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Abstract: Electric radiant heating panels are frequently selected during the design phase of residential
and industrial heating systems, especially for retrofit of existing buildings, as an alternative to other
common heating systems, such as radiators or air conditioners. The possibility of saving living
and working space and the ease of installation are the main advantages of electric radiant solutions.
This paper investigates the thermal performance of a typical electric radiant panel. A climatic
room was equipped with temperature sensors and heat flow meters to perform a steady state
experimental analysis. For the dynamic behavior, a mathematical model was created and compared
to a thermographic measurement procedure. The results showed for the steady state an efficiency of
energy transformation close to one, while in a transient thermal regime the time constant to reach the
steady state condition was slightly faster than the typical ones of hydronic systems.

Keywords: infrared thermography; radiant heating; electric heating; HVAC testing; dynamic
thermal behavior

1. Introduction

Radiant heating and cooling systems have been present inside buildings for a very long time [1].
In the last 50 years, the advances in materials science and design process led to an increase of
applications of this technology. The two main families of radiant systems are electrical and water-based.
These systems can be installed on every surface of a room but the most common applications are on
floor and ceiling.

Heating systems have been constituted for many years by a boiler and by the terminals,
the classical cast iron radiators first and the other types of metal or alloys later, and by all the other
components necessary for the whole system to work. In recent times, the use of heating systems made
by radiant panels is growing. These systems promise valid air-heating, a feeling of better comfort
thanks to the absence of air motions that cause movement and suspension of dust and mites, and a
very high thermal performance.

The piping (for water systems) or the electrical cables or mats (for electrical systems) could be
integrated with or embedded into different materials. An example is the integration of an under-floor
electric heating system with shape-stabilized phase change material (PCM) plates. Differently from
conventional PCM, shape-stabilized PCM can keep the shape unchanged during the phase change
process, thus avoiding dangerous leakage. This system can store heat by transformation of cheap
nighttime electricity and take advantage of the stored heat during daytime. Lin et al. [2] analyzed the
thermophysical properties of shape-stabilized PCM developed by the research group itself. A prototype
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room with this electric heating system was set up in Beijing to test the thermal performance and the
feasibility of this heating mode. The results showed that the temperature of the PCM plates” upper
surface could be kept near the phase transition temperature during the whole day, and that a lot of
off-peak period electricity could be used for space heating instead of using peak period electricity,
which would obviously lower the operational costs.

To assess the performance of radiant systems, several authors have proposed different modeling
and testing methodologies, mainly using water as thermal carrier [3—7]. Sattari et al. [8] analyzed
transient conduction, convection, and radiation heat transfer mechanisms for radiant floor heating
using the finite element method with particular attention to the type and thickness of the floor cover,
which are the most important parameters in the design of radiant heating systems. The obtained
results confirm that radiation is the dominant mechanism of heat transfer in a floor heating system.
Computer simulations are also utilized to analyze the energy demand and the comfort conditions both
for residential and commercial buildings using radiant systems [9-11].

Even if the embedded water heating panels are the most used both in new buildings and for
retrofits, literature shows interesting experimental works in the field of electric radiant heating.
Cantavella et al. [12] analyzed in steady state the temperature profiles of a radiant floor formed
by several layers: the insulation layer, the electric heating element, the plastic substrate, and the floor
tile. The same work develops an experimental study on the performance of these heating systems.
A prototype reproducing the different layers of a radiant floor was designed. Temperature sensors
were placed on each of the layers and, finally, an on/off switch allowed the control of the surface
temperature of the device. With the help of this assembly, the dynamic performance and the energy
consumption of the system were analyzed. Different configurations were studied, changing the type
of floor tiles, the nature of the substrate, the insulation thickness, the type of deck on which it was
installed, and the location of the temperature control sensor.

The most interesting on-site installation of an electric radiant heating system was studied in a
historical building: the impact of electric overhead of radiant heaters on the microclimate, air flows,
transport, and deposition of suspended particulate matter (SPM) was monitored between March 2004
and March 2005 in the historical churches of Saint Michael Archangel in Szalowa and Saint Catherine
in Cracow (Poland) by Samek et al. [13].

