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Abstract

The study is focused on the thermal performance analysis of a thermoelectric radiant heating panel
(TERHP) system in a test chamber for cold climatic conditions. Three radiant panels with eight
thermoelectric modules (TEM) each are installed on the three different walls of the study chamber
to evaluate the performance of the panels to achieve the thermal comfort temperature inside the
chamber of 1.2 x 1.2 x 2 m. All TEMs in a single TE panel of size 0.75 x 0.50 m are attached in a
triangular arrangement to obtain a uniform temperature. The water block is used as a heat sink to
maintain the temperature difference between the cold and hot sides of TEMs. The water circulation
circuit with the "I" configuration has been used. Hot water at a constant temperature is supplied
to the water block, and cold water obtained at the outlet is collected and circulated back after
thermoregulation in a closed loop. The experiment is conducted by supplying inlet water at 18°C and
applying operating voltages to the TERHP system of 12 V, 16 V, and 20 V. The surface temperature
of panels, mean radiant temperature, operative temperature, air temperature, heating capacity, and
coefficient of performance are measured on these inputs.

Keywords - Thermoelectric module, Thermal performance, Radiant heating, Heating capacity, Low
energy heating.

1. Introduction

A commitment to cut hydrofluorocarbon (HFC) consumption by 80% by 2047 was made when
representatives from over 150 nations signed the Kigali Amendment in 2016. This would be a
significant step in our attempts to lessen the effects of climate change since, if successful, it would
prevent more than 0.4°C of global warming by the end of the century [1]. According to the IEA’'s 2019
report, India's energy demand for air conditioning is anticipated to triple by 2050. This points out the
requirement for energy-efficient and sustainable air conditioning solutions [2]. Buildings account for
a sizable portion of global energy consumption and carbon dioxide emissions. Hence, a new viable
solution is required to tackle the above mentioned issues. Thermoelectric radiant cooling or heating
systems for buildings can be a beneficial option due to its compact size, less maintenance, no use
of refrigerant and long operating life.

A thermoelectric module (TEM) working on the Peltier effect has a thermoelectric element that is
powered by direct current (DC). Depending on the direction of the current flow, TEM can transfer
heat one way or another. The possible application options of this technology are the integration of
thermoelectric (TE) radiant panels on the ceiling and walls of a building. Numerous studies have
been carried out to assess and optimize the performance of thermoelectric systems.

The experiments performed by Cosnier et al. [3] confirmed the feasibility of heating air using
thermoelectric modules in the system. The investigation shows that coefficient of performance
(COP) of 2 can be easily reached by applying a current of 4-5 A while keeping the hot and cold side
temperature difference of 5-10°C. Shen et al. [4] have developed a mathematical model to optimize
the TE radiant panel design for better cooling and heating performance. Results show that for better
performance of the radiant panel, the number of thermoelectric modules should be 16/m2. Lim et
al. [5] developed an empirical model to predict energy consumption as well as the heating capacity
of radiant panels in the heating mode. This prediction model can be integrated into building energy
simulation programmes. Allouhi et al. [6] also found that the thermoelectric heating system can
provide an energy savings of 55-64% compared to conventional electric heaters. Zuazua-Ros et
al. [7] constructed a ventilated active thermoelectric envelope to assess its performance. Six TEMs
were integrated into a building facade. Depending on the voltage input, they achieved a maximum
COP of 2.1.
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Liu et al. [8] worked on an open type of thermoelectric heating system with multiple channels. The
effects of insulating layer thickness, airflow rates through the hot and cold sides, temperatures
on the hot and cold sides, electric current direction, and numbers of TEMs were examined in the
thermoelectric heating systems. This system attained an average heating coefficient of 1.3, which
was higher than that of electric heating. Koohi et al. [9] designed a setup for space heating that
consists of a thermoelectric system powered by a photovoltaic panel. Experimental investigation
shows that a temperature difference of 6°C from the ambient temperature was observed with a
maximum COP of 1.6 during the experiment period of 4 hours. Ibanez-Puy et al. [10] assert that it
would be better to run the unit using more modules operating at lower voltage rather than fewer
modules at higher voltage input. Wang et al. [11] performed tests in a room of 1 m3 and observed that
for ambient temperatures ranging from 1to 10°C, TE modules require high voltage (6-8 V) to ensure
an adequate temperature level, whereas for ambient temperature greater than 10°C, more modules
operating at low voltage (3-5 V) are required to make the system energy efficient.

