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Abstract

Radiant floor heating systems (FHSs) are considered reliable heating systems since they
maintain the indoor air temperature at the desired value and reduce its fluctuations more
efficiently than conventional heating systems do. However, FHSs require an optimal control
strategy especially when they are exposed to perturbations such as direct solar radiation or
unscheduled crowding. The present study investigates the dynamic thermal response of a FHS
exposed to a simulated direct solar radiation that is localized on its upper surface to quantify
the potential effects of this exposure and identify the subsequent control issues of the FHS.
Three experimental test scenarios were examined by varying the location of the sun patch and
its duration. The experimental results show that the tested FHS, primarily regulated by
controlling the indoor ambient air temperature, experiences a deficient regulation of the
indoor temperature, which leads to an overheating period depending on the sun patch intensity
and duration. An overheating of 4°C compared with the recommended maximum desired
value was recorded for duration of approximately 11.5 h after the sun patch was turned-off.
The experimental results may be used in further numerical studies to predict the thermal
behavior of FHSs exposed to sudden solar patches on their upper surfaces. The FHS design
elements (material, thickness, etc.), as well as the control procedures, must be reconsidered to

address the issue of overheating under such conditions.

© 2020 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/
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1. Introduction

The increase in global energy consumption of buildings is an important issue since they
constitute a high share of the total global energy use as well as greenhouse gas emissions
(respectively 40% and 25% in UE (Li et al., 2019)). Hence, the building sector contributes
greatly to carbon emission and the rapid increase in global warming intensity, which the
international environmental treaties of Kyoto and Paris aim to lower. Researchers and
designers have suggested several solutions to overcome this issue, including more reasonable

use of current energy resources and the use of renewable energy sources.

In this context, floor-heating systems (FHSs) and floor-cooling systems (FCSs) have been the
subject of several studies focusing on analyzing their effect on indoor comfort conditions
(Merabtine et al., 2013; Karabay et al., 2013; Tian and Love, 2008), determining the factors
influencing their performances (Wang et al., 2014), and predicting their dynamic
performances under different conditions to enable a more efficient functioning (Joe and
Karava, 2019). FHSs and FCSs are usually classified as thermally active building systems
(TABS). Compared with conventional HVAC systems, the main advantage of these systems
is their ability to maintain a comfortable indoor air temperature varying from 22°C to 26°C in
the summer season and from 21°C to 24°C in the winter, with better spatial homogeneity and
overall comfortable conditions (ASHRAE, 2016; Kim and Olesen, 2015). In fact, according to
the International standards (ANSI/ASHRAE, 2010; ISO 7730, 2005) and to French guidelines
rules (CSTB, 2006), any part of the heating slab surface mustn’t exceed 29°C or 28°C
respectively. However, one may understand that these rules are for the global heating floor
system design and are applicable only for this “artificial” of the surface provided by the
heating water, and hence, the part of the slab that is temporally heated by the sun patch is out
of the frame of this rule. This is also the case for the used heating film: the local surface
temperature of the later may exceed 28°C or 29°C. Elsewhere, the used infrared camera

provides measurement to confirm that the surface temperature doesn’t exceed this upper limit.

The effect of solar radiation on the indoor environment has been the subject of several studies,
especially in the case of passive solar building designs where the solar energy is used to
enhance the thermal comfort conditions and reduce energy consumption. For FHSs, the

investigation of the effect of solar radiation inside a building is highly recommended because
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of overheating in mid-season when the FHS is in use. Numerous studies concerning the
combination of a passive solar building design along with a FHS have been conducted. For
instance, Rodler et al. (2014) validated a numerical model capable of reproducing the
footprint of a sun patch on the floor and walls through an experimental work conducted at the
French EDF BESTLab. The study showed that a convenient use of stored solar energy in the
walls and floor enhances the overall building energy performances. A numerical study
conducted by Athienitis (1997) showed that a radiant heating floor allows the convenient use
of solar radiation since the floor thermal mass stores this energy, thus contributing to the
heating process over a long period. Two main cases along with a sensitivity analysis between
a fixed and a sinusoidal set point temperature controls were considered: the first was a clear
sky day scenario in which the solar radiation was set as 700 W-m~2, while the second was a
cloudy day scenario in which the maximum solar radiation was 100 W-m~2. The results
showed optimal outcomes in terms of maximizing the efficiency of the stored solar energy in
the floors, with the lowering of the initial temperature set point during the night and switching

to a half-sinusoidal control mode during the day.

