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ABSTRACT
The scope of this parametric simulation study was to identify the optimal combination of set-points for different parameters of a radiant PCM ceiling
panels cooling system that will result in the best indoor thermal environment with the least possible energy use. The results showed that for each parameter
examined, a different set-point value was optimal for the thermal environment than the value that was optimal for the reduction of energy use. Therefore,
two additional simulations were run, one with the combination of set-point values that resulted in the improvement of the thermal environment and one
with the set-point values resulting in the reduction of energy use. In the first case, the temperature was within the range of Category III of EN 15251 (23
– 26°C, 73.4 – 78.8°F) for 83.5% of the occupancy time, while in the second case it was within Category III for 39.4%. In the first simulation, the
energy usage of the pumps and the heat pump was 178 kWh, 608 kBtu, while for the second one it was 36 kWh, 121 kBtu. It was concluded that the
optimal combination of set-point values to provide the most comfortable thermal environment was to activate the pump circulating water to the PCM no
earlier than 03:00 and get activated when the temperature in the storage tank was below 21°C, 69.8°F, activate the heat pump no earlier than 05:00
and get activated when the temperature in the storage tank was below 15°C, 59°F, and lastly have a temperature difference between the output of the
solar panels and the temperature in the middle of the storage tanks of 5 K, 9°F.
INTRODUCTION

As HVAC systems advance, their operation and control system becomes increasingly complicated, consisting of
multiple conditions and parameters, which interact with each other. In order to optimize the operation of a control
system, the ideal combination of set-points for these parameters needs to be realized, aiming at providing an
acceptable indoor environment, as this is defined by the standards, and at the same time reducing the energy use as
much as possible. The operation optimization of the controller of radiant heating and cooling systems has been the
subject of several studies, both simulations and experimental.
Sourbron and Helsen (2013) studied the impact of using different temperature (air, operative, surface and core
temperature) for controlling a Thermo Active Building System (TABS) and different setpoint values for these
parameters. They concluded that the controller settings, apart from the indoor thermal environment and the energy
use, affect considerably also the required power of the heating and cooling source. In addition to that, inappropriate
control settings resulted in switching between heating and cooling mode during the same day, resulting in a significant
increase of the energy used by the radiant system.
Tödtli et al. (2007) and Gwerder et al. (2008) studied the coupling of TABS control with building automation
and developed a tool for dimensioning the TABS using the “Unknown-But-Bounded” method. With this method
they were able to verify the system’s applicability for a given situation, determine the maximum heating/cooling
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capacity and maintain the thermal comfort, provided that the heat gains were within the predefined range.
Lim et al. (2006) studied radiant floor cooling systems in Korean residential buildings regarding the possibility of
condensation occurrence and thermal comfort due to the Korean tradition of sitting on the floor. They concluded
that controling the room air temperature by adjusting the supply water temperature and having a constant water flow
provided better thermal environment than controlling with a variable water flow. Regarding condensation, they
suggested that the water supply temperature should be adjusted based on the room dew point temperature.
In a different study, Lim et al. (2014), developed an operational guideline for TABS, based on heating and
cooling load charachteristics of a specific campus building in Seoul, Korea. Furthermore, they found that although the
radiant system was able to deal with most of the heating load, it was able to remove less than 50% of the cooling
loads due to the limitations caused by the risk of forming condensation on the radiant surface.
In the present simulation study, the coupling of solar panels with in room Phase Change Material (PCM) ceiling
panels for cooling an office room was examined during the summer (cooling) period of Copenhagen, Denmark. The
solar panels were utilized to produce cold water through nocturnal radiative cooling which was then used to discharge
the PCM panels in the room. The purpose of this parametric study was to identify the optimal combination of setpoint values that will result in providing the ideal indoor thermal environment. The simulation model that was used,
has already been validated and tested under different climatic conditions (Bourdakis et al. 2015; 2016a).
METHODOLOGY

