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In vehicles, the power consumption of the traditional air conditioning system
used to cool an entire cabin reaches 3–4 kW. In general, there is only one
driver in the vehicle, so adjusting the local thermal environment just around
the driver can avoid much energy waste. A localized air conditioning system
based on thermoelectric cooling (TEC) devices was constructed and assessed in
an experimental study to analyze its working characteristics under practical
operating conditions. The relationship between the refrigeration performance
and the operating current of the devices was studied, and a bench test was
carried out to evaluate the performance of the device and the accuracy of the
simulation. A heavy-duty truck cab was selected for the application of the TEC
system. The temperature distribution of the cab and the human body’s surface
was analyzed by the method of computational fluid dynamics to predict the
performance of the whole system. The driver’s thermal comfortwas analyzed
based on equivalent temperature and thermal comfort deviation. Under given
conditions, most body parts were in the comfort temperature range. The re-
sults indicated that the system can meet the thermal comfort requirements.

Key words: Thermoelectric cooling, localized cooling, air conditioning
system, commercial vehicle

INTRODUCTION

In most cases, the power consumption of the
traditional air conditioning (AC) system to cool the
entire cabin of a vehicle will reach 3–4 kW on hot
days in summer. However, statistical data show
that there is always only one driver in the car, and
therefore in the traditional AC system unnecessary
cooling is often provided to the vacant seat areas.
Therefore, this will cause a great waste of energy
which also has a negative impact on the vehicle
dynamic characteristics. What is more, the refrig-
erant of the AC system, mostly R134a (1,1,1,2-
Tetrafluoroethane), has a global warming potential.
Thus, it is worth studying automotive localized air

conditioning systems which are used to control the
local thermal environment just around the driver.
Thermoelectric semiconductor refrigeration tech-
nology has many advantages such as no refriger-
ants, no moving parts, a compact structure, and
precise temperature control.1–7 Thus, thermoelec-
tric cooling is very suitable for local thermal envi-
ronment adjustment in the cabin. An automotive
localized air conditioning system comprised of sev-
eral thermoelectric cooling (TEC) devices can not
only satisfy the driver’s local thermal comfort but
also save energy.8–14

When the Peltier effect was first proposed,
researchers mainly focused on the refrigeration
effect and applications.15–17 Some studies were
conducted on the application of TEC modules in
the field of refrigeration or cooling systems. Abdul-
Wahab18 designed a portable solar thermoelectric
refrigerator, and the experimental results showed
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that the temperature decreased from 27�C to 5�C in
44 min and the coefficient of performance (COP)
value of that system was about 0.16. Min19 estab-
lished an experimental evaluation of a prototype
thermoelectric refrigerator and found that, at an
ambient temperature at 25�C, the COP value of this
refrigerator was around 0.3–0.5 for a typical oper-
ating temperature of 5�C. Gillott20 investigated
thermoelectric cooling devices for mall-scale space
cooling for which the COP could reach 0.46. Yilma-
zoglu21 proposed a prototype heating and cooling
device for a HVAC system based on thermoelectrics.
The simulation and experiment research showed
that the heating and cooling COP values of this kind
of convective heat transfer HVAC unit varied
between 2.5 and 5 and 0.4 and 1, respectively. Zhao
and Tan22 instructed a prototype thermoelectric
system integrated with a phase-change-material
(PCM) heat unit for space cooling. This system
could reach an average cooling COP of 0.87 and a
maximum cooling COP of 1.22, and the experiment
revealed that using the PCM device yielded a 35.3%
energy saving.

The research on local refrigeration or cooling
systems has mainly focused on buildings and air-
planes, while there are just a few applications in the
automotive field. Kwon et al.23 studied a local air
conditioner that only adjusted the temperature of
the driver’s surroundings. Experiments had shown
that this AC system could save 17–20% of electric-
ity. Miranda et al.24 demonstrated the feasibility of
using semiconductor refrigeration technology in
electric vehicle AC systems; the COP value of this
air conditioning system could reach 1.7. Ghosh
et al.25 established the simulation model of a
suburban utility vehicle with the local air condi-
tioning system integrated into the cabin for compu-
tational fluid dynamics (CFD) simulation, and the
influence of the local air conditioning on the cabin
thermal environment was analyzed. Chen et al.26

installed several semiconductor refrigeration
devices in a cabin to form a local air conditioner to
adjust the temperature of various parts of the
driver. Wind tunnel test results showed that, when
the driver was in a state of thermal comfort, this
local air conditioning system yielded a 36.7% energy
saving. Raut and Walke27 developed a thermoelec-
tric cooling system consisted of six TEC modules in
a passenger car. The results indicated that the cabin
temperature could be reduced by 4�C with a refrig-
eration power of 222 W.