The presence of solar radiation on the FHS and FCS surfaces depends on several parameters
such as the building orientation, the window size, and the shading system used. The intensity,
duration, and location of the sun patch strongly depend on atmospheric conditions (Holman,
2009). FHSs and FCSs may exhibit different thermal behaviors when exposed to solar beam
radiation. For instance, by using an experimental setup at the Tianjin railway station, Zhao et
al. (2013) introduced a simple method to predict the effect of solar radiation on the
performance of a radiant cooling system under steady-state conditions. They reported that the
cooling capacity of the FCS increased significantly when exposed to a solar beam of 40—-100
W-m~2. Here, the material’s emissivity is a key parameter for the radiative heat exchange
between the FHS and FCS surfaces and the surrounding walls. In another study, Zhao et al.
(2014) investigated the effect of material emissivity on longwave radiant heat exchange
between the surface of a radiant FCS and the surrounding indoor wall surfaces. The
introduced method demonstrated that the overall heat transfer coefficient decreases with a
decrease in emissivity, whereas the cooling capacity of the radiant FCS remarkably increased

to 80—155 W-m~ when exposed to direct solar radiation.

For the special case of FHSs, quantifying the effect of the presence of direct solar radiation
on its surface is important since local overheating may occur, leading to an increase in air

temperature to unacceptable values causing discomfort to the occupant. In this context,
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Athienitis and Chen (2000) introduced a three-dimensional numerical model to analyze the
effect of the presence of intense solar beam radiation on the floor surface of a room equipped
with a radiant heating system. The study considered two major cases of uncarpeted and partly
carpeted floors, and the simulation results revealed that the local temperature of the floor area
exposed to solar radiations was higher than that of the non-exposed area by 8°C, and the
difference can be as high as 15°C in the case of non-uniformly covered floor. The transient
nature of solar radiation and the high inertial effect on the FHS induce a special and non-
obvious behavior. Benzaama et al. (2016) conducted a numerical study to quantify the effect
of a sun patch on the indoor air and floor temperatures of a room equipped with a FHS. The
numerical study was conducted using a model combining the two commercial simulation
software TRNSYS and ANSYS Fluent. The results revealed that on a sunny day, the indoor
air temperature increased by 2°C, while the temperature of the exposed floor surface was

13°C higher than that of the shaded area.

The main problem of FHSs is their control, mainly the ability of the adopted control strategy
to reduce the overheating whenever an unexpected perturbation occurs, such as direct sun
radiation on the floor. Conventional control strategies are classified into three main
categories: the on-off temperature control, weather-compensated control, and PID control
(Privara et al., 2011). These types of control were then followed by the model predictive
control strategy (MPC) that allows a more adaptive response of a radiant system toward
unexpected perturbations of their environments. MPC has been discussed in several studies
(Joe and Karava, 2019; Privara et al., 2011; Candanedo et al., 2011) and has been proved to

be an efficient tool for systems’ command adjustment to provide optimal control.

The available literature shows that the number of studies on the investigation of the solar
radiation effect on thermally active building systems is higher in the case of radiant cooling
systems. This is because, for cooling purposes, the internal building environment is highly
sensitive to the presence of a heat source, such as solar radiation, which may affect the indoor
air temperature and the air conditioning system performance. Fewer studies have been
devoted to the effect of direct sun radiation (Athienitis, 1997; Athienitis and Chen, 2000;
Benzaama et al., 2016) and the thermal response of radiant floor heating. The majority of
works was performed using analytical or numerical models. This is because FHS designers
tend to neglect solar radiation during the heating season even if clear sky days with intense
solar radiations may occur during mid-season. To our best knowledge, there is no published

experimental study on the effect of a direct solar heat flux on a radiant FHS and its dynamic
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performance. For this reason, an experimental study explicitly evaluating the effect of direct
solar radiations on the FHS performance is particularly important for a more accurate design
of FHSs and their control strategy. Such study would provide a more realistic explanation of
the thermal behavior of FHSs under direct solar radiations, thus providing a smart adaptive

control strategy that utilizes the stored solar energy as a supplement to the floor thermal mass.

