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Abstract
Under a condition of sunlight exposure, the temperature of a parked car’s cabin will increase gradually. Compared to the 
ambient temperature, the inside and outside temperature will be different, which will be favourable for thermoelectric genera-
tors. This study investigated the temperature distribution pattern of a car parked in the direct sun using real and model cars. 
Performing different scenarios, we found that the car model equipped with a fan and a dimmer was the suitable approach to 
the real car model. Compared to the ambient temperature, results for both the real car and the model car indicated that heat 
rose drastically inside the car cabin. The calculation using the thermoelectric generator eTEG HV37 considerably could 
generate up to 6.9 mW per module. Therefore, by having a thermoelectric generator installed on an area of 1 m2 of the car 
roof, 280 W power could be generated.
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List of symbols
Z  Figure of merit for power a device can generate  K−1

P  Power a TEG generates (W)
V  Voltage a TEG generates (V)
I  Current a TEG generates (A)
ρC  Electrical conductivity for cold materials μ Ωm 

(12.6 μ Ωm for p-type antimony telluride)
ρH  Electrical conductivity for hot materials μ Ωm 

(12.6 μ Ωm for n-type bismuth telluride)
KC  Thermal conductivity for cold materials W/mK 

(1.65 W/mK for p-type antimony telluride)
KH  Thermal conductivity for hot materials W/mK 

(1.8 W/mK for n-type bismuth telluride)
SC  Seebeck coefficient for cold materials μV/K 

(185 μv/K for p-type antimony telluride)
SH  Seebeck coefficient for hot materials μv/K 

(−228 μV/K for n-type bismuth telluride)
TC  Temperature of the cold side of a TEC (K)

TH  Temperature of the hot side of a TEC (K)
Rp  Thermal resistance of p-type antimony telluride
Rn  Thermal resistance of n-type bismuth telluride
RL  Load connected to a TEG

Introduction

Heat from direct sunlight entering into the cabin of a parked 
car causes not only discomfort, but also a variety of new 
problems, from inducing damage to the materials inside the 
cabin to distributing toxic chemicals. This phenomenon is 
attributed to the greenhouse effect inside the cabin of parked 
car, where solar irradiation is trapped in the cabin, leading 
to accumulated heat. To accelerate heat dissipation, one will 
likely turn on the car cooling system at the maximum posi-
tion that will certainly increase fuel consumption.

Many researchers have devoted much attention to over-
come the problems such as using photovoltaic-powered 
ventilation [1], using a solar reflective cover [2], obtain-
ing power from photovoltaics for cooling system activation 
[3], and using a thermoelectric-based cooler [4]. The lat-
est approach is of interest, as it offers a number of advan-
tages, which include no moving part, no Freon refrigerant, 
no noise, no vibration, a very small size, long life, and the 
precise temperature control ability [5].
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Thermoelectric technology works according to the Thom-
son effects, i.e., either by directly converting heat energy into 
electricity (thermoelectric generator/TEG) or, vice versa, by 
converting electricity to produce cold or heat (thermoelectric 
cooler/TEC). To generate electricity, simply place thermoe-
lectric materials in such a way as to connect a source of heat 
and cold. From the device arrays, power will be generated, 
whose capacity will depend on the type of material used [6].

Many attempts have been devoted to use thermoelec-
trics for cars, whether as a cooler or as a generator. Attar 
et al. designed and tested the optimum design of an auto-
motive thermoelectric air conditioner and the experiment 
result has provided an uncomplicated method to study the 
optimum design at given inputs [7]. Choi et al. developed a 
temperature-controlled car-seat system and the design has 
successfully controlled the cold temperature of a car seat 
[8]. The energy from the car’s waste heat could be harvested 
using a thermoelectric generator, although a TEG has low 
temperature limits and low efficiency. The research under-
taken by Weng et al. run a simulation of automotive waste 
heat recovery using thermoelectrics and found out that larger 
total power was obtained from the downstream exhaust pipe 
of the car [9]. Orr et al. validated an alternative method to 
predict thermoelectric generator performance and the result 
has been a combined waste heat recovery TEG with heat 
pipes to create a completely solid state and passive system 
[10]. He et al. evaluated the peak power and the optimal 
design for the dimensions of an exhaust heat exchanger and 
found out that flow velocity and TEG module area are two 
key parameters for TEG system optimization [11]. Then, 
Muralidhar et al. analyzed energy recovery modeling, where 
TEGs could save on fuel of a hybrid electric heavy duty 
vehicle [12].