Kim et al. [12] developed a model for a hydraulic thermoelectric radiant cooling system and found
that cooling water temperature has the most significant influence on the COP of the system affecting
it by 38.6-45.7%. Xie et al. [13] proposed a water-cooled thermoelectric component model which
showed the increase in the COP and cooling capacity of TEC with increase in water flow rate and
air flow rate. The earlier investigations, however, were carried out in low supply air conditions with
low radiant surface temperatures. Few studies have been found using a water based heat sink for
a thermoelectric radiant heating system inside a chamber. Water has higher heat carrying capacity
than air, thus it is utilized in this study as the heat sink source. As a result, it is important to
investigate the TERP's properties and assess how well it works in heating mode.

The study is focused on the thermal performance analysis of a thermoelectric radiant heating panel
(TERHP) system in a test chamber for cold climatic conditions. The water block is used as a heat
sink to maintain the temperature difference between the cold and hot sides of TEMs. The experiment
is conducted by supplying inlet water at 18°C and applying operating voltages to the TERHP system
of 12 V, 16 V, and 20 V. The surface temperature of panels, mean radiant temperature, operative
temperature, air temperature, heating capacity, and coefficient of performance are measured on
these inputs.

2. Methodology

The experiment is performed inside the insulated chamber of 1.2 x 1.2 x 2 m dimensions in the lab.
There are three TE panels installed on the left, right, and front walls of the chamber.

2.1 Experimental setup description

The experimental setup includes TE radiant panels, a DC power supply, a water tank, submersible
pumps, a water heater, a data logger, and a temperature controller as shown in Fig. 1. The radiant
panel was constructed by attaching eight thermoelectric modules in a triangular arrangement to an
aluminium panel of dimensions 0.75 x 0.50 m. According to a previous study, painting an aluminium
panel black increased its heating performance by 2.3 to 2.8 times and its cooling performance by 1.5
to 1.7 times when compared to a non-painted panel [14]. Three TE radiant panels were painted matte
black. The "I" water circulation circuit showed better performance in cooling studies. Water was
supplied at 18°C, circulated in a closed loop. The experiment was conducted by applying operating
voltages to the TERHP system of 12 V, 16 V, and 20 V in lab ambient temperatures of 17-18°C,

The study utilized a TEC1-12706 single-stage thermoelectric module with 127 semiconductor couples
and 6 A current carrying capacity. The other technical parameters and their values are shown in
Table 1. Thermal paste was applied on both sides of TEMs to attach the water block and metal panel
surface to avoid internal resistance between them.

AT jax (K) Loz (A) Viaz (V) Resistance Size
Qmax(W) (_Q)
50 66 6 14.4 1.98 4mm x 4nim X 3.9mm
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Three TE radiant panels were electrically connected in parallel, having each TE panel with 8 TEMs
in 4S x 2P configuration, as shown in Fig. 2 (b). Selected three pumps each having flow rate of
0.044 kg/s circulated water at a 0.0146 kg/s flow rate through each water block via smaller pipes
connected with TE panels, as shown in Fig. 2 (a). which comes in range of 0.01 to 0.03 kg/s water
flow rate as per previous studies through water blocks [16]. The remaining area of the rear side of
the TE panels was thermally insulated.
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Figure 1: Outside and inside view of experimental setup for the present study and schematic of RTD
placement on the TE panel