The model was created using commercially available software, to simulate an office room located in
Copenhagen, Denmark. The simulation period was from the 1st of May until the 30th of September which is
considered the cooling period in Denmark, using the corresponding IWEC weather file. The floor dimensions were
5.4 m X 4.2 m (17.7 ft X 13.8 ft) corresponding to 22.7 m² (244.3 ft²), while the total height was 3 m (9.8 ft). At 2.5 m
(8.2 ft) above the floor PCM panels were installed forming a suspended ceiling as it can be seen in Figure 1. Outside
air was supplied to the office from the plenum formed between the suspended ceiling panels and the roof of the
office. The office was assumed to be in an intermediate floor of an office building and the external wall of the office
was facing south. Therefore, the three internal walls, the roof and the floor were assumed to be adjacent to office
rooms with identical thermal conditions, so no heat exchange occurred from these surfaces. The U-value of the
external wall was 0.3 W/m²K (0.1 Btu/ft².h.°F) while the internal surfaces had a U-value of 4.9 W/m²K (0.9
Btu/ft².h.°F). On the external wall there was a 3 m² (32.3 ft²) window with a U-value of 1.4 W/m²K (0.2 Btu/ft².h.°F)
and a g-value of 0.59. The heat gains of the office consisted of two occupants at sedentary activity level (1.2 Met), the
corresponding office equipment and lighting which in total was 540 W (1843 Btu/h) corresponding to 23.8 W/m²
(7.5 Btu/h.ft²). The heat gains were activated during typical office hours, namely from 9:00 to 17:00.

Figure 1. Vertical cross-section of the simulated office room

The PCM panels covered 18.8 m² (201.8 ft²) of the total ceiling surface and the panel thickness was 25 mm
(0.082 ft). The PCM density was 1217 kg/m³ (76 lb/ft³) while the latent enthalpy was 28.7 kJ/kg (12.3 Btu/lb). The
phase change temperature range of the PCM was 21 – 25°C (70°F – 77°F). The PCM ceiling panels had embedded
pipes for water circulation to discharge the PCM. The external diameter of the pipes was 8 mm (0.026 ft), the pipe
thickness was 1 mm, the pipe spacing was 85 mm (0.279 ft). and the water flow rate was 150 kg/h (331 lb/h). The
ventilation system was sized based on EN 15251 (DS/EN 2007) for providing outside air and removing pollutants,
which resulted in an air flow rate of 30 L/s (63.6 ft³/min) corresponding to 1.9 ACH. The ventilation was operating
during the occupancy period, namely 09:00 – 17:00 and the air supply temperature was 18.5°C (65.3°F).
Three PhotoVoltaic/Thermal (PV/T) panels and an unglazed solar collector were installed for providing
electricity, hot and cold water to the office. The cold water would be utilized to discharge the PCM. The solar
collectors were facing south at a tilt angle of 45°. The total surface of the PV/T panels was 3.9 m² (42 ft²) while for
the unglazed solar collector was 2.4 m² (25.8 ft²). The water flow rate in the solar panels was 100 kg/h (220 lb/h) and
was split in 62 kg/h (136 lb/h) for the PV/T panels and 38 kg/h (84 lb/h) for the unglazed solar collector in order to
ensure the same water flow rate per m² for the two types of solar collectors. The emissivity of the absorber plate of
the unglazed solar collector was 0.91 while for the PV/Ts was 0.89. The plate absorptance of the collectors was 0.95.
The PV/T panels had 15 water tubes with an inner diameter of 18 mm (0.06 ft) and a thickness of 1 mm (0.003 ft).
Two tanks were used to store the hot water (HWT) and the cold water (CWT) output of the solar collectors.
Between the solar collectors and the storage tanks a plate heat exchanger was used due to the different pressure
settings of the tanks and the solar collectors. A schematic drawing of the hydronic system is shown in Figure 2.

Figure 2. Schematic drawing of the hydronic system

After the heat exchanger a 3-way valve was installed to direct the water either towards the CWT or the HWT.
The direction of the water was determined automatically based on the following conditions:
If 𝑇𝑇𝑃𝑃𝑃𝑃/𝑇𝑇 − 𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻 > 𝛥𝛥𝛥𝛥 then water directed towards HWT
If 𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶 − 𝑇𝑇𝑃𝑃𝑃𝑃/𝑇𝑇 > 𝛥𝛥𝛥𝛥 then water directed towards CWT