When parked outside in an unshaded area, heat trapped 
inside a car can make passengers and drivers feel discom-
fort when entering the car. It is true that many studies have 
shown that the level of comfort varies between people. 
However, talking about vehicles, there are certain limits 
which, if they are too high, they may cause a sense of stress. 
Danca et al. stated that thermal comfort leads to a safer trip, 
because it reduces the driver’s stress [13]. Research by Singh 
et al. showed that a uniform temperature inside the cabin 
of a parked car can be maintained using a particular vent 
angle, unfortunately not every car has a dynamic air vent 
[14]. Lahimer et al. used solar reflective cover to maintain 
the temperature inside the car close to the ambient one, but 
it still took time to reach a comfortable temperature [2].

In an area with a sunny and tropical weather such as Indo-
nesia, the temperature inside the cabin rises so high. Results 
of the study by Othoman et al. [15] have shown that the 
temperature inside the cabin exceeds 60% of the ambient 
temperature and this heat is too high that can lead to the 
danger of heat strokes. However, the study on the heat inside 

a parked car as a heat source for thermoelectric generator 
system is still rare, in which researchers such as Weng et al. 
[9–11] only used heat from engine waste heat which needed 
the engine to be running. Meanwhile, the heat inside the 
cabin is not the same in value, and it has a pattern, where the 
heat of the surface on the top of the car is higher than that 
of the lower surface, allowing the difference in temperature 
to be used to generate power by means of a thermoelectric 
generator.

In this study, we investigated the optimum locations of 
hot spots inside the car cabin, where thermoelectric genera-
tors were located later. Furthermore, we simulated the power 
that could potentially be generated through TEG installation. 
Some parameters, including a variety of different sensor 
locations, shielding utilization, and heat source variations, 
were observed. We found that the difference in temperature 
inside and outside the car could reach approximately 25 °C. 
From these conditions, the power that could be generated 
using thermoelectric generators could reach up to 6 mW, 
making it feasible to be implemented in cars.

The fundamentals of TEGs

The structure of TEGs

Thermoelectric generators are a type of energy generator 
developed based on the Seebeck effect. Briefly, if two metal-
lic materials, generally semiconductors, are connected in 
environments with a different temperature, an electric cur-
rent and/or electromotive force will occur. There are two 
types of thermoelectric elements, the first one is thermo-
electric generators (TEGs) which generate power from a 
heat source and the second one is the thermoelectric coolers 
(TECs), commonly used for water dispenser coolers.

Characteristics of thermoelectric generators

Thermoelectric devices generally use semiconductor materi-
als or, in other words, solid-state technology. The structural 
diagram of a thermoelectric device is shown in Fig. 1. It 
displays a thermoelectric structure consisting of p-type and 
n-type element arrangements. Briefly, heat is transferred 
from the hot side to the cold side through the thermoelec-
tric material made of antimony telluride for the p-type and 
bismuth telluride for the n type. This phenomenon will lead 
to power generation when heat transfer passes through the 
thermoelectric material indicated by the generated voltage 
in the terminal. The magnitude of voltage is certainly pro-
portional to the gradient of the temperature.

Once the surface of thermoelectric materials is heated 
in one side and cooled in the other side, electrons in the 
hot side of the surface will actively move to the other side. 
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Moreover, it will have a higher flow velocity compared to 
the cold side of the surface. The higher speed of electrons 
in the hot side surface will make them faster to diffuse to the 
cold side. This will contribute to the electric field to appear 
on the metal junction of the materials.

