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Abstract 

This study aims to investigate a principle and strategy for 

thermoelectric radiant panel (TERP) heating operation 

using numerical and experimental methods. A numerical 

simulation model for a TERP was developed based on the 

finite difference method. Additionally, a mock-up TERP 

model was constructed to validate the numerical model 

and define its operation strategy in the heating mode. The 

results revealed that the TERP can stably operate without 

fan operation by the Joule effect of the thermoelectric 

module (TEM). Moreover, the TERP in heating mode 

showed a lower coefficient of performance (COP) with 

fan operation when the outdoor air temperature was lower 

than approximately 23○C. This is because the lower 

outdoor air temperature could not supply useful heat to 

the cold side of the TEM during heating. Therefore, it is 

recommended to use a TERP without fan operation for 

heating purposes.  

Introduction 

A thermoelectric module (TEM) is a solid-state heat 

pump which mainly operates based on the Peltier effect 

and Joule effect. The heat absorption and rejection are 

occurred at the cold and hot side of TEM at the same time 

when the direct current  flows into the n- and p- type 

semiconductor in TEM. It has many advantages of 

compact size, no refrigerant, no moving parts without 

noise and vibration (Lim et al., 2018). Therefore, 

extensive research is being conducted on the application 

of TEMs in the heating, ventilation, and air conditioning 

(HVAC) systems of buildings (Shen et al., 2016). Among 

these, the thermoelectric radiant panel (TERP) has shown 

good feasibility as a parallel cooling and heating unit (Lim 

and Jeong, 2018).  

There are water-cooled- (Lertsatithankorn et al., 2009) 

and air-cooled-type (Shen et al., 2017; Luo et al., 2017; 

Lim et al., 2018) TERPs for removing heat that is rejected 

during cooling operation. Specifically, the air-cooled type 

is attracting increased attention because of its simple 

structure and convenience. Thus far, research has 

primarily focused on cooling operation performance.  

However, TERP can be used for heating by converting the 

direction of input direct current easily. Therefore it is 

necessary to investigate the heating performance and 

operation strategy for TERP.  

In this study, a numerical model for TERP in heating 

operation was developed to investigate its heating 

performances and suitable operation strategy. For 

validation, the experiments were conducted to estimate its 

energy performance according to the condition of heat 

source (i.e. cold side of TEM).  

System overview 

A TERP consists of an aluminum panel (for radiant 

cooling and heating), insulation (to prevent unnecessary 

heat transfer between cold and hot sides), TEM, and heat 

sink, as shown in Fig. 1. In the present study, an air-cooled 

TERP is used. Therefore, outdoor air is used to remove 

heat from the hot side of the TEM in cooling mode (Fig. 

2). Comparatively, the direction of heat absorption and 

rejection is converted in heating mode by changing the 

input current direction at the TEM. When using a fan in 

heating mode (Fig. 2a), heat from the outdoor air is 

absorbed by the cold side of the TEM. If the outdoor air 

temperature is high, the TEM can show a higher 

coefficient of performance (COP). However, outdoor air 

temperatures are generally low in the heating season. 

Therefore, fan operation would not be energy efficient. 

Hence, TERP heating without fan operation (Fig. 2b) is 

proposed, and its feasibility is examined based on heating 

and energy performance.  

 

Figure 1: Section of thermoelectric radiant panel 

 

Figure 2: Thermoelectric radiant panel in cooling 

operation. 
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(a) With fan operation 

 

(b) Without fan operation 

Figure 3: Thermoelectric radiant panel in heating 

operation. 

Simulation model 

A simulation model of a TERP operating in heating mode 

was developed to theoretically predict its behavior and 

understand its heating mechanism.  

Thermoelectric module model 

The TEM performance was simulated using the semi-

black-box model from a previous study (Chen and Snyder, 

2013). The thermo-physical properties of TEM, such as 

the Seebeck coefficient (S), electrical resistivity (R), and 

thermal conductivity (K), were calculated using Eqs. (1) 

to (3) based on the technical specifications of the TEM 

(Table 1). The thermo-physical properties are varied 

according to the hot side temperature of TEM (Th).   