(1)
(2)

where 𝑇𝑇𝑃𝑃𝑃𝑃/𝑇𝑇 is the water temperature exiting the PV/T panels, 𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻 is the temperature in the middle of the
HWT and 𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶 is the temperature in the middle of the CWT. If neither of the two conditions was met, then pump 2
(see Figure 2) was switched off. The ΔΤ was one of the examined parameters, and the values used were 1 K, 2 K, 3 K,
4 K and 5 K (1.8°F, 3.6°F, 5.4°F, 7.2°F and 9°F, respectively). The CWT had two internal spiral heat exchangers. The
upper one was connected to the heat exchanger, while the lower one was connected to an air-to-water heat pump
(AWHP) as shown in Figure 2. The AWHP was used as a supporting system for providing cold water when the
production from nocturnal radiative cooling was not sufficient. The AWHP had a seasonal COP of 5.4 (18.4 EER).
The hot water was not utilized, e.g. through a tapping schedule and the tank was used only to store hot water in
order to reduce the surface temperature of the PV/T panels. In this way the efficiency of the PV/T panels in terms of
electricity production would be increased.
The examined parameters were the set-point temperature and the starting time for activating Pump 3 circulating
water to PCM panels, the set-point temperature and the starting time for activating the AWHP, and, the temperature
difference between the outlet temperature of the solar panels and the water temperature in the middle of the storage
tanks. For both Pump 3 and the AWHP, the setpoint temperature was the temperature in the middle of the CWT.
The values that were examined for each parameter are shown in Table 1, and the values that were used when
examining a different parameter are highlighted in bold. Since the setpoints for activating Pump 3 and the AWHP are
closely related, all the possible combinations of these two parameters were simulated.
Table 1. Setpoint values for examined parameters

AWHP starting
time, hh:mm
03:00
04:00
05:00
06:00
07:00

CWT temperature to
activate the AWHP,
K (°F)
15 (59)
16 (60.8)
17 (62.6)
18 (64.4)
19 (66.2)
20 (68)
21 (69.8)

Pump 3 starting
time, hh:mm
03:00
04:00
05:00
06:00
07:00

CWT temperature to
activate Pump 3, K
(°F)
15 (59)
16 (60.8)
17 (62.6)
18 (64.4)
19 (66.2)
20 (68)
21 (69.8)

Panels – Tanks ΔΤ,
Κ (°F)
1 (1.8)
2 (3.6)
3 (5.4)
4 (7.2)
5 (9)

The examined parameters will be evaluated in terms of the indoor thermal environment of the office and the
energy required for the operation of the pumps and the AWHP. The thermal environment will be assessed in terms of
percentage of occupancy time that the operative temperature was within the range of Category III of EN 15251
(DS/EN 2007), which is 22 – 27°C (71.6°F – 80.6°F). The PCM panels will be assessed in terms of cooling energy
removed by the PCM ceiling panels and the utilization factor of the PCM, namely the percentage of PCM quantity
being discharged or charged at the beginning or the end of the occupancy period respectively.
RESULTS

In the following tables, the results from each set of simulations are presented. The optimal value for each output
is highlighted in bold. The results from the simulations in which the starting time of the operation of the AWHP was
examined, are shown in Table 2. The calculations of the energy use of the pumps and the AWHP is based on the
calculations done previously by Bourdakis et al. (2016a, 2016b).

Table 2. Results from the AWHP starting time simulations

AWHP starting
time, hh:mm

Percentage of
occupancy time
in Category III,
%

Pumps energy
usage, kWh
(kBtu)

AWHP energy
usage, kWh
(kBtu)

Energy removed
by the PCM,
kWh (kBtu)

Percentage
of PCM
discharged
at 09:00, %

Percentage
of PCM
charged at
17:00, %

03:00
04:00
05:00
06:00
07:00

65.6
65.6
65.9
64.4
62.3

48 (162)
48 (162)
48 (162)
47 (161)
46 (160)

74 (253)
74 (251)
72 (247)
66 (226)
55 (187)

50 (169)
50 (169)
49 (168)
48 (165)
46 (157)

84.2
84.2
83.7
82.5
79.4

82.2
82.1
82.1
82.5
83.2

In Table 3 the results from the simulations in which the starting time of the operation of Pump 3 was examined,
are presented.
Table 3. Results from the Pump 3 starting time simulations

Pump 3 starting
time, hh:mm

Percentage of
occupancy time
in Category III,
%

Pumps energy
usage, kWh
(kBtu)

AWHP energy
usage, kWh
(kBtu)

Energy removed
by the PCM,
kWh (kBtu)

Percentage
of PCM
discharged
at 09:00, %

Percentage
of PCM
charged at
17:00, %

03:00
04:00
05:00
06:00
07:00

70.4
68.5
65.9
62.3
59.9

52 (176)
50 (170)
48 (162)
45 (153)
43 (146)