Potential power generation from a single thermoelectric 
varies depending on its size, construction, and the difference 
in the temperature received. The greater the difference in the 
temperature received is, the greater the current produced 
is. Thermoelectric devices can be used directly as a power 
supply to produce electricity. Each thermoelectric device 
can produce an average voltage of 1–5 VDC, depending on 
the variation of heating and cooling systems. In general, 
thermoelectric devices will continue to generate electricity 
if there is a temperature difference between the two sides of 
the surface.

The developed TEG system

This study is aimed to determine heat distribution inside 
a parked car under a condition of direct sun exposure in a 
region with a tropical climate. Heat energy is one of energy 
sources that can be converted into other forms of energy 
such as motion energy or electrical energy. It is well known 
that the process of heat changing into electricity requires 
energy conversion devices leading to loss of power. Using 
a thermoelectric module, heat energy can be converted into 
electrical energy due to a temperature difference between 
both sides of thermoelectric devices.

The experimental setup consisted of a model car equipped 
with a 500 W heater lamp positioned above the box, a dim-
mer (500 kΩ) to control the lamp power, a fan (80 mm 12 V 
DC) located in one side of the box to supply an air flow 
inside the box, five points of type-K thermocouple sensors, 
and a wooden box wrapped in aluminium foil to prevent heat 

loss in a 0.6 × 0.5 × 0.6 m3 size. The thermocouple sensors 
were used to measure the difference in temperature outside 
and inside the car in five different spots. The first one was 
placed on the outside roof of the car (T1), the second one 
was on the inside roof of the car (T2), the third one was on 
the cabin above the seat (T3), the fourth one was under the 
car (T4), and the fifth one was the ambient temperature near 
the car (T5), as shown in Fig. 2a.

The first setup is described in Fig. 2b, in which this setup 
consisted only one lamp to heat the car placed 40 cm above 
the roof, the second scenario setup is shown in Fig. 2c, added 
box to contain the heat inside the box, so the heat from the 
lamp was not mixed with the heat from room, the third setup 
scenario is shown in Fig. 2d, the box was still the same with 
Scenario 2, but a dimmer was added in the lamp to reduce 
the heat inside the box, the fourth setup scenario is shown in 
Fig. 2e, and the box was still the same with Scenario 2, but 
a fan was added at one side of the box to circulate the heat 
inside the box. The last scenario is shown in Fig. 2f, and it 
was a combination of a dimmer and a fan in the box.

We studied the real car scenario and the model car sce-
nario. The real car and the model car used in this experiment 
were 2016 Honda HR-V with scale of 18:1, and the color of 
the car was black. BTM4208SD Lutron Temperature Data 
logger was used to acquire the temperature data with sam-
pling ability of 1-s intervals. Prior to the measurement, we 
calibrated the data logger with conventional-but-accurate 
temperature reading Beamex MC5 Multifunction Calibra-
tor. We found that the data logger had 0.2% of error meas-
urement. Table 1 describes the detailed scenario models, 
and the test was carried out by heating for 60 min to get the 
temperature rise graph inside the car. Thermal camera (Flir 
ONE) was used, to get the image of the heat radiation pattern 
contained in the car surface after heating. Each test lasted 
for about 60 min

Fig. 1  Work principals of 
thermoelectric devices: a 
thermoelectric cooler and b 
thermoelectric generator
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To calculate the power of a TEG, first, we calculated the 
figure of merit and the current it could generate, as follows. 