Camuffo et al. [14] have extensively reviewed all the aspects of church heating and the preservation
of cultural heritage contained in historic churches. The review documented serious destabilization
of the natural indoor conditions introduced by heating that can cause problems in several areas:
the physical integrity of works, the deposition of pollutants, the blackening of surfaces, and the
condensation of the excess of water vapor on cold surfaces. The proposal of the new electric radiant
heating panel was developed also in an EU-funded programme, the Friendly Heating Project [15] that
disseminated the results of the activity of CEN/TC346 WG4 concerning European standardization.

There is an increasing request of electric radiant heating systems by the market of renovations
due to the easiness of installation and removability. During the last years, the significant price decrease
of photovoltaic systems induced many tenants to choose electricity-based heating solutions, taking
advantage of a renewable energy source. The combination of electric heating and renewable energy
is indeed still an open issue; for example, the Italian Legislative Decree on renewable energy source
discourages the integration of the electric radiant system with renewable energy sources; if using the
photovoltaics energy to feed an electric radiant heating system, that energy is no more considered
renewable energy [16]. Therefore, manufacturers are interested to test their systems both for energy
performance (i.e., primary energy use and energy losses) and in order to analyze the indoor comfort
conditions with special attention to the transient conditions. In this field, infrared thermography is a
well-known technique for the analysis of buildings and Heating, Ventilation, Air Conditioning (HVAC)
systems [17,18], and it is particularly fitted to analyzing thermal transient behavior [19,20]. This work
proposes a novel framework for the thermal analysis of electric radiant panel, including a fast and
innovative experimental procedure based on InfraRed Thermography (IRT).
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2. Materials and Methods

2.1. Radiant Heating Panel

The electric radiant heating panel works by Joule effect. The active part is essentially made of
metallic materials through which the electric current flows. Given the electric resistance R of the
metallic material and the electric current I, the heating power delivered by Joule effect is given by
P = I?’R [W]. The radiant surface is covered with an electrical insulating material, to avoid electrical
shock, and it is characterized by a high emissivity in the infrared band. The other surface of the panel
is thermally and electrically insulated from the active surface. In the new types of panel, the wiring is
made in such a way as to minimize the magnetic field due to the Alternating Current (AC) supply.

An electric radiant heating consists normally of the following layers:

1.  Surface coating
2. Electric heaters
3.  Insulating layer

The panel can be equipped with a room thermostat, power cord, and plug, for a quick connection
to the mains. Usually, the control around the set point is of the on/off type, although in some systems it
is possible to choose from multiple power levels, thereby regulating the amount of heat to the heating
requirements of the building in a way similar to what happens in hydronic systems. Different supply
voltages are used depending on the manufacturer and the application. In housing a low voltage is
generally used, through the use of a transformer. In this case, powers ranging from 30 to 80 W m 2 are
delivered, while with AC voltages powers of 300 W m~2 and over can be furnished.

The system’s flexibility is a clear advantage of this equipment: the electrical panels are connected
to the power grid only through a plug; therefore, they can also be moved from one room to another
one and integrated by other panels in case of need of higher heating power. The aspect of the need for
maintenance, which is essentially absent, should also be mentioned. In contrast, the transformation
efficiency of the electrical energy to heat by the Joule effect cannot exceed the unit value (systems
based on heat pumps are characterized by Coefficient of Performance easily exceeding 1), and it is
impossible to use the system for cooling. In addition, a standard contract for the supply from the
national grid (generally around 3 kW) could be not enough to satisfy the high demand of the electric
radiant heating panels.

The electrical panel used for the tests are manufactured in Italy; the available power range
is between 300 W and 900 W, depending on 5 different sizes: 63 cm x 53 cm, 33 cm x 103 cm,
63 cm x 103 cm, 33 cm x 188 cm, 60 x 150 cn. The model 33 cm x 103 cm, 300 W, has been used
for testing.

Currently, there are no regulations or standards for the design, installation, and assessment of the
performance of the electric radiant systems. The only regulation that must be followed is the one in
use for residential electrical systems with regard to the safety of the plant.