99 (337)
88 (301)
72 (247)
52 (177)
32 (110)

59 (200)
54 (185)
49 (169)
44 (150)
39 (132)

94.7
90.7
83.7
74.8
65.1

77.9
80.2
82.1
83.5
84.1

The results from the simulations in which the temperature difference of the output of the solar panels and the
temperature in the middle of the storage was examined, are shown in Table 4.
Table 4. Results from the Panels – Tanks ΔΤ simulations

Panels – Tanks
ΔΤ, Κ (°F)

Percentage of
occupancy time
in Category III,
%

Pumps energy
usage, kWh
(kBtu)

AWHP energy
usage, kWh
(kBtu)

Energy removed
by the PCM,
kWh (kBtu)

1 (1.8)
2 (3.6)
3 (5.4)
4 (7.2)
5 (9)

65.9
65.8
65.8
65.8
65.6

48 (162)
47 (161)
47 (159)
46 (157)
45 (156)

72 (246)
73 (247)
73 (248)
73 (250)
74 (253)

49 (169)
49 (169)
49 (169)
48 (168)
48 (168)

Percentage
of PCM
discharged
at 09:00, %
83.7
83.7
83.7
83.7
83.5

Percentage
of PCM
charged at
17:00, %
82.1
82.2
82.1
82.2
82.2

In Figure 3 the percentage of occupancy period outside the range of Category III of Standard EN 15251 vs the
energy usage of the pumps and the AWHP in terms of kWh/m² is presented, for the cases of AWHP and Pump 3
operation starting time and the temperature difference between the output of the solar panels and the temperature in
the middle of the storage tanks.

Percentage of time outside
Category III, %

70.0
60.0
50.0
40.0

AWHP starting time

30.0

Panels - Tanks ΔΤ

20.0

Pump 3 starting time

10.0
0.0
0.0

2.0

4.0
6.0
Energy Usage, kWh/m²

8.0

Figure 3 Percentage of time outside Category III vs energy use

Percentage of time outside
Category III, %

In Figure 4 the percentage of occupancy period outside the range of Category III of Standard EN 15251 vs the
energy usage of the pumps and the AWHP in terms of kWh/m² is presented for the cases of set-point values for the
activation of the AWHP and Pump 3.
70.0
60.0

Setpoint for Pump 3, 15°C

50.0

Setpoint for Pump 3, 16°C

40.0

Setpoint for Pump 3, 17°C

30.0

Setpoint for Pump 3, 18°C

20.0

Setpoint for Pump 3, 19°C

10.0

Setpoint for Pump 3, 20°C

0.0
0.0

2.0

4.0

6.0

8.0

Setpoint for Pump 3, 21°C

Energy usage, kWh/m²
Figure 4 Percentage of time outside Category III vs energy use for AWHP and Pump 3 setpoint simulations
DISCUSSION

From Table 2 it can be seen that the starting time of the operation of the AWHP did not have a clear impact on
the indoor thermal environment, since the higher percentage of occupancy time occurred when the AWHP was
activated on earlier than 05:00. On the other hand, as it can be seen from Table 3, the earlier Pump 3 is starting to
operate, the higher the percentage of occupancy time within Category III of EN 15251, as it was expected. For both
the AWHP and Pump 3, the later the operation starts, the lower the energy usage of the pumps and the AWHP is.
The impact of the starting time of Pump 3 is significantly higher for the energy usage of pumps and AWHP compared
to the starting time setpoint of the AWHP itself. The reason is that if Pump 3 is activated earlier than the AWHP, the
temperature in the middle of the CWT will increase and then the AWHP will be required to operate for more time
once it gets activated. On the other hand, if the AWHP is activated prior to Pump 3, the temperature in the middle of
the CWT will not increase until Pump 3 is activated, and the AWHP will only need to operate if nocturnal radiative
cooling is not enough for cooling down the water in the CWT. That is why the energy usage of AWHP is increased
only by 1.9 kWh, 6500 Btu when the start of the AWHP operation changes from 05:00 to 03:00, as it is shown in