𝑆 =
2𝑄𝑚𝑎𝑥(𝑇ℎ−∆𝑇𝑚𝑎𝑥)

𝑇ℎ
2𝐼𝑚𝑎𝑥

  (1) 

𝑅 =
2(𝑇ℎ−∆𝑇𝑚𝑎𝑥)

2

𝑇ℎ
2

𝑄𝑚𝑎𝑥

𝐼𝑚𝑎𝑥
2   (2)  

𝐾 =
(𝑇ℎ−∆𝑇𝑚𝑎𝑥)

2

𝑇ℎ
2

𝑄𝑚𝑎𝑥

∆𝑇𝑚𝑎𝑥
  (3)  

Table 1: Technical specifications of the TEM used in this 

study 

Description Value 

Maximum input current (Imax) 6.4 A 

Maximum input voltage (Vmax) 14.7 V 

Maximum cooling capacity (Qmax) 56 W 

Maximum temperature difference between 

cold and hot side of TEM (∆Tmax) 
71°C 

 

Convection and radiation coefficient 

At the surface of the radiant panel, heat is transferred by 

convection and radiation, which can be calculated in Eqs. 

(7) to (13) (Lim et al., 2018; Ostrach, 1953; Fuji and 

Imura, 1972; Cengel, 2007). The Reynolds number (Re) 

at the surface is calculated using the air density (𝜌𝑎𝑖𝑟), air 

velocity ( 𝜈𝑎𝑖𝑟 ), characteristic length of air (Lc), and 

viscosity (𝜇) in Eq. (2). The characteristic length (Lc) is 

defined as the length of the panel (Lpanel) when the external 

fluid is considered on the flat plate. Using the Reynolds 

number (Re) and Prandtl number for air (Pr), the Nusselt 

number (Nu) is calculated in Eq. (8). The Grashof number 

(Gr) is calculated in Eq. (9) using the acceleration of 

gravity (g) and the coefficient of cubical expansion of air 

(𝛽). Subsequently, the Rayleigh number (Ra) is derived 

from Eq. (10), and the Nusselt number (Nu) is determined 

in Eq. (11). Finally, the heat convection coefficient at the 

surface of the radiant panel can be determined using Eq. 

(12). All the equations in Eqs. (7) to (12) are from the 

condition that the external fluid under the cold flat plate.  

𝑅𝑒 =  
𝜌𝑎𝑖𝑟𝜈𝑎𝑖𝑟𝐿𝑐

𝜇
  (7) 

  𝑁𝑢 =
0.664𝑅𝑒

1

2𝑃𝑟
1

3   ( 𝑅𝑒 < 5 × 105)

0.037𝑅𝑒
4

5𝑃𝑟
1

3  (𝑅𝑒 ≥ 5 × 105)
 (8)

   𝐺𝑟 =
𝑔𝛽(𝑇𝑠𝑢𝑟𝑓−𝑇𝑟𝑜𝑜𝑚)𝐿𝑐

3

𝜈𝑎𝑖𝑟
2   (9) 

𝑅𝑎 = 𝐺𝑟 × 𝑃𝑟              (10) 

𝑁𝑢 = 0.27𝑅𝑎1/4   (105 < 𝑅𝑎 < 1011)         (11) 

ℎ𝑐𝑜𝑛𝑣 =
𝜅𝑎𝑖𝑟𝑁𝑢

𝐿𝑐
                     (12) 

The heat radiation coefficient is defined according to the 

emissivity of the radiant panel (𝜀),  Stefan-Boltzmann 

constant ( 𝜎 ), mean radiant temperature (TMRT), and 

surface temperature of the radiant panel (Tsurf) in Eq. (13) 

(Cengel, 2007).  

              ℎ𝑟𝑎𝑑 = εσ(𝑇𝑀𝑅𝑇
2 + 𝑇𝑠𝑢𝑟𝑓

2)(𝑇𝑀𝑅𝑇 + 𝑇𝑠𝑢𝑟𝑓)   (13) 

Consequently, the heating capacity of the panel with 

respect to the surface temperature can be derived in Eq. 