The aim of the present scientific contribution is to fill the gap sensed in the current state-of-
the-art by performing an experimental study on the effect of direct solar radiation on a room
equipped with a radiant FHS. The experimental data obtained from this study can be used to
validate further numerical models. The overall objective is to help designers to a better

conception and optimization of such systems.

The paper is organized as follows: the next section describes the test cell along with the
equipment used in this work. Then, the experimental protocols regarding the three realistic
scenarios are depicted. The last section is devoted to the interpretation of results and their

discussion followed by the general conclusions and perspectives.

2. Experimental setup

To investigate the effect of direct solar radiations on the thermal performance of a FHS, a
series of experiments was conducted in a full-scale test cell facility located in the EPF
Graduate School of Engineering in Troyes (France). The test cell facility (Fig. 1) comprises
two climatic chambers with a total area of 11 m? and a height of 2.1 m. A 0.5 m highly
insulated wall essentially made from wood and hemp wool insulating materials separates the
climatic chambers. The left chamber, called the inside zone (Fig. 1), is equipped with a FHS
comprising a 51-m-long embedded cross-linked polyethylene tube placed under a 5-cm-thick
anhydrite screed slab, over which a 6-cm-thick insulation layer essentially made from wood
fibers is placed. The main purpose of this climatic chamber is to reproduce the actual

conditions of a warm, heated indoor environment by the means of a radiant heating floor.



156

157

158
159
160
161
162
163
164
165
166
167
168
169
170

Figure 1: Outer view of the experimental test facility.

The climatic chamber on the right side is called the outside zone and is equipped with a
powerful cooler capable of reproducing the external cold weather conditions. It must be noted
that both the cells of the test facility are equipped with different HVAC systems and that
much of these systems are located in the heated cell, which includes a radiant slab, four
radiators, and a fan coil unit (variable air volume type). All the HVAC systems attached to the
test facility are shown in Fig. 2, while the radiant slab structure is described in Fig. 3. More
information regarding material characteristics are given in table 1.A radiant heating film is
fixed on the radiant slab to simulate solar radiation (Fig. 4). A heat pump, a system of the
buffer tank, a pump, and a three-way valve, ensures the water heating process. All the chosen
devices are capable of reproducing actual thermal conditions when a FHS is used in buildings.
Furthermore, all the present devices in the inside zone are directly controlled through an
external computer that also collects the indoor climatic data, tracked every minute through a

set of multiple sensors placed all over the climatic chambers and the radiant slab surface.
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175  Figure 3: Cross section view of the radiant slab

176  Table 1: Material characteristics

Designation Characteristics

Insulation materials of Hemp wool p = 25kgm™3 ;A = 0.04 Wm 1K1

the test cell
Wood fibers p = 40 kgm™3 ; A = 0.04 Wm 1K1

HVAC systems Air ventilation system consisting on a dual-flow ventilation equipped with
enthalpy wheels.

Air conditioning system is set to maintain the cold room at a temperature
between -18 °C and 25 °C.




The FHS consists of a tube coil placed on a wood fibers insulation panel
and covered with an anhydrite screed.

Anhydrite screed: e = 50mm ; p = 1900kgm™3 ; A = 1.2 Wm 1K1 ;
C, = 1000 Jkg 'K~ ;& = 0.95; Spys = 5.5 m?

Insulation panel: e =60mm ; p=40kgm™3 ; A =0.04 Wm iK1 ;
Cp, = 2100 Jkg™'K~!

Tube coil is a cross-linked polyethylene tube D, = 16 mm ; D; = 13 mm ;
L=51m ; p=933kgm™3 ; A=04Wm™lK~' ; V=0.021s"" ;
roughness = 0.007 mm.m-1; Distance between pipes = 0.15 m.