However, only a few researchers (Chen et al.,26

Raut and Walke27) have tried to combine the TEC
unit with an automotive AC system. In their
research, they ignored a significant matter which
causes a large energy waste, which is that, in
general, there is only one driver in the vehicle, so
adjusting the local thermal environment just
around the driver can avoid much energy waste.
To the best of the authors’ knowledge, there is no
one using a localized air conditioning system with

thermoelectric coolers. Moreover, all the research is
based on passenger vehicles with no-one investigat-
ing commercial vehicles. In fact, commercial vehi-
cles usually have a larger cabin space, which means
that there will be more space for layouts and more
energy saving potential.

To solve this problem, this study has focused on
the application of local thermoelectric air condition-
ing systems in commercial vehicles. A local thermo-
electric air conditioning system has two big energy
advantages: it is localized, and can use TEC. This is
the key to resolving the energy problem using a
local air conditioning system with TEC units, which
has not been studied by others.

The aim of the study was to develop a prototype
local thermoelectric air conditioning system in a
heavy-duty truck. Two designs of a thermoelectric
cooling device with similar structures but different
numbers of modules have been proposed and com-
pared. Furthermore, the paper also establishes the
simplified three-dimensional model of a truck con-
taining a precise human model and studies the
internal flow field distribution in the truck cabin
and the temperature distribution of the human
model’s surface. The new local thermoelectric air
conditioning system not only works with a low
energy consumption but also meets the thermal
comfort requirements of the driver.

STRUCTURE AND PRINCIPLE OF THERMO-
ELECTRIC COOLING DEVICES

The thermoelectric cooling module consists of a
cluster of thermocouples which are made of two
different semiconducting thermo-elements. Based
on the Peltier effect, when a voltage in the appro-
priate direction is applied through a connected
junction, the thermocouples will generate a ther-
moelectric cooling effect.22 Figure 1 shows the con-
struction of the thermoelectric cooling device
designed in this study. The device is made up of
fins, TEC modules, clamping devices, insulation
materials, fans, cooling water tanks and other
auxiliary components. The internal structure of
the cooling water tanks is also proposed. The fins
are the cold-side heat exchangers. They are used to
increase the heat transfer area of the air flow,
thereby reducing the air temperature at the outlet,
which will increase the cooling efficiency of the
device. There are a total of 52 fins in the device,
each fin being 94 mm long, 28 mm high and 1 mm
wide with a gap of 1.5 mm between them. The hot
sides of the TEC modules cling to the cooling water
tanks to keep the temperature at a suitable level so
that the cold sides which are the cold sources of the
device can provide a more stable refrigeration
power. Table I shows the characteristics of the
TEC modules used in this study.

In the initial stages of this study, two structures
were taken into consideration. As shown in Fig. 1,
TEC1 has two modules and a cooling water tank,
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and TEC2 has four modules and two cooling water
tanks. The dimensions of the other components of
the two devices are the same. This is intended to
analyze the effect of the number of modules on the
outlet air temperature and the efficiency of both
devices.

THERMAL FIELD ANALYSIS

Simulation Set Up

Transient numerical simulations based on the
finite element method have been carried out to
analyze the performance of two thermoelectric
cooling devices. The thickness of the insulating
layer of the thermoelectric module is 0.75 mm and
the material is alumina. The maximum flow rate of
the fan is 48 cfm, with a maximum wind speed is
3 m/s. The specific parameters of the materials of
these components are shown in Table II. The ambi-
ent temperature was assumed to be constant at
30�C. All the modules were connected in parallel
with an operating current of 5 A for each. The flow
of cooling water was set as 0.2 L/s and the inlet
temperature was 25�C. The state of the device after
600 s of operation was simulated. Energy equations

and an automatic algebraic turbulence model were
selected.

Results and Discussion

In the simulation, the temperature distributions
of the modules and other components, outlet tem-
perature, cooling efficiency, and refrigeration power
of the device have been investigated and analyzed.
As mentioned above, TEC1 has two thermoelectric
cooling modules while TEC2 has two layers of two
modules each to give a total of four. Two modules of
TEC2, which were on the same side, were selected
to compare with two TEC1 modules. Figure 2 shows
the temperature distributions of (a) cold sides, (b)
hot sides, and (c) longitudinal sections of these
modules.