(14). The mean radiant temperature (TMRT) is assumed to 

be equal to the room temperature (Troom) based on the 

previous experimental study (Walikewitz et al., 2015).  

𝑄𝑝𝑎𝑛𝑒𝑙 = (ℎ𝑐𝑜𝑛𝑣 + ℎ𝑟𝑎𝑑)𝐴𝑝𝑎𝑛𝑒𝑙(𝑇𝑠𝑢𝑟𝑓 − 𝑇𝑟𝑜𝑜𝑚)  (14) 

Heat transfer model   

An analysis of the TERP was conducted using a two-

dimensional (2D) finite difference model in the cross-

sectional direction, as shown in Fig. 4. The TERP 

baseplate consists of three parts—the heat sink, TEM, and 

aluminum panel. Additionally, only half the area between 

the two TEMs was used to reduce the calculation time 

using a symmetric boundary condition owing to the 

symmetric geometry. Also, we used fixed boundary 

conditions at both sides: the duct air temperature (Tduct) 

and the room air temperature (Troom) to replicate the stable 

operation condition. 

Heat is transferred between the duct air and the cold side 

of TEM by convection and conduction. Also, there are 

three heat transfers between the two sides of the TEM: 

First, heat is conducted from the hot to the cold side of the 

TEM by temperature difference; second, heat generated 

by the Joule effect is transferred to both the cold and hot 

sides of the TEM; and third, heat is transferred from the 
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cold to the hot side of the TEM by the Peltier effect. 

Additionally, heat is transferred from the hot side of the 

TEM to the air in the room. Each of these heat transfers 

were discretized using the finite difference method based 

on the energy balance.  

Laboratory experiments  

Experiments overview 

A mock-up TERP model was constructed for experiments 

as shown in Fig. 5. Three TEMs were used and the size of 

the aluminum panel was 0.4 m × 0.4 m with a 5 mm 

thickness. The height of each duct was 0.25 m and two 

transitions were used to connect flexible ducting for 

taking the conditioned air for heat removal from the 

environment chamber.  

 

(a) 3D model of TERP  

 

(b) Mock-up TERP model  

Figure 5: 3D model and mock-up TERP model 

In Fig. 6, the experiment setup is shown. The environment 

chamber was used to condition air according to the 

experiment cases. And a variable speed fan was used to 

draw conditioned air into the duct according to each 

experiment case. Additionally, a switched-mode power 

supply (SMPS) was used to control the input current and 

voltage to the TEM.  

 

Figure 6: Setup for validation experiments 

To duplicate the room temperature and heat transfer 

between the room and radiant panel, a constant-

temperature plate was used (Klinker et al., 2014). The 

insulation was selected which has the same heat transfer 

coefficient with the calculated heat transfer coefficient 

between the room and radiant panel. It means that the 

convection and radiation heat transfer between room and 

the panel were substituted by heat conduction through 

insulation. Therefore, the selected insulation was inserted 

between the constant-temperature plate and radiant panel 

to meet the theoretical heat flux from the room to the 

panel. The temperature of the constant temperature plate 

was set as room temperature according to each 

experiment case by a controller. The arrangement of the 

experiment to duplicate the room temperature for TERP 

operation is described in Fig. 7. The surface temperatures 

at the cold side of the TEM (Point 1) and radiant panel 

(Point 2) were measured using T-type thermocouples and 

validated with a data logger.  

 

Figure 7: Arrangement of experiment and measurement 

points 

 

Figure 4: Illustration of the steady-state heat flows during TERP heating operation 
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Validation experiments  

A numerical simulation was conducted to investigate the 

thermal behavior of the TERP in heating mode without 

fan operation. The simulation time was set to 30 min to 

reach stable surface temperature and two simulation cases 

were conducted at surface temperatures of 45○C and 60○C. 

The duct air temperature was set to be 26○C and the room 

air temperature was 24○C.  