2.2. Mathematical Model

The electric radiant panel considered in the experiment is composed of a fiber glass layer
on the front face, with embedded copper electrical conductors to provide heating by Joule effect,
a polyurethane foam layer in the middle to limit the heat diffusion on the back, and an aluminum sheet
on the rear side to guarantee mechanical strength and lightness at the panel. Scheme and dimensions
of the panel are reported in Figure 1 and Table 1, respectively. In Table 1, the nominal values of the
thermophysical properties of the different materials used in the panel are reported as well.
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Glass fiber 0.0012 m

Polyurethane 0.022 m
Aluminum 0.0012 m

Figure 1. Sketch of the radiant panel.

Table 1. Stratigraphy of the electric radiant panel.

L Material Thickness Density Specific Heat ~ Thermal Conductivity
ayer [mm] [kgm~3 kg 1K [Wm~1K™1]
Front Glass fiber 12 2500 800 1.1
Middle Polyurethane foam 22.0 40 1480 0.03
Rear Aluminum metal sheet 1.2 2700 800 170

From the thermal point of view, the panel can be modeled as a hot plate of glass fiber with
thickness Ly, adiabatic on the rear (due to the insulating layer of polyurethane), and extended on the
plane yz with —L, <y <Ly and —L; <z < L;, as shown in Figure 2. The panel is considered adiabatic
on its lateral boundaries as well.
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Figure 2. Thermal model of the panel. The z axis is not represented in the image.

On its surface (the plane x =0, y, z), a thin layer of a good electrical conductor is deposited with a
negligible thickness. Heat is generated by Joule effect, uniformly distributed, in x = 0. The thickness of
the glass fiber layer is small enough to consider negligible the characteristic time to propagate heat
along the x direction in comparison with the dynamic of the whole system. Moreover, the temperature
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field is assumed to be uniform on the plane x = 0. It allows for the application a lumped formulation to
solve the surface temperature variation as a function of time. The ordinary differential equation is [21]:

daT
PCPL:CE =gt — (9conv + qraD) (1)

in which T = T(¢) is the temperature function of time ¢, p is density, and ¢, is specific heat at constant
pressure. Initial conditions are as follows:

T="Tyt=0 )
in which:

e the specific heat flux [Wm~2] generated on the surface by Joule effect is given by:

I’R
= 3
9E =4 L,L: 3)
being I[A] the electric current and R[Q}] the electrical resistance;

e the heat flux exchanged with the ambient at T4pp = T by convection is:

qcony = hconv(T(x = 0,t) — Tp) 4
e the heat flux exchanged with the ambient at T4yp = T by radiation is:

qrap = hrap(T(x =0,t) — To) )

The last equation is the linearization of the well-known Stefan-Boltzmann equation according to
the following scheme [22]:

qrap = €0(T*=T3) = e (T + To)(T* + T3)(T — To)
T24 72 T24+T24+2TTy—2TT,
—2€c7< er °>4< . 0+4 ‘ O)(T—To) (6)

_ seaT(TZ - %) (T — Ty) ~ 4e0T (T — Ty) = hrap(T — To)

in which the following relations are applied:

T+ Ty =3

;TTTo~ T )

T:

With such a linearization the exchange coefficient by radiation, depending on the cube of the
average value of the absolute temperature between the source and environment, is given by:

hRAD = 46’0’73 (8)

in which ¢ = [0, 1] is the emissivity of the emitting surface and ¢ = 5.67 x 1078 [W m~2 K 4] is the
Stefan-Boltzmann constant. For example, around room temperature (T average equal to 300 [K]) and
with an emissivity value € = 0.9, the exchange coefficient by radiation is hgap = 5.5 [W m~2K~1], while
at T average equal to 373.15 [K], hrap is equal to 10.6 [W m 2K 1.

After switching on the radiant heating panel, a heat front starts to propagate along the x axis.
Because the material has small thickness, heat reaches the other side of the layer almost immediately,
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and temperature increases according to Equation (1) [21]. It is then possible to write the ordinary
differential equation:

h h
o+ cozxgzﬂ; RAD 5 _ )
p X
in which: 1
0 = oo,L (9 — (hconv +hrap)(T — To)] (10)
p X
The solution is:
_hconvthrap
6= 1L o~ ol (11)
pcpLx
that could be rewritten as:
qe _convthRAD

T(t) - Tp 1—e  #okr (12)

~ hconv + hrap

Two groups of parameters, « and 7, could be identified:

qE . pcpLx

N = ,T =
hconv +hrap hconv + hrap

(13)

The parameter 7 is the time constant of the system. This value is of particular interest for the
designers, as it defines the mode of operation of the panel and significantly contributes to establishing
the thermal comfort in the rooms in which the panel is applied.