As can be seen from Fig. 2a, the temperature of
the cold side of the left module of TEC2 was from
10.2�C to 12.1�C, and the temperature of the right
one was from 12.2�C to 14.3�C. The two modules
which were in the same device had the same input
current but the temperature of the cold side of the
left module was lower, because the cooling water
temperature increased. The temperature of the cold

Fig. 1. Structure diagram of the two thermoelectric cooling devices.

Table I. Characteristics of the thermoelectric cooling module

Size
Internal

resistance
Maximum temperature

difference
Maximum refrigeration

power
Rated
voltage

40 9 40 9 3.7 mm 2.1–2.4X 67�C (Qc = 0�C) 50–60 W 12 V
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side of the left side of the TEC1 was between 16.7�C
and 18.1�C and that of the right side was between
18.2�C and 19.3�C, both of which were higher than
that of the TEC2. As for the hot sides of these
modules, which can be seen in Fig. 2b, the temper-
ature distributions of TEC1 and TEC2 were similar.

Other detail simulation results are presented in
Table III. When the input current was 5 A, the total
refrigeration power of the TEC1 was about 74.6 W,
the input power was about 83.8 W, and the COP
was 0.89. The total refrigeration power of the TEC2
was about 138.2 W, the input power was about

Table II. Specific parameters of the materials of the components

Components Material Density (kg/m3)
Thermal conductivity

(W/m K)
Specific heat capacity

(J/kg K)

Fins Al 6061 2700 180 963
Cooling water tanks Al 5052 2680 137 921
Insulation materials Graphite foam 550 0.04 7000

Fig. 2. Temperature distribution of two TEC of (a) cold sides, (b) hot sides and (c) longitudinal sections.

Table III. Simulation results of thermoelectric cooling modules

Device
Module
number

Refrigeration
power

Input
power

Temp.
difference

Max. temp. of
hot side

Avg. temp. of
cold side

COP
(module)

COP
(device)

TEC1 TEC1-1 37.17 W 41.78 W 10.31�C 29.24�C 17.93�C 0.89 0.89
TEC1-2 37.4 W 42.03 W 11.43�C 29.28�C 17.61�C 0.89

TEC2 TEC2-1 34.43 W 38.91 W 15.61�C 29.10�C 13.22�C 0.88 0.9
TEC2-2 34.08 W 38.33 W 17.58�C 29.12�C 11.23�C 0.89
TEC2-3 34.52 W 38.83 W 15.45�C 29.45�C 14.06�C 0.89
TEC2-4 35.14 W 38.27 W 17.44�C 29.03�C 11.12�C 0.92
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154.3 W, and the COP was 0.9. It can be concluded
that, because of the different number of modules,
the refrigeration power and input power of TEC1
were less than TEC2; however, the cooling efficiency
of both devices was close.

The above simulation results were obtained with
a working current of 5 A for each module. The total
input power, refrigeration power, COP, and outlet
temperature of the two devices with different work-
ing currents was also investigated, and the results
are shown in Fig. 3. It can be seen that the variation
of the parameters of these two devices was close.
When the working current was less than 3 A, the
COP was high but the refrigeration power was too
low, and the cooling effect was not good enough.
When the working current was more than 6 A, the
outlet temperature and the refrigeration were close
to stability. Although the cooling effect was better
this time, the substantial increase of power con-
sumption and the decrease of COP value will lead to
energy waste. Obviously, the performances of the
devices were not ideal under the above two condi-
tions. Thus, for relatively preferable cooling perfor-
mance and economy, the appropriate working
current was from 3 A to 6 A.

Performance comparisons of the two devices at
reasonable working currents was carried out and
the results are shown in Table IV. It can be seen
that, because of the two extra modules, the power
consumption of TEC2 was about twice that of TEC1.
However, more modules could also provide a lower
air temperature and a wider outlet temperature
range with more refrigeration power. The COP
values were close, and the cooling efficiency of both
devices was similar. The traditional automotive AC
outlet temperature is from 12�C to 18�C. Therefore,
the TEC1, which has two TEC modules, may not

have enough cooling capacity, so selecting TEC2 to
make up the automotive local air conditioning
system is more appropriate under comprehensive
consideration.

EXPERIMENTAL

A device has been built based on the TEC2 model.
A bench test was carried out to evaluate the
performance of the device and the accuracy of the
simulation. The relationship between the input
current, the input power and the air temperature
were also studied through the experiments. Silicone
grease was applied to the module surfaces to fill the
gaps between the modules and the heat exchangers
because of the surface roughness. Insulation boards
were installed on both sides of the fins to reduce the
loss of cooling load. Figure 4 shows the installation
process of the thermoelectric cooling device.