177

178  The list of installed sensors and the equipment used during the tests are given in Table 2. The
179  composition of this test facility and its technical criteria are suitable for conducting

180  comprehensive studies to evaluate the performance of radiant heating floors. In particular, it
181  allows the simulation and analysis of the potential impact of a beam solar radiation on the

182  indoor air temperature and the FHS thermal response for different case studies.

183  Table 2: List of measuring equipment.

Instrument Measured Number Range Accuracy Indication
parameter
KLU 100 outdoorRH 1 [-50,50] °C +2 % at
sensor and air (0,100] % 25°C
temperature ’ 0
P +0.5 °C at * —
sensor 0°C e
KLH 100 Indoor RH 1 [-50,50] °C +2 % at
and air 25°C
sensor temperature [0,100] %
+0.5 °C at
sensor 0°C
PT 100 Surface 2 [-20,100] °C +0.3 °C
temperature
sensor Sensor at
0°C
PT 1000 Depth 2 [-20,100] °C +0.3 °C
temperature
sensor at

0°C
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195
196

ASTF PT Mean radiant [-30,75] °C +0.5°C at
1000 temperature 25°C
sensor .
TEPK PT Inlet and [-20,80]°C +0,3 °C
1000 outlet water at 0°C
temperature -
//_"\\
sensor (J)
FLUKE Infrared [-20,150] °C +0,1°C at
TIR 105 thermal 30°C 2
camera
AHLBORN Surface heat [-260, 260] +0.01 mV 4
flux meter mV, <120 °C
FQA019C For
+0.12 °C
KLK 100 Indoor RH [-50,50] °C + 3% at
and ambient 25°C §
sensor air
+0,5°C at >
temperature [0.100] % Sso0 -
sensor

Furthermore, it is important to note that all the installed HVAC systems are directly powered

by a heat pump located outside the climatic chambers. Its functioning mode depends on the

cooling and heating requirements of the case study, where the desired set point temperatures

of both the rooms are the ultimate parameters that need to be considered. The set point

temperature depends on the desired indoor thermal comfort temperature for heating purposes,
which usually ranges between 21°C and 24°C, as given by ASHRAE (2016). However, the
volume flow rate of hot water is an important parameter for controlling the heating process of
a room equipped with a radiant heating slab. In the present set of experiments, the inlet water
temperature is controlled by the three-way valve according to the outdoor temperature and the
flow rate of the hot water, which is controlled by a thermostatic valve. These valves inject hot
water to the radiant slab until the air temperature stabilizes around the initial set point

temperature before starting a progressive shutdown process, where heating is sustained
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through the thermal inertia of the radiant slab. It is noteworthy that these valves are highly

sensitive to any minor changes in the ambient room temperature.

3. Experimental protocol

The experiment involves the analysis of three different scenarios under two fixed parameters
in the winter season. The fixed parameters were the air temperatures of the two climatic
chambers representing the indoor room conditions and the outside weather conditions,
respectively. The room equipped with a FHS is heated to a set point temperature of 23°C and
subjected to a simulated direct solar radiation with a localized patch, while the external
temperature is fixed as 5°C. As shown in Fig. 4, the solar patch was experimentally simulated
by an electric heating film with a modulated power that varies from 203 + 22 W-m2to 718 +
58 W-m. The floor heating film has dimensions of 0.400 m x 1.065 m. The lower surface of
the film provides heat directly to the floor slab, while the upper surface exchanges heat with
the surrounding and ambient air by radiation and convection, respectively. The difference
between the three considered scenarios is the location and duration of the heating film on the

floor surface.
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Figure 4: Actual view of the inside zone with the electric heating film in the first test scenario.