2.3. Experimental Layout—Thermal Testing

The European Committee for Standardization (CEN) and the International Organization for
Standardization (ISO) propose detailed standards for testing and designing water heating and cooling
panels both for floor and ceiling applications [23-25]. In this work, a commercial standalone electric
radiant heating panel has been tested with the aim of being able to evaluate the performance in a
controlled space. For this purpose, the climatic room of the Institute for Construction Technologies
in Padova (Italy) has been utilized. The room is placed inside a building, and it is constituted by
a thermally insulated chamber made of panels with a thickness of 5 cm and thermal conductivity
of 0.04 W m~! K~1. The internal dimensions are equal to 4.36 m x 8.42 m x 3.45 m: the floor
surface is therefore equal to 36.71 m?, and the total volume is equal to 126.5 m3. The room is
completely surrounded by an empty cavity in which air flows with a maximum flow rate value
equal to 7000 m® h~!: the air temperature is controlled by an air treatment unit. The air temperature
in the cavity allows for the control of the conditions of the surface temperature of the test room.
The air temperature inside the cavity is controlled in a continuous way around the setpoint to maintain
a very stable internal operating temperature during the measurements: the distribution of surface
temperature is in the range of £0.3 °C. The air treatment unit is connected to a reversible heat pump
that provides heating and cooling. The heat pump is a Carrier 30RH 005 model, 5.1 kW nominal
cooling capacity, 5.7 kW nominal heating capacity, 2.02 kW power consumption for cooling, and
2.09 kW power consumption for heating.

Inside the climatic test room, an insulated chamber was installed above the existing floor. The new
room was built with sandwich panels of expanded foam (polyurethane) and fiberglass-reinforced
epoxy resin, white painted with medium-high emissivity varnish (0.75 in the long wave infrared band)
on both inner and outer side. The polyurethane foam layer has a thickness of 70 mm and a thermal
conductivity of 0.023 W m~! K~; the thermal transmittance is equal to 0.33 W m~! K~!. The external
dimensions of the room are equal to 3.34 m x 4.41 m x 3.15 m. The dimensions are therefore compatible
with those provided by the standard UNI EN 14240 [25] for the test of radiant ceiling systems. Inside
the chamber a water-radiant ceiling was installed, made by 6 modules connected in three parallel
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series of 2 modules each. The inlet and outlet pipes are connected to a system placed outside the cell,
which delivers either hot or cold water.

The maintenance of the operating conditions and their measurement are obtained with a network
of sensors and actuators and controlled by a real time system. This system is supervised by a computer
through the internet network. The control and measurement software was developed in LabView
platform. All the temperature sensors have been calibrated in the laboratory, while the flow sensors
were verified after the installation of the electric radiant panel. Table 2 summarizes the type and
number of sensors utilized in the hot/cold water generation system. Table 3 describes the sensors
utilized inside and outside the test chamber.

Table 2. Sensors of the hot and cold water generation system.

Type of Measurement Instrument Quantity
Water temperature Resistance Temperature Detector Pt100 4
Water Flow Electromagnetic flowmeter 1
Electrical power Volt-Ampere meter 1

Table 3. Sensors positioned inside and outside the test chamber.