The figure of merit (Z) and current (I) need to be calculated 
using the following formulas [6]:

Fig. 2  Variation of experimental 
setup a 5 position of thermo-
couple test point on a model 
car, b model car without a box 
scenario, c model car with a 
box scenario, d model car with 
a box and a dimmer scenario, 
e model car with a box and a 
fan scenario, and f model car 
with a box, a dimmer and a fan 
scenario

Table 1  Scenario setups Scenario Name Box Set Dimmer Fan

Model car without a box (Scenario 1) No No No
Model car with a box (Scenario 2) Yes No No
Model car with a box and a dimmer (Scenario 3) Yes Yes No
Model car with a box and a fan (Scenario 4) Yes No Yes
Model car with a box, a dimmer, and a fan (Scenario 5) Yes Yes Yes
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In our experimental scope, we used Nextreme eTEG™ 
HV37 Power Generator as a thermoelectric generator, whose 
specifications are shown in Table 2.

The current rate from the thermoelectric device in Eq. (2) 
is due to a difference in temperature between the sides of 
a thermoelectric and can be described using the following 
equations to calculate the power generated by the thermo-
electric [6]:

Using Eq. (4) and by substituting the thermoelectric gen-
erator data, the magnitude of power that can be produced 
by a single eTEG™ HV37 thermoelectric module can be 
estimated by giving a temperature difference (ΔT) according 
to the measurement.

Results and discussion

The first part of this study is to determine the optimum 
experimental pattern to represent the real car model. There-
fore, we analyzed the heat pattern of the model car to find 
out the maximum temperature in the vehicle cabin and the 
temperature increase compared to the ambient temperature.
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According to Othoman et al. [15], an increase in the car 
cabin’s temperature due to solar heat could reach 60% higher 
than the ambient temperature. Other researchers, among oth-
ers, Horak, Grundstein, Guard, and Al-Kayiem [16–20], also 
stated that a high temperature rise in the cabin can be harm-
ful for humans and can be dangerous for sensitive objects 
inside the car. Even if the car is parked for less than 60 min, 
it is still really dangerous and may take lives of humans or 
animals inside the car.

The scenario with a real car parked

The real car used in the test was parked in an open space in 
the direct sunlight. This experiment was aimed to determine 
the characteristics of a temperature increase in the actual car 
cabin compared to the other car model used later.

Based on observation, the heat in the car rose drastically 
within a 60-min test, as shown in Fig. 3a. The temperature 
rise outside above the car (T1) tended to fluctuate because 
of the wind and cloud that changed heat of the sun. The 
temperature difference between the inside of the car and the 
ambient temperature was quite high, where the temperature 
inside the cabin (T2) reached 63° and it was higher than the 
ambient temperature (T5) which was stable at 35°.

This experiment showed the same results as Grundstein’s 
experiments [21]. The temperature in the driver seat (T3) 
also rose up to 45°, and this heat could be dangerous to 
humans and the other objects inside the car as mentioned 
by Horak [18]. The temperature under the car (T4) was sta-
ble and almost the same as the ambient one (T5). In the 
20-min test, the temperature outside dropped, because 
clouds blocked the sun, but the temperature inside the car 
remained the same and then decreased following the tem-
perature outside.

Simulation

Open box (Scenario 1)

To predict a heat increase inside the car under different con-
ditions, five different scenarios were proposed and are given 
in Table 1. The first trial was carried out by testing the model 
car inside a room, but it was undertaken without a divider 
box, so that the surroundings of the car were an open place.

Observation was performed in the scenario without a box, 
as shown in Fig. 4a. The results suggested that the heat pat-
tern rose drastically in a 60-min test just like in the real car 
scenario, where both T1 and T2 rose. However, the maxi-
mum temperature recorded in T2 was lower than that one in 
the real car scenario, which was about 50°.

Table 2  Performance specification data of nextreme eTEGTM HV37 
power generator

Performance maximized with matched electrical load

Parameter Unit ΔT (K)

10 50 100

Typical performance specification
 Pout mW 1 24 90
 Vout Volts 0.09 0.4 0.85
 Iout mA 12 60 105
 VOC Volts 0.18 0.8 1.7
 ISC mA 24 115 210
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The ambient temperature (T5) was not too high, and this 
was probably related to the fact that the wind and the air-
conditioning system in the room affected the thermocouple 
reading. The difference between the roof temperature T2 and 
the ambient temperature T5 was quite high, i.e., more than 
20°, but still lower compared to the real car. In addition, the 
temperature T3 was still lower than the temperature T2, but 
the temperature T4 tended to rise.