In the first experimental test scenario, the heating film is positioned as shown in Fig. 5a to
simulate an incoming solar radiation from the South; the solar radiation coming from this
direction remains for a sufficient time. In the second scenario (Fig. 5b), the heating film is
placed perpendicular to the previous position to simulate an incoming solar radiation from the
East or West direction. The heating film running time was set as 2 h in the first two
experimental scenarios. In the third scenario (Fig. 5¢), the heating film was initially placed in
the same position as that in the first test and then moved horizontally 40 cm toward the Y-
direction every 2 h. Thus, the third test reproduces a moving sun patch coming from the South

for a total duration of 6 h.
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Figure 5: Location of the radiant film. (a) First scenario (solar radiation from South); (b)
second scenario (solar radiation from East/West); (c) third scenario (moving location; south

orientation).

All the measuring points and instruments exact locations are depicted in Fig 6. The electric
power of the heating film was set to achieve 700 W-m2, which represents the solar intensity

on a clear sky day in the winter season (Athienitis, 1997).
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(b)

Figure 6: Location of measuring points and instruments. (a) first and third test scenarios; (b)
second test scenario. (1) and (3) RH and air temperature sensors; (2) mean radiant temperature
sensor; (4) and (5) surface temperature sensors; (6) and (7) flux meters; (8) heating film; (9)
and (10) water temperature sensors.

As for the actual total direct solar radiation on the earth’s surface for March 2018, Fig. 7
illustrates the data collected by a weather station located in Troyes 11.5 km from the test cell

facility (Weather Channel, 2019). The recorded data show that the solar intensity may exceed
700 W-m™2 on certain cold sunny days.
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Figure 7: Recorded direct solar radiation on the earth’s surface in Troyes during March

2018.

The amount of heat transmitted to the radiant floor is approximately 70-80 % lower than the
total film intensity because of the g-value. This regression is because of the progressive
decrease in solar irradiance intensity due to the glazing type and glass coatings (Singh and

Garg, 2010).

During the tests and for the three test scenarios, the location of the sensors used to record the

data remained unchanged. The sensor type and locations are as follows:

* Air and relative humidity sensors were placed 1.8 m above the floor in both the
climatic chambers.

* A sensor to track the variations in radiant temperature was installed in the heated
room.

* Two surface temperature sensors were placed away from the heating film to minimize
the effects of localized heat that it may cause. The location of those sensors was
chosen in a way that their average is close to the actual average surface temperature by

fixing one sensor on a surface which is above the inlet water tube, while the second



267
268
269
270
271
272
273
274
275

276

277
278
279
280
281
282
283
284
285

286
287
288
289
290
291
292
293
294
295

296

one was fixed in that above the outlet water tube. Thermal infrared images were taken
to identify those locations. According to those images, we can check if either local
surface temperatures (according to NF DTU 65.14 P1) or average temperature is under
the upper limit of 28 °C.

* Two depth sensors were placed in the radiant floor of the heated room at heights of 2.6
cm and 3.6 cm, respectively, from the insulation layer carrying the embedded pipes.

* Two heat flux meters were used: the first was placed under the radiant film to measure
the amount of heat transmitted to the radiant slab, while the second was placed near

the insulated separation wall of the two rooms.

4. Results and discussion

4.1. First scenario

In the first experimental scenario, the air temperature of the inside zone was maintained at
15°C and then the FHS system was turned-on to heat the climatic chamber to the ambient air
set point fixed as 23°C. Meanwhile, the outside zone, i.e., the cold climatic chamber
temperature was set as 5°C. As shown in Fig. 8, at the beginning of the test, the average
surface temperature reaches 31°C, exceeding the permissible limit of 28°C as per the legal
regulation. It is noticed that the measured surface temperatures are relatively similar to the
average surface temperature which allows assuming that the surface temperature is

homogenous.

This is related to the thermostatic valve functioning, which exclusively depends on the desired
ambient air temperature, and thus, the valve operates even when the surface temperature
exceeds 28°C, as shown in Fig. 9. This aspect highlights the fact that such a regulation, which
depends solely on the air temperature, can cause significant floor overheating. Fig. 9 shows
the relationship between the thermostatic valve-opening rate and the heating floor surface and
indoor air temperatures. As can be seen, the thermostatic valve-opening rate shows six timely
small localized maximums after instant t=1500 min and each of them produces similar
localized maximums of the ambient air temperature. This indicates that even if the opening
rate does not exceed 10%, it can significantly affect the surface temperature, and indirectly,

the air temperature.
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298  Figure 8: Average surface temperature, air temperature, and direct solar radiation intensity

299  profiles in the first test scenario.