(a) (b)
® g P
Pump - _
—y .
B i o —(E—
- - - | - y )
Inlet Return tH . 13
Waber water
>~ = =
e . B B —l
DC power
2 supply —__
e . uE
water tank
TE radiant
panels

Figure 2: (a) Water circuit with “I” configuration and (b) Electric circuit for of TERHP system

Each thermoelectric radiant panel has nine RTD placed at positions as shown in Fig. 1 for better
temperature measurement. Thus, the total number of RTDs attached to three radiant panels is 27
The spatial average is the number average of the air temperatures at the ankle level, the waist level,
and the head level. These levels are 0.1, 0.6, and 1.1 m for seated occupants and 0.1, 1.1, and 1.7 m for
standing occupants, according to ASHRAE. Four RTDs were attached vertically at these heights,
One relay probe is attached to the center of the TEM as shown in Fig. 1 to maintain the required
temperature on the TE radiant panel. One thermocouple was placed outside the test chamber to
obtain ambient temperature data. A total of nine runs of experiments were performed for 12 V, 16 V,
and 20 V. Each set of experiments is repeated three times with a water temperature range of 17-18°C
for 2 hours each for a set point Th value of 28°C, 30°C, and 33°C. Experiments utilized a DC power
supply (Testronix 92 D), changing polarity for heating study, and recording temperature data using
a data logger All temperature data were recorded by a data logger (Keysight DAQ973A, 20-channel
multiplexer DAQM901A, 2 units) and Testo 440, a hotwire probe, and a globe thermometer for thermal
comfort assessment.

2.2 Assumptions, duration, and measurements

The following assumptions were adopted during this experimental study:

a) Thomson effect and heat losses by radiation and convection from the rear are neglected,
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electric resistance and thermal conductivity of TEMs are constant,
b) The Seeback coefficients (a) of p- and n-type elements in TEMs are constant and equivalent.

c) The temperatures of the bottom surface of the water block and panel surface are considered
equal to the temperatures of the hot side and cold side of TEM, respectively.

In this study, the heating capacity and COP of a TE radiant panel were calculated, Temperature data
were recorded mainly from the surface of the radiant panels. The heating capacity and COP of TEM
(Qy paner COP, ...) and TE radiant panels (Q, ., COP, ..) can be calculated based on Equations
(1)-(9) [12], [17-18]. Equations (5)(10) were used in this study to calculate the heating capacity of
the panel and COP. Terms used in the following equations were added in the nomenclature section.

Qh,TEM - OLITh + O.SIZR — K(Th e TL‘) (1)

QC,TEM = (Tws = Tc)/Rw o QITC —0.5I°R — K(Th g Tc) (2)

Praiw=al(G,—T)+ PR (3)

COPyrpy = Q; L @

TEM

Qnraa = oAe(T4-MRT*) )

Qh,mmf = hA(Ts . Ti,a) (6)

Qh,panel = Qh,md o Qh.conv (7)

Ppanel =VXI (8)

Qh, anel (9)

COPh,puneI s PP—
panel
1
1 4
0.25x10%) [|T, — T; o] \*
MRT = |(T, + 273.15)" + L = )(l — "“') (T, - Ti,ﬂ)} —273.15 (10)
g
T, +MRT an)
w="3

Nu = 0.59 (Ra)?25 for 10* < Ra < 10? (12)

Heating experiments were performed in the lab-based test chamber during February of the winter
season. The data was logged at a 10 second interval during the experiment. The current values were
noted, corresponding to the applied voltage in the DC power supply. As the three TE radiant panels
were electrically connected in parallel, the operational voltages for the experiment were selected as
12V, 16 V, and 20 V, considering panel surface temperature and COP variations. The minimum and
maximum operational voltages for the study are selected as 12 V and 20 V, respectively. Maximum
panel temperature was achieved as 27.45°C and 32.30°C at 12 V and 20 V, respectively, which
comes under the same range selected in previous research for heating mode [19]. Thus, a 2-hour
experiment was performed to achieve these surface temperatures. Rayleigh number at all voltages
found to be in the range of 104 to 108 thus for vertical mounted panels Nusselt number was calculated
using Equation (12).