Figure 5 presents the test bench developed in this
study. The whole test bench includes the thermo-
electric cooling device, data recorder, temperature
sensors, cooling water pipes, water container, power
supply with adjustable current and voltage, and the
water pump. The device’s four thermoelectric mod-
ules were connected in parallel. During the exper-

Fig. 3. Refrigeration performances of TECs with different working currents.

Table IV. Performance comparisons of the two
devices at reasonable working currents

Parameters TEC1 TEC2

Reasonable working currents 3–6 A 3–6 A
Input power 30–121 W 61–245 W
Refrigeration power 56–81 W 107–153 W
COP 0.67–1.88 0.63–1.75
Outlet temperature 21.2–23.9�C 13.8–18.6�C
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iment, the operating current of each module was
gradually increased from 2 A to 8.5 A. The total
input power of the cooling device and the outlet
temperature were recorded every 0.5 A. The exper-
iment was repeated after 30 min, during which time
the device temperature returned to room
temperature.

The experimental results are shown in Fig. 6. The
trends of the simulation and the test were close. The
power consumption of the experiment was larger,
which can be attributed to the conductor resistance
loss. The lowest outlet temperature of the experi-
ment was 15.4�C. The temperature of the test was
about 2� higher than the simulation. Because, in the
simulation, the module’s electrical resistivity, See-
beck coefficient, and thermal conductivity were
assumed to be constant, they did not vary with
temperature. The thermal contact resistance
between the modules and the heat exchangers was
also ignored.

PERFORMANCE EVALUATION
OF AUTOMOBILE LOCALIZED
AIR CONDITIONING SYSTEM

A commercial vehicle, a heavy-duty truck cabin,
was chosen for the application. It can also provide
enough space for the arrangement of the devices.

The automotive localized air conditioning system
developed in this study is shown in Fig. 7. Six TEC
devices were used for the localized cooling. One
device was arranged above the driver’s head, two
devices were arranged in front of the shoulders, one
device was on the back, and the remaining two were
arranged near the feet. The CFD simulation was
carried out to analyze the cabin’s internal flow field
and the body surface temperature field. The simu-
lation results were used to predict and evaluate the
performance of the system.

A three-dimensional model of the cabin and the
human body was built, with some parts simplified to
reduce the amount of computation. Table V shows
the specific parameters of each component and
relevant simulation boundary conditions. Some
components were made of multiple layers of mate-
rials and the equivalent thermal resistance was
used to obtain the thermal conductivity (Eq. 1).

Xn

i¼1

di
k
¼

Xn

i¼1

di
ki

ð1Þ

where di and ki represent the thickness and thermal
conductivity of each layer of material, respectively,
k represents the equivalent thermal conductivity.

Except for TEC6 which was at the back, the outlet
wind speed of the other five thermoelectric cooling
devices was set as 3 m/s. The wind speed of TEC6
was 2 m/s. The outlet temperatures of the six
devices were 18�C, 19�C, 19�C, 20�C, 20�C and
21�C, respectively. The RNG k–e turbulence model
was selected because of its high computational
accuracy and strong adaptability. The external
ambient temperature was set as 38�C to simulate
the summer condition. Solar radiation was also
taken into consideration, in order to make the
simulation consistent with the real solar radiation
situation, a site at Wuhan University of Technology
(30�N, 114�E) was chosen, and the solar direct date
was set at 12 am on July 20, 2017, which was a
bright, sunny and cloudless day. The direction
vector of the sun was (� 0.137, � 0.109, � 0.985).
Table VI shows the relevant simulation boundary
conditions.

Fig. 4. Installation process of the thermoelectric cooling device.

Fig. 5. Thermoelectric cooling device performance test bench.
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Figure 8 shows temperature maps of the cabin
obtained by the CFD simulation. It can be seen from
Fig. 8a that, because of the sun irradiation, the
cabin surface temperature reached 46�C. A low
temperature area was around the human body.
Figure 9 presents the temperature map of the
human body. The body surface temperature ranged
from 25.7�C to 34.9�C. The upper part of the body
had a lower temperature than the lower part. The
temperature distributions of most parts of the
human body were uniform.

Because the body surface temperature map can-
not clearly reflect the effect of the cooling, the
analysis of human thermal comfort is necessary. At
present, there are two main methods to evaluate the

thermal comfort of the human body, namely, the
subjective evaluation method and the objective
evaluation method. The subjective evaluation
method allows participants to fill in a thermal
comfort questionnaire to obtain the body’s thermal
comfort subjective feeling. Because the operation of
this method is simple and convenient, the results
are straightforward and it is a more common
method of evaluation. However, there is much
inaccuracy and ambiguity coming from the subjec-
tivity and individual differences. In contrast, the
objective evaluation method does not depend on
subjective judgments. The reasonable evaluation
indicators, combined with numerical simulation,
can study the human thermal comfort

Fig. 6. Comparison of experimental and simulation results.