300  Further, the indoor air temperature initially increases when the thermostatic valve-opening
301 rate is 100% and reaches its set point of 23°C; however, it does not stop despite the decrease
302 in the valve-opening rate to 0%. Hence, the air temperature exceeds 24°C and decreases after
303  some delay time (after the valve is turned-off). When the air temperature starts to stabilize at
304 the desired set point, around t=1500 min, the surface temperature shows two minor

305 fluctuations. This is an expected behavior because the thermostatic valve regularly injects a
306  small amount of hot water to prevent the set point temperature from dropping below 23°C.
307  This can be observed in Fig. 10, which shows many fluctuations of the inlet water

308 temperature as the thermostatic valve operates.

309
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Figure 10: Variation in inlet and outlet water temperatures during the first test scenario.

When the measured air temperature reaches an approximately steady state at 23°C, the
heating film is turned on with an intensity of 718 W-m2 for 2 h to simulate a localized direct
solar radiation on the FHS. This is to achieve realistic conditions since the sun’s position
constantly changes during the day. As the heating film is turned on, the air temperature
rapidly exceeds 23°C and reaches 25°C with a delay time, thus exceeding the recommended

upper limit of 24°C for 280 min.

Fig. 9 and 10 shows that the fluctuation in the average radiant floor surface temperature is the
same as that before the sun patch was introduced; hence, it remains unaffected by the
presence of sun patch for 2 h. It can be concluded that in the first experimental scenario, the
location, emission intensity, and duration of the sun patch on the radiant floor did not
overheat the heating floor surface in a manner that exceeds the limit of 28°C. Nevertheless,

the room’s air temperature exceeds the set point value over the duration of 650 min.
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The overheating rates, OR® and OR¢, are defined as the durations over which the average
surface temperature and indoor air temperature exceed the recommended upper limits of 28

°C and 24 °C, respectively. Thus:

OR® = =

fa (1)
OR® = =

In the first experimental test scenario, the overheating rates related to the indoor air
temperature and surface temperature are 8.2 % and 0 %, respectively. It seems that the
overheating rates depend on the main thermal characteristics of the heating slab and the sun
patch intensity and duration. This indicates an important issue regarding the current regulation
system of the FHS, i.e., the thermostatic valve continues to inject hot water, as its regulation
depends exclusively on the ambient air temperature, while the radiant slab surface
temperature exceeds the maximum standard value of 28°C. A more convenient regulation
system must take into account the surface temperature to avoid exceeding the maximum

standard value.

4.2. Second scenario

The second experimental test scenario was started with the same parameters as those of the
first test scenario (i.e., 15°C in the inside zone and 5°C in the outside zone). After a while, the
ambient air temperature in the inside zone was set as 23°C. The major modification was the
change in the location of the radiant film, which was moved to the normal position with
respect to the previous one to simulate a direct solar radiation coming from the East or West
direction in the early hours of the morning or anytime in the evening before sunrise (Fig. 11).
It should be noted that this arrangement allows the investigation of the effect of a sun patch

on the dynamic thermal behavior of the FHS for a different set of embedded pipes in the floor.
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Figure 11: Overview of the test cell and the radiant film location in the second experimental

test scenario.

Fig. 12 shows that before turning on the heating film, the fluctuations in air temperature and
surface temperature are similar to those in the first test. As in the first test scenario,
immediately after the heating film was turned on, the air temperature increased almost
instantly, while the average surface temperature increased gradually, reaching approximately
27°C and then decreasing to the initial values before turning on the heating film. The average
surface temperature profile (Fig. 10) is different from that in the first scenario. This is because
in the second scenario, one of the surface temperature sensors is closest to the radiant film
(Fig. 11) and is thus more affected by the presence of the hot patch. In the case of air
temperature, a maximum overheating of 2°C compared with the set point temperature is

observed. Hence, the overheating rates are 6.7% and 0%, respectively.
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Figure 12: Average surface temperature, air temperature, and direct solar radiation intensity

profiles in the second test scenario.