A combination of random error (py) and propagation error (by) results in the total uncertainty (Uy)
of measured values, as shown in equation (13). According to Equation (2), the propagation error (by)
is calculated by a constant error term (bxi) that is obtained by multiplying the temperature sensor
error by the standard deviation of the measured temperature (Sr). Equation (14), which includes the
standard deviation and mean value (M) of the measurements, defines the random error (Py) [20].
Total uncertainty is shown for measured parameters in Table 2.

(13)
U, = |(b2+p})
2
b= [, (b _ 2 (14)
y= =1 g ) Py T gy
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Parameters Uncertainty
Temperatures 0.2-0.5°C
Heating capacity (Qy) 0.067 W
COPy 0.06

3. Results

Testing of the radiant panels is performed under three voltage inputs of 12, 16, and 20 V, with an
initial indoor temperature kept at 20.6 °C + 0.1°C. MRT, Q, panel and COP,_ paner WeEre computed using
Equations (10), (7), and (9) in accordance with T_T, Tg and the current measured during the test.
The variation of panel temperature under dn‘ferent voltages of the experiment during the period of
2 hours is shown in Fig. 3(a). For the first 830 seconds, the panel temperature rises sharply, and as
time passes, the rise of the panel surface continues but at a slower rate.

The variation of the mean radiant temperature under the applied input voltage is shown in Fig. 3(b).
The mean radiant temperature (MRT) increases with the increase in panel surface temperature
with respect to time, as there is no other heating source except the panel. Indoor air temperature
increments under different input voltages are shown in Fig. 3(c). The maximum indoor temperature
increment for 12V, 16 V, and 20 V was 2.06 °C, 2.86°C, and 4.02 °C, respectively. Operative temperature
was calculated using Equation (11) which is the mean of the indoor air temperature and the MRT.
Operative temperature shows a similar kind of variation as obtained in MRT, as shown in Fig. 3(d).
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Figure 3: Temporal variation of (a) Panel Temperature (b) Mean Radiant Temperature (c) Indoor Temperature
(d) Operative Temperature (e) Heating Capacity (Q,) of TE panel (f) COPh of TE panel

Increasing the voltage value raises the current, which increases the temperature differential due to
the Peltier effect, resulting in a higher temperature on the hot side of the module. The change in the
heating capacity under different voltages with respect to time is shown in Fig. 3(e). Heating capacity
for the higher input voltage can be seen to be higher, and it first increases very sharply with time,
reaches a maximum value, and then starts to decrease at a slower rate as the difference between
indoor air temperature and panel temperature decreases. The maximum heating capacity obtained
was 14.7 W, 1713 W, and 24.41 W for 12, 16, and 20 V, respectively.

COP,, depending on the heating capacity, shows similar variation for constant input electrical
voltage (V) with respect to time, it first increases and reaches a maximum value, after that, the COP,
decreases. The maximum COP, was found to be 114, 0.74, and 0.66 for 12, 16, and 20 V respectively.
COP, decreases with an increase in the input electrical voltage, as can be observed from Fig. 3(f).
This shows that the increase in the heating capacity is less as compared to the voltage applied or
power input.
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The temperature distribution at the active side of the panel at different voltage values of 12 V, 16 V,
and 20 V captured by a thermal camera is shown in Fig. 5, which is nearly the same as measured by
RTDs. The vertical air temperature at heights of 01 m, 0.6 m, 1.1 m, and 1.7 m is shown in Fig. 5 with
respect to 12 V, 16 V, and 20 V. The vertical air temperature distribution was obtained for the sitting
and standing positions of a person according to ASHRAE.