Closed box (Scenario 2)

We designed a box made of wood coated with aluminium 
foil on the inside to keep the temperature in the box constant 
and unaffected by changes in the room temperature outside 
the box. The experiment was carried out in the same which 
was as the trial without a box, i.e., by heating the model car 
for 60 min using the same heater.

The configuration of the closed box in Scenario 2 showed 
a heat rise higher than that one in the real car scenario, as 

shown in Fig. 5a. T2 could reach 65°, which was higher 
than the resulting temperature rise in the real car scenario, 
but the heat outside the ambient temperature (T5) also rose 
dramatically, reaching almost 45°.

Such a rise could not be controlled, probably as the heat 
was trapped inside the box and there was no wind flowing 
inside the box. The difference between temperatures inside 
and outside was almost the same as the one in the real car 
scenario, which was 25°. However, the temperature in the 
seat (T3) also rose drastically, which did not happen in the 
real car scenario, where it was almost the same as T2. More-
over, the temperature under the car (T4) was high but almost 
the same as the ambient temperature (T5).

Closed box with a dimmer (Scenario 3)

Furthermore, another model was built based on a reduction 
in the amount of heat supplied into the car model, i.e., by 

Fig. 3  Real car scenario a graphic of temperature rise, b heat distri-
bution image

Fig. 4  Open box (Scenario 1) a graphics of temperature rise in a 
model car, b heat distribution image of a model car
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adjusting the magnitude of the heat of the lamp using a dim-
mer. From the maximum power of the lamp, power was set, 
so that only half the heat power came out of the lamp. The 
experiment was also carried out for 60 min without changing 
the other parameters.

These parameters were done to analyze the accuracy of 
the heat change inside the car. The results from the model 
car can be compared with the experiment starting with the 
real car scenario.

Under a dimmer condition, the heat flow reduced drasti-
cally. According to Fig. 6a, the maximum temperature inside 
the cabin (T2) was only 44°, which was lower that in the real 
car scenario, and the ambient temperature went down to 34°. 
The heat rise changed, because the dimmer system reduced 
the heat source power. The temperature difference between 
T2 and T5 was lower than the real car, which was around 
10°. However, the temperatures in the seat (T3) and above 
the car (T4) also rose drastically, which were not close to 
those in the real car scenario.

Closed box with a fan (Scenario 4)

To control the wind flow, the system was implemented 
using a fan. In the implementation of the developed test 
scenario, the fan was expected to help simulate changes 
in wind movements around the car model. Because in 
real conditions, there is a flow of wind around the car, 
although in this research, the wind strength and direction 
were not calculated.

According to Fig. 7a, the fan converged change in the 
flow of wind around the car, because all sensors outside 
the car (T1) and (T5) underwent fluctuations. In addi-
tion, readings shown by the T1 and T5 sensors changed, 
because the wind rotating in the box helped reducing the 
temperature that entered the car.

Although the temperatures T2 and T3 were still high, 
such a decrease indicated that the effect of the wind around 
the car made T1 fluctuating which resulted in maximum 
temperatures approaching the testing without a box. The 
temperature difference between T2 and T5 could reach 
25°s, which was close to real car difference.

Closed box with a dimmer and a fan (Scenario 5)

For a more accurate model of the car, after adding the fan, 
the next test was adding a dimmer to the lamp, so there were 
two changes made in this test. While the dimmer reduced the 
heating capacity of the lamp, the fan would blow the wind 
flow around the car. It was expected that the temperature 
would get closer to the actual condition of the car.