Furthermore, as illustrated in Fig. 13, the inlet and outlet water temperature profiles are
similar to those in the first scenario. The change in the sun patch position increased the inlet
water temperature to over 36°C, which is higher than that obtained in the previous test.
Moreover, the heat transmitted by the film to the FHS is not uniform, as shown in the thermal
images taken by an infrared thermal camera (Fig. 14). The thermal images show that the
upper surface temperature of the exposed floor is 11-21°C higher than that of the non-
exposed area, which represents a serious localized and unavoidable overheating problem. This
was previously highlighted and modeled by Athienitis (1997). Some floor coverings such as
carpet, wood, and so on with low thermal effusivity b could be useful to draw heat out of a

bare feet (b=7 J.m2.K'.s"? for the oak wood versus 25 for the concrete).
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378  Figure 13: Inlet and outlet water temperature profiles in the second test scenario.

484G 2 45.0°C (ot 38.0°C .

I

rlum.‘iu||!m1'{ll

Ml

i
20.1

22/08/18] 114 7 i d:225 | 2250 8/e) 14:01:34

379

380
381  Figures 14: Infrared thermal images showing the electric film surface temperature profile.

382  Further, the thermostatic valve-opening rate exhibited similar behavior as that seen in the first
383 test for the two phases, i.e., before turning on and after turning off the heating film, as shown

384 in Fig. 15.
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Figure 15: Variation in thermostatic valve-opening rate in the second test scenario.

Despite changing the heating film position, the localized simulated sun patch acting for 2 h
did not notably affect the thermal performance of the FHS. This is evident from the average
slab surface temperature, which did not exceed the recommended upper limit of 28°C.
Nevertheless, the inside zone air temperature reached 25°C, which is 2°C higher than the set
point temperature, and was maintained at this temperature for approximately 700 min. The
recommended upper limit of 24°C for human comfort was surpassed for approximately 300
min. Moreover, the first and second tests showed that potential energy was saved due to the
stored heat from the solar radiation, which can be utilized as a secondary heating source to
minimize the overall daily FHS energy consumption. To make the best use of this energy, a
more predictive control strategy for the FHS and the heating generator (i.e., heat pump) needs

to be adopted during the mid-season when a sun patch radiation is expected.

4.3. Third scenario

Based on the results of the previous test scenarios, a third experimental test scenario was
examined, in which a moving sun patch was reproduced on the heating floor slab surface for
the duration of 6 h. As illustrated in Fig. 5Sc, the heating film was horizontally moved by 40
cm from its initial location every 2 h, while the initial climatic conditions and the final air

temperature set point of the inside zone were kept the same as in the previous tests.



404  As presented in Fig. 16 and 17, the sun patch was reproduced after the air temperature
405  reached 23°C. During this period, some minor fluctuations were observed in the surface
406  temperature along with a slight increase in air temperature, which is an expected response of

407  the FHS to stabilize the air temperature.
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410  Figure 16: Average surface temperature, air temperature, and direct solar radiation intensity

411  profiles in the third test scenario.

412 When the heating film was turned-on, the air temperature increased instantaneously and

413 rapidly. During the 6 h of test to reproduce the artificial sun patch, the measured ambient air
414  temperature reached a maximum of 28°C, exceeding the recommended interior ambiance

415  comfort temperature by 4°C. It is noteworthy that in the first minutes of sun patch application,
416  the average surface temperature of the heating floor remained almost constant and started to
417  increase only after approximately 176 min. In the third test scenario, we aimed at assessing
418  the dynamic thermal behavior of the radiant slab, which justifies the decision to place both the

419  surface temperature sensors away from the radiant film to obtain the measurements that



420 reflect the average floor surface temperature. Consequently, the heat transferred from the

421  radiant film will be first absorbed by the exposed part of the FHS and then spread over the
422  remaining part of the heating floor by the means of the embedded pipes and the horizontal
423  heat conduction over the slab surface. Moreover, the increase in air temperature will affect the

424  floor surface temperature.