12V loVv 20V

Figure 4: IR camera images of actual temperature distribution at the active side of panel at 12 V, 16 V. and 20
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Figure 5: Vertical air temperature distribution at 12V, 16 V. and 20 V

4, Discussion

The indoor temperature rise occurred due to heat exchange between the TE panels and the study
chamber. As the temperature difference between the hot and cold sides of TEM increases, TE modules
require more energy to push electrons from the cold side to the hot side. A high supply voltage is
required for higher surface temperatures. As shown in Fig. 3(a), the panel temperature rises sharply
for 830 seconds because, AT, increases fast, and then the rise of the panel surface continues but
at a slower rate because of stable AT . . The cold side temperature is maintained with a supply of
constant temperature water. MRT, indoor air temperature, and operative temperature increase with
time, as shown in Figs. 3 (b) - 3 (d).

According to ASHRAE, the inside design condition for winter with a 90% acceptability requirement
is that the operative temperature persists within a range of 20-23.5°C for a 0.9 clo condition with an
occupancy having activity less than 1.2 met. The upper limit of 23.5°C is achieved within 98 minutes,
59 minutes, and 27 minutes at 12 V, 16 V, and 20 V, respectively. The desired value of operative
temperature is achieved in less than 2 hours at the lowest voltage, i.e,, 12 V, with the present setup.
The preceding line illustrates that to obtain the necessary operative temperature within the range of
thermal comfort at a faster pace, power input must be increased, which comes at the expense of a
low COP value. Optimization of the TE radiant heating panel necessitates a trade-off between COP
and power input to TEM, which is dependent on ambient temperature, duration, and power cost.

Heating capacity, which is the combined effect of radiation and convection near the TE panel, initially
rises fast, then goes down and becomes nearly constant because panel surface temperature rises at
a faster rate initially than MRT and air temperature; further, all three temperatures rise slowly. With
higher voltage selection, power consumption for the panel increases, leading to a decrease in COP
at higher voltages, as shown in Fig. 3(f). The power supplied to each TE panel is 12.84 W, 23.09 W,
and 36.66 W. Air with a high temperature is lighter, and due to the density difference, buoyant forces
act upon it, raising it to a higher level.
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5. Conclusion

This paper experimentally examines the thermal performance of a thermoelectric radiant panel
system for indoor space heating. The heating performance of the TERHP system in a test chamber
with designed TE radiant panels for optimum voltage or energy-efficient criteria was investigated.
The outcomes of this study are concluded as follows:

- At 12V, the TERHP system attained the highest COP of 114, which suggests that at lower voltages,
the energy efficiency of the system increases, while for higher heating requirements at lesser
energy efficiency, 20 V or high voltages should be supplied to the TERHP system. Thus, the electric
connection of TEMs in a TE panel-is important for determining the energy efficiency of the system.

- A water-based heat sink enhances TERHP system COP and heating capacity more than an air-
based one used in previous studies. Water supply temperature (Tws) should be near to ambient
temperature for a higher COP of the system, and for higher heating capacity, a high Tws can be
selected. In this study, water at 17-18°C was supplied. With a high figure of merit, better COP and
heating capacity are expected with TEM.

- In this study, the upper limit of thermal comfort temperature (i.e., Top) at the highest voltage was

achieved within 27 minutes. The same level of thermal comfort can be achieved by a TERHP system
at a lower air temperature. This results in lower energy consumption.

6. Nomenclatures

o Seeback coefficient (V/K) R Electric resistance of TEM (Q)

K Thermal conductivity (W/m?2K) R, Thermal resistance of water block (K/W)
V DC voltage supplied to each TE panel (V) | Input current to each TE panel (A)

Th Hot side temperature of TEM (K) T Cold side temperature of TEM (K)

Ts TE panel surface temperature (K) T, Indoor air temperature (K)

Tg Globe temperature (K) Tvx;s Supply water temperature (K)

MRT  Mean radiant temperature (K) TOp Operative temperature (K)

&g Emissivity of globe thermometer D Globg diametenm)

Nu Nusselt number Ra Rayleigh number

A TE panel area (m2)
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