Finally, the last scenario was done and the results are 
presented in Fig. 8a, which shows that there are differences 
compared to the temperatures under test conditions with a 

fan only and with a dimmer only. In these conditions, the 
temperature pattern obtained in the cabin (T2) was similar to 
that of the real car, i.e., only as high as 41°s, and the ambient 
temperature was only 30°. This change shows a graph that 
is close to the real condition because of fluctuations in the 
external sensor as well as the ambient temperature (T2) that 
tended to be stable. Only the difference in T3 was still high, 
and the maximum value of the temperature difference was 
less than 15°.

Using Eq. (1), we could calculate the figure of merit of 
the TEG and we used:

(5)Z =

⎡⎢⎢⎢⎣
−228 − 185�√

12.6 × 1.8 −
√
12.6 × 1.3
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2

Fig. 5  Closed box (Scenario 2) a graphics of temperature rise in a 
model car, b heat distribution image of a model car
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As mentioned previously, the maximum ΔT of tempera-
tures from the inside roof of the car refers to the difference 
between scenarios. Of all the existing scenarios, the one clos-
est to the temperature graph inside the cabin roof is Scenario 
4, where the graphic form and the results resemble the actual 
car. Although for the maximum temperature that is most suit-
able is the second scenario, where the maximum temperature 
difference between the roof temperature and the ambient tem-
perature resembles the actual car measurement results.

Then, taking the value of power and currents of the data-
sheet and Eq. (4), eTEG™ HV37 power generation can be 
calculated as follows:

As observed, in the research and measurements above, 
it can be concluded that the highest amount of heat in a 
parked car collects inside the roof of the vehicle. This means 
that the temperature will rise drastically within 60 min of 

(6)Z = 2119 K
−1
.

(7)P = 0.0086772ΔT2 + 0.020226ΔT + 0.01002.

measurement. The collected heat and the ambient tempera-
ture outside may vary by up to 25°, where such a tempera-
ture difference can potentially help the thermoelectric sys-
tem to function normally.

According to the temperature difference between the roof 
T2 and the ambient temperature T5, and using the thermo-
electric system eTEG™ HV37, we can obtain an estimation 
of output power, as shown in Fig. 9. This result indicates that 
power in the real car scenario and Scenario 2 could reach 
a maximum of 6.9 mW, but it was not stable, because the 
ambient temperature also rose and reduced ΔT.

While the real car and Scenario 2 could produce a higher 
energy level, the other scenarios could also produce energy, 
but it was relatively small, i.e., a maximum of 3.5 mW and 
by 2 mW on average. It is well known that thermoelectrics 
need a substantial ΔT value to produce larger output.

The calculated power is from an estimation from a 
2.1 mm × 3.4 mm-sized thermoelectric generator. If using 
the roof of the vehicle as a place to put the thermoelectric 
module, it can be assumed that the roof area used is taken 

Fig. 6  Closed box equipped with a dimmer (Scenario 3) a graphic of 
temperature rise of a model car, b heat distribution image of a model 
car

Fig. 7  Closed box equipped with a fan (Scenario 4) a graphic of tem-
perature rise of a model car, b heat distribution image of a model car
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about one square meter, meaning that 294 × 476 grid mod-
ules or as many as 139,944 modules can be installed. If one 
module can produce power by 2 mW on average, then with 
139,944 modules, we can obtain up to 280 W of power.

Conclusions

The study on the car cabin heat pattern under a condition of 
sunlight exposure had been carried out experimentally and 
numerically. The experimental results have been obtained 
based on measurements conducted on a real car and a model 
car. The measurements were carried out under a condition of 
sunlight exposure and scenarios’ set in an environment with 
exposure to the lamp.

Results for both the real car and the model car indicate 
that heat rose drastically inside the car cabin compared to the 
ambient temperature. The calculation using the thermoelec-
tric generator eTEG HV37 considerably could generate up 
to 6 mW of power per module. Therefore, 280 W of power 

could be produced by having a thermoelectric installed on 
an area of 1 m2 of the car roof.
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