425  Furthermore, although the thermostatic valve was fully closed (opening rate: 0%) during the
426  application of the sun patch (Fig. 18), the water continuously exchanged heat by conduction

427  inside the cross-linked pipes, which increased the average surface temperature to a peak value
428  of 30°C.
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430  Figure 17: Inlet and outlet water temperature profiles in the third test scenario.
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Figure 18: Thermostatic valve response during the third experiment.

Moreover, the effects of the simulated sun patch on the test cell are more remarkable for the
air temperature variation. Hence, the overheating rates are:
{ORS = 60.7%

OR* = 121 %
It is noteworthy that the effects of surface temperature elevation on the human body are less
significant compared with the thermal discomfort caused by air temperature elevation. This
corresponds to a significant potential energy saving of the FHS, which can be extremely
useful from energy and economic perspectives. However, as mentioned above, a better

regulation system is required for FHSs to achieve energy saving and avoid any overheating

due to the solar patch, especially during mid-season.

The obtained results indicate two major overheating problems with the combined effects. The
first is directly related to the presence of a sun patch on a FHS, which leads to an increase air
temperature causing overheating, and the second is due to the floor thermal inertia that causes

the heating process to continue for a long period after the solar patch disappears. The latter



446  causes the average floor surface temperature to exceed the standard value. Hence, it can be
447  stated that an important potential energy saving occurs whenever a solar patch appears on a

448 FHS.
449 5. Conclusion, work limitations and perspectives

450 In this work, an experimental study was conducted to quantify the effects of solar heat gains
451  on the dynamic thermal behavior of a radiant FHS and the indoor climatic conditions of a full-

452  scale test facility.

453 (1) Three major experimental scenarios were investigated, in which direct solar

454 radiation was applied on the surface of a FHS and experimentally simulated with a
455 radiant film. For the first and second scenarios, the aim was to reproduce direct
456 solar radiation in two different locations of the FHS with 2 h of sunshine. In these
457 tests, the thermal performance of the FHS was not considerably affected; however,
458 a slight overheating was observed due to an increase in air temperature and a

459 regulation problem of the examined system was identified. Additionally, as

460 observed from thermal infrared camera images, a surface-localized overheating
461 occurred due to the sun patch, which resulted in an increase in surface temperature
462 by 11-21 °C as compared with that of the non-exposed area.

463 (i1) Based on the results, we conducted a third test in which more pertinent results

464 were obtained concerning the FHS thermal behavior and the overall indoor

465 environment of the climatic chamber. An overheating problem was observed for
466 both the average surface temperature and ambient air temperature. The average
467 surface temperature reached a maximum of 30°C even after the radiant film was
468 shut off, resulting in increases in the overheating rates of the indoor air

469 temperature and surface temperature to 12.1% and 60.7%, respectively.

470 (iii)  The fact that the solar intensity was kept constant (700 W.m) and concentrated in
471 a specific area with a rectangular constant shape is a work limitation. Knowing
472 that the real sun patch depends on the geographic zone, makes the previous

473 parameters time-dependent, the related conclusions could be different from those
474 of this study. However, it is noticed that the considered heating film in the present
475 experimental study offers well-defined boundary conditions for further

476 comparisons with the results given by numerical models that one can develop for
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the heating slab temperature dynamic behavior under the surface heating
solicitation.

(iv)  The presented results highlight the necessity of an adaptive control strategy for
FHSs to enhance their efficiency and minimize energy consumption. The more
efficient approach will establish a smart control over FHSs that take advantage of
unexpected perturbations such as solar heat gains. Furthermore, a fundamental
future perspective of the present study will be the validation of the experimental
results through a numerical model, which will have a limitless ability to recreate
the effect caused by solar radiation for different locations on the floor, solar heat
flux intensity, and duration. The future numerical model will be a highly practical
tool for designers and building engineers aiming to efficiently use FHSs in a smart
and eco-friendly manner to minimize energy consumption and ensure and maintain

reliable thermal comfort conditions.
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