Fig. 7. Composition diagram of the automobile localized air conditioning system.
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comprehensively and scientifically. Equivalent tem-
perature, which was proposed by Wyon,28 and PMV-
PPD, which was put forward by Fanger,29 are the
two main objective evaluation methods. However,
due to the small space and the many heat sources of
the cabin, the gradients of temperature and speed
change in different areas of the cabin are larger.
Therefore, using PMV-PPD to evaluate the thermal
comfort in the cabin will have a larger error. The
equivalent temperature, which can effectively
reflect the various parts of the body’s thermal
comfort level, was used in this study. Based on the
equivalent temperature theory, the human body
model is divided into 16 segments. Figure 10 shows
the thermal comfort range of each body segment in
summer, as recommended by SAE J2234.

The equivalent temperature of the segment i:

Teq;i ¼ Ts;i �
8:3v0:6

air;i � Si � Ts;i � Ta;i

� �

hcal;i � Si

þ
P

r � ei � fi;n � Si � T4
s;i � T4

n

� �
þQsol

hcal;i � Si
ð2Þ

where Ts,i represents the surface temperature of the
segment, Ta,i represents the air temperature around
the segment, vair,i is the air velocity around the
segment, Qsol represents the body’s solar radiation,
ei is the emissivity, r is the Stefan constant which
equals 5.67 9 10�8 W/(m2 K4), fi, n represents the
effective radiation area coefficient of the segment,
hcal,n represents the convection heat transfer coef-
ficient calibrated in a standard environment, and Si

is the surface area of the segment.
The thermal comfort deviation AEQT can describe

the overall thermal comfort which is a conversion of
the equivalent temperature:

AEQT ¼
Xn

i¼1

wiAi ð3Þ

Ai ¼
1
2 Tmax;i � Tmin;i

� �
� Teq;i � 1

2 Tmax;i þ Tmin;i

� ��� ��
1
2 Tmax;i � Tmin;i

� �
þ Teq;i � 1

2 Tmax;i þ Tmin;i

� ��� ��

¼ c� e

cþ e
� 100%

ð4Þ

where xi represents the weight of the segment (see
Table VII), Teq,i is the equivalent temperature, and
Tmax,i and Tmin,i respectively, represent the upper
and lower limits of the equivalent temperature of
the comfort zone.

AEQT represents the deviation between the equiv-
alent temperature of the various segments of the
human body and the ideal value of the comfort zone.
The value of AEQT is in the range of � 1 to 1. When
the thermal comfort deviation is less than zero, the
overall thermal comfort can be considered uncom-
fortable. When it is more than zero, the greater the
number, the more comfortable the human will feel.T
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Figure 11 presents the calculation results of the
above working conditions based on equivalent tem-
perature. It can be seen that the head, back and
chest equivalent temperatures were close to the
ideal value, as were the local thermal comforts of
these segments. The feet and left thigh were outside
the comfort zone with higher temperatures. The
thermal comfort of the upper limbs was generally
better than that of the lower limbs. Most body parts
were in the comfort interval. The AEQT was 0.235,
the cooling effect of the system, can approximately
meet the comfort requirements.

Table VI. Boundary condition

Location TEC1 TEC2 TEC3 TEC4 TEC5 TEC6

Turbulence intensity 4.6% 4.6% 4.6% 4.6% 4.6% 4.9%
Hydraulic diameter 0.094 m 0.094 m 0.094 m 0.094 m 0.094 m 0.090 m
Inlet temperature 18�C 19�C 19�C 20�C 20�C 21�C
Inlet velocity 3 m/s 3 m/s 3 m/s 3 m/s 3 m/s 2 m/s

Fig. 8. Temperature maps of the cabin.

Fig. 9. Temperature maps of the human body.
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CONCLUSION

A localized air conditioning system based on
thermoelectric cooling was developed, and a heavy-
duty truck cabin was selected for the application.
The relationship between the refrigeration

performance and the operating current of the TEC
devices was studied. The driver’s thermal comfort
was analyzed based on equivalent temperature and
thermal comfort deviation. Under given conditions,
most body parts were in the comfort temperature
range. The calculation result of the thermal comfort
deviation was 0.235. The results indicated that the
system can meet the thermal comfort requirements.
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