Type of Measurement Instrument Quantity
Wall temperature Resistance Temperature Detector Pt100 13
Air temperature Resistance Temperature Detector Pt100 9
Water temperature Resistance Temperature Detector Pt100 2
Mean radiant temperature Globe thermometer 2
Heat flux Heat flux meter 1

More in detail, the temperature sensors for air and the wall were placed in the following way:

e 4 contact temperature sensors for the walls, one for each of the four outer walls of the test chamber;

e 4 air temperature sensors placed near the side of the entrance door of the test chamber at 0.1 m,
1.1 m, 1.7 m, and 2.5 m height;

e 4 air temperature sensors placed near the opposite side of the entrance door of the test chamber at
0.1m, 1.1 m, 1.7 m, and 2.5 m height;

e 4 air temperature sensors placed in the climatic room that encloses the test chamber (one for each
side of the cell);

e 1 contact temperature sensor placed on the floor of the test chamber;

e 2 temperature sensors placed on the radiant ceiling, one at the inlet of a series of panels, the other
one in a point of the ceiling not occupied by panels;

e 2 globe thermometers placed on the side of the entrance door of the test chamber and on the
opposite side at the height of 1.1 m for the measurement of the average radiant temperature;

e 3 temperature sensors placed in the space between the radiant ceiling and the ceiling of the room,
one in contact with the ceiling of the cell, one in contact with the radiant ceiling, one that measures
the temperature of the air in the cavity.

The electric radiant panel was installed in the middle of the floor inside the test chamber.
Its nominal power is 300 W, and the dimensions are 103 by 33 cm. A picture of the experimental setup
is shown in Figure 3.
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Figure 3. Experimental setup with the radiant panel, the air temperature probes, and the
thermal camera.

The thermal camera used during the experiments is a FLIR SC660, having a spectral response
7.5 um and 13.5 um, a noise equivalent temperature difference (NETD) lower than 30 mK, a resolution
equal to 640 x 480 pixel.

2.4. Measurement Procedure

The measurement procedure is different for the steady state and for the transient analysis. In the
first case, the active ceiling is set on cooling mode and the panel is turned on. The electric radiant
panel is controlled in order to generate the power required to balance the heat absorbed by the ceiling;
in this way also, the internal temperature of the testing chamber is maintained constant. The time
needed by the system to reach the steady state condition is higher than 24 h.

The transient test starts with the radiant panel switched off; its surface temperature is equal to
the temperature of the chamber, which is defined as Tryy. Successively, the panel is switched on at
its nominal power (300 W) and the increase of its surface temperature is recorded with the thermal
camera. The camera acquires an image of the panel every 10 s. A special infrared target, connected to a
contact temperature probe, is placed inside the field of view of the camera: this allows both to correct
the offset of the thermal camera on the absolute temperature measurement, and to estimate the air
temperature variation and the reflected temperature [26].

3. Results

3.1. Steady State Thermal Conditions

Two measurements of the thermal efficiency of the panel were conducted by setting the maximum
cooling power of the ceiling, which is about 235 W, and 60% of this value. The internal temperature of
the room was kept approximately at 20 °C for both tests. The electric radiant panel was controlled in
order to generate the power required to balance the heat absorbed by the ceiling. In this way, also the
internal temperature of the cell was maintained constant.

Figure 4 shows the trend of the electrical power absorbed by the panel (energy input) and
the thermal power absorbed by the ceiling (energy extraction) from the test room under steady state
conditions. The collected data refer to one hour and are recorded after the period required for achieving
steady state condition. It can be noted that the electrical power absorbed by the panel is slightly greater
than the enthalpic power absorbed by the ceiling; this indication is confirmed by comparing the average
values that are, respectively, 181 W and 183.4 W. The uncertainty values during the measurement for
the two power values were, respectively, 6 W and £0.6 W, calculated as proposed in [27,28].
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Figure 4. Experimental data of the steady state measurement. The heating power generated by the
electrical panel (red dashed line) is balanced by the radiant ceiling (blue solid line).

The relationship between the measured values makes it possible to estimate the emission efficiency
of the panel, which is equal to 0.99 &£ 0.03, a value comparable with the data available in the literature.
It should be also noted that the upper limit of the emission efficiency is, by definition, equal to one.
The energy losses of the heat emission system mainly depend on:

(a) energy need for space heating (and as consequence from thermal properties of building envelope
and indoor/outdoor boundary conditions);

(b) non-uniform indoor air temperature distribution (i.e., due to stratification or plane
radiant asymmetry);

The additional energy losses can be caused by increased internal temperature and heat transfer
coefficient near windows, and by convection and radiation from the heat emission system through
other outside surfaces. Furthermore, energy losses can be caused by additional transmission to the
outside and apply to floor heating, ceiling heating, and wall heating systems and similar. However,
this is only considered as a loss, when one side of the building part containing the embedded heating
device is facing the outside, the ground, an unheated space, or a space belonging to another building
unit. For each electrical device of the heat emission system, electrical power consumption, the duration
of operation, and the part of the electrical energy converted to heat and emitted into the heated space
shall be taken into account [29].