As shown in Fig. 8, 2D contours for cross-sections of the 

TERP were plotted by temperature. The results showed 

that a high surface temperature was well-maintained 

without fan operation, regardless of the target surface 

temperature. Additionally, the cold-side temperature was 

determined by the duct air temperature.  

 

 

(a) Tsurf = 45○C 

 

(b) Tsurf = 60○C 

Figure 8: Simulation results for TERP in heating mode 

Validation experiments were conducted under the same 

conditions as the numerical simulation. As shown in Fig. 

9, temperatures measured at the surface and at the cold 

side of the TEM were plotted in the time domain after the 

surface temperature met the target value.  

The results showed that the TERP maintained the target 

heating temperature without fan operation in stable 

condition. The cold-side temperature showed a value 

similar to the duct air temperature, which indicates that 

the thermal behavior predicted by the numerical model 

was in good agreement within 2.3% and 8.6% error rate 

when the surface temperature was 45○C and 60○C, 

respectively. The difference was that the duct air 

temperature increased slightly during operation because 

the insulation did not provide the ideal heat transfer 

prevention between the radiant panel and duct.  

Therefore, we can conclude that the TERP can operate in 

heating mode without fan operation. This is because the 

heating mechanism of the TEM consists of the Peltier 

effect, Joule effect, and heat conduction, however the 

joule effect can mainly work for heating operation 

without a heat source from the air side.  

 

(a) Tsurf = 45○C 

 

(b) Tsurf = 60○C 

Figure 9: Experiment results for TERP in heating mode 

Necessity of fan operation  

To examine the necessity of fan operation during heating 

with the TERP, experiments were conducted according to 

the surface temperature, air flow rate, and air temperature. 

The experiment cases are summarized in Table 2. The 

range of air temperature (TOA) was determined as wide as 

possible based on the environment chamber capacity. For 

heating purpose, the outdoor air higher than room 

temperature is unnecessary in fact, however it was also 

used for experiments to investigate the performance of 

TERP in heating operations. The volume air flow rate 

(𝑉̇𝑂𝐴) was determined based on a previous study (Lim et 

al., 2018). In the experiments, power consumption was 

measured and compared for cases with and without fan 

operation.  

Table 2: Experiment cases to examine the necessity of 

fan operation 

Case Tsurf [○C] 𝑉̇𝑂𝐴 [m3/h] TOA [○C] 

1 45 - - 

2 45 50 8 

3 45 400 8 

4 45 50 36 

5 45 400 36 

6 60 - - 

7 60 50 8 

8 60 400 8 

9 60 50 36 

10 60 400 36 
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In Fig. 10, the power consumption of the TERP without 

fan operation was 80.1 W and 227.9 W when the surface 

temperature was 45○C and 60○C, respectively. 

Furthermore, the COP of the TERP without fan operation 

was 1.24 and 0.92 for the surface temperature of 45○C and 

60○C, respectively. While the air volume flow rate and 

temperature each made a difference, the latter was more 

significant.  

Additionally, the results indicated that it was unnecessary 

to operate the fan when the outdoor air temperature was 

below 28.4○C in all cases, based on the linear regression 

model. The critical temperature for fan operation varied 

according to the target heating surface temperature and air 

volume flow rate, However, not all critical outdoor air 

temperatures exist during the heating season.  

 

(a) Power consumption 

 

(b) COP of system  

Figure 10: Experiment results for TERP in heating mode 

Summary and conclusions 

In this study, the thermal behavior of a TERP used in 

heating mode was investigated using a numerical model 

and experiments. The results showed that the TERP can 

be operated in heating mode without fan operation—

different from cooling mode—owing to the Joule effect 

of the TEM. When outdoor air temperatures are higher 

than 28.4○C, the TERP may consume less energy for 

heating with fan operation than without. However, there 

is no such period in practical situations. Therefore, it can 

be concluded that fan operation is not needed during 

heating with a TERP.  

Before this finding, the TERP was only studied for 

cooling purpose, however it can be used for heating in the 

building. In the future, the empirical models will be 

developed to predict its heating capacity and energy 

consumption.  
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