Table 2, while for the same time change of the operation of Pump 3 the increase in the energy use is 26.4 kWh, 90000
Btu. Regarding the cooling energy removed by the PCM, the impact of the starting time set-point of the AWHP is
insignificant (ranges from 46 kWh to 50 kWh) compared to the impact of the starting time setpoint of Pump 3 (ranges
from 38 kWh to 59 kWh). For both cases, the earlier the operation starts, the higher percentage of PCM is discharged
before the start of the occupancy period and the lower percentage is utilized at the end of it. As before, the impact is
higher in the case of the activation time of Pump 3.
From the results reported in Table 4, it can be seen that no significant changes where observed in any of the
examined outputs. For that reason, further analysis was required for this parameter. Therefore, it was examined in
terms of activation sensitivity, namely how many times Pump 2 was activated/deactivated on average during a day. In
Table 5 the average times Pump 2 was activated and deactivated per day are shown.
Panels – Tanks ΔΤ, Κ (°F)
Activation/deactivation
times per day

Table 5. Pump 2 activation sensitivity
1 (1.8)
2 (3.6)
3 (5.4)

16

12

4 (7.2)

5 (9)

6

4

8

From Table 5 it can be seen that the higher the ΔΤ between the water temperature exiting the solar panels and
the middle of the storage tanks, the lower the number the pumps is activated or deactivated during a day, ensuring a
more stable operation of the pump.
As it can be seen in Figure 3 and Figure 4, there is a clear trend for all the examined parameters; the lower the
percentage of occupancy period outside the range of Category III the higher the energy usage. As mentioned before,
the only exception is the ΔΤ between the output of the solar panels and the middle of the storage tanks, for which all
the points almost coincide, as it is shown in Figure 3. For that reason, two more simulations were run, with the
combination of settings that contributed the most in energy savings and providing the optimal indoor thermal
environment. Since the ΔΤ between the output of the solar panels and the middle of the storage tanks had no impact
either in the energy savings of the system or the provided indoor thermal environment, the ΔΤ of 5°C (9°F) was
chosen for both simulations since it gave the most stable operation for Pump 2. Table 6 shows the set-points used in
the last two simulations.
Table 6. Setpoint values for examined parameters for optimized simulations

Energy savings
simulation
Indoor thermal
environment
simulation

AWHP
starting time,
hh:mm

CWT
temperature to
activate the
AWHP, K (°F)

Pump 3 starting
time, hh:mm

CWT
temperature to
activate Pump 3,
K (°F)

07:00

21 (69.8)

07:00

15 (59)

5 (9)

05:00

15 (59)

03:00

21 (69.8)

5 (9)

Panels- Tanks
ΔΤ, Κ (°F)

In Table 7 the results from the two optimized simulations are presented. By comparing these results with the
results shown in Table 2, Table 3 and Table 4, it can be seen that the simulation focused on energy savings had
significantly lower energy usage for the pumps and the AWHP, but with a considerable compromise on the indoor
thermal environment. On the other hand, the last simulation provided the best indoor thermal environment, 83.5% of
occupancy time within the range of Category III, but with the higher energy usage observed among all the

simulations, namely 178 kWh (198 kBtu).
Table 7. Results from the optimized simulations

Energy savings
simulation
Indoor thermal
environment
simulation

Percentage of
occupancy time
in Category III,
%

Pumps energy
usage, kWh
(kBtu)

39.4

34 (116)

2 (5)

83.5

58 (198)

120 (410)

Percentage
of PCM
discharged
at 09:00, %

Percentage
of PCM
charged at
17:00, %

16 (56)

53.4

91.1

69 (235)

97.3

43.4

AWHP energy Energy removed
usage, kWh
by the PCM,
(kBtu)
kWh (kBtu)

CONCLUSION

All the examined parameters had inverse results in terms of energy use and indoor thermal environment, namely
the better the indoor thermal environment provided, the higher the energy use of pumps and the heat pump. The only
exception was the ΔΤ between the water temperature exiting the solar panels and the temperature in the middle of the
storage tanks. For this ΔΤ, the highest examined value (5K, 9°F) performed the best by having the most stable
operation. Based on that, it was concluded that when an output of a condition is based on a temperature difference,
the set-point value should be carefully decided in order to avoid continuous activation/deactivation of the pump or
the heat pump, that could possibly damage it. The ideal combinations of setpoints for providing the best indoor
thermal environment and minimizing the energy use were identified. The impact of the starting time of the operation
of the AWHP was less significant than the starting time of the operation of Pump 3 in terms of indoor thermal
comfort and energy.
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