3.2. Transient Thermal Conditions

After the tests in steady condition, the dynamic behavior of the panel was investigated with a
different testing procedure. The surface temperature of the panel increases rapidly until reaching a
stable average value of 86 °C. Measuring the temperature increase with a contact temperature probe
could have instead lead to underestimation or overestimation of the temperature. A contact probe is
representative of a single point of the panel, but the heating, even on small panel, is not homogenous.
Only the use of infrared thermography overcomes this issue, allowing the evaluation of the entire
heating surface. Figure 5 shows the average temperature increase of the surface, taking into account
the environment temperature recorded during the test, which was close to 18 °C. The experimental
temperature profile is compared against the mathematical model, as described in Section 2.2. The curve
is obtained fitting the measured data with the least square method. The root mean squared error of the
fit is equal to 0.32 [K].
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Figure 5. Average surface temperature increase of the panel during the transient testing.

The model allows the estimation of the parameters a and T described in Equation (13).
The obtained values are, respectively, 67 K and 144 s. The a value, considering the declared power
of the panel of 300 W, gives an estimated value close to 15 W m~2 K~ for the total heat exchange
coefficient, which is compatible with the mathematical model. Due to the nature of the electric panel,
the value of the time constant T value is lower than the ones calculated for several hydronic systems
available in the literature [30].

Infrared measurement gives also information on the surface temperature distribution. From the
thermal image (Figure 6) obtained at the end of the test, it is possible to note that some zones of the
panel, in correspondence to the cabling system, differ from the average temperature.

91.4°C

17.7°C

Figure 6. Thermal image obtained at the end of the transient measurement.
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4. Discussion

This work developed experimental procedures that allowed the measurement of the thermal
performance of electric radiant heating panels. For the steady state measurement, the methods and the
equipment are similar to the one applied for water based radiant systems; therefore, the results can be
compared. The emission efficiency of these devices was found slightly lower than one, a value that is
similar to the literature data for other systems and that is necessarily lower than the unit, due to heat
transmission laws.

For the transient measurement, the data obtained during the test can be compared with those
reported in the literature for other systems. The mathematical model allows for the quantitative
evaluation of the thermal behavior of the system thanks to the definition of the « and T parameters.
It is possible to observe that a system with radiant electric panels could be more reactive than a
standard hydronic system. This is due to the much lower thermal inertia of the electrical radiant panel
compared to a typical hydronic system; as consequence, the electrical panel employs less time to reach
a steady state condition. Great care should be taken when comparing the overall performance between
electrical and water-based panels, as this analysis should always consider primary energy, and in
several countries this has had a dramatic impact on the global evaluation.

The application of infrared thermography is particularly suited to the transient test, which, with
some modifications, could be also performed on-site. Future work will investigate the practical
feasibility of the on-site monitoring, as it would be a valuable tool for home inspectors and
building designers.
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Nomenclature

Ly Panel thickness [m]

Ly Panel half length [m]

L, Panel half width [m]

v Voltage [V]

P Electrical Power [W]

I Electric Current [A]

T Temperature [K]

0 Density [kg m 3]

Cp Specific heat [J kg{1 K1

qE Heat flux given by Joule effect [W m 2]
GCONV Convective heat flux [W m~2]

qRAD Radiant heat flux [W m—2]

t Time [s]

R Electrical resistance [()]

hcony Convective heat coefficient [W m~2 K~!]
HRAD Radiant heat coefficient [W m—2 K]

Emissivity [a.u.]
o Stefan-Boltzmann constant [W m~2 K—4]
T Temperature average [K]
0 Laplace transform of the temperature
w Panel asymptotic temperature [K]
T Time constant of the system [s]

Teny Temperature of the environment [K]
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