperature within the specified range of thermal 

comfort for more than 96% of the total occupied hours in 

cooling-dominated climates and climates with both cooling 

and heating requirements.  
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