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Heating, ventilation, and air conditioning systems help maintain the appropriate level of thermal comfort
and air quality in buildings. To this end, the energy supply of these systems must be guaranteed.
However, continuous efforts are required to improve the energy efficiency of this system and reduce
greenhouse gas emissions. In the zero-emission building approach, the use of thermoelectric devices
has been proposed to meet the heating/cooling needs in the building and help in flexibly changing the
operating conditions according to the user’s needs. In this study, an experimental setup was developed
consisting of a multipurpose thermoelectric system that is directly powered by a solar photovoltaic panel.
The heating mode was designed for space heating, whereas the cooling mode was tailored to an adiabatic
box that could cool food and beverages. The results of this study will facilitate the practical use of this
device in the future by directly connecting the thermoelectric system to the room and evaluating the
response of the system to temperature changes requested by the user. This system has a high potential
for delivering heating and cooling loads, achieving a coefficient of performance of 1.6 in the heating mode
and 0.8–1.1 in the cooling mode. These results are promising given the current need to reduce negative
environmental impacts in the building sector yet maintaining the same level of thermal comfort.

� 2021 Elsevier B.V. All rights reserved.
1. Introduction

A major portion of our daily lives is spent indoors, and indoor
life necessitates an acceptable level of thermal comfort and air
quality. These conditions are met by heating, ventilation, and air
conditioning (HVAC) systems. HVAC systems present a massive
energy demand in the building sector, which is generally fulfilled
via fossil fuel combustion and/or electricity [1]. With increasing
environmental constraints, it becomes necessary to consider the
use of new technologies to improve thermal comfort and manage
energy demand as a measure against global warming and climate
change. In this context, several solutions in the building sector
have been proposed, with particular attention to delivering energy
requirements using renewable resources.

In recent years, the idea of integrating thermoelectric (TE) sys-
tems for heating and cooling purposes in buildings has received
significant attention. Among these systems, those based on the Pel-
tier effect can induce a temperature difference when an electric
current is applied. This temperature difference results in a decrease
or increase in temperature on different sides of the TE device.
These systems also allow for changing the current direction and
modifying the heat transfer direction. Therefore, they can be uti-
lized as air conditioners and/or heat pumps [2]. Other advantages
of TE systems include the absence of moving parts, environmental
friendliness, longer lifetime, lower noise emission, and higher reli-
ability [3].
2. Literature review

The research advancement in utilizing TE devices in the build-
ing sector has been focused mainly on two applications: the inte-
gration of the systems into the building envelope and a
nonintegrating approach for indoor installation. These two
approaches are divided into different demand categories, such as
heating, cooling, or both. Several studies have addressed the inte-
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gration of TE systems into different building sections, such as win-
dows, walls, roofs, and ceilings [2]. In this context, Liu et al. [4] ana-
lyzed the integration of thermoelectric radiant cooling and
photovoltaic (PV) technologies in the form of an active solar ther-
moelectric radiant wall system. This system uses electricity gener-
ated by solar PV panels in the thermoelectric cooling mode. A
temperature difference of 3–8 �C between the inner surface of
the system and the temperature of the room was reported. The
authors also stated that the system can control the thermal flux
of the building envelope while minimizing inefficiencies and pro-
viding seasonal thermal comfort. Similarly, Luo et al. [5] examined
an integrated photovoltaic thermoelectric wall system in different
climate zones in China, considering heating and cooling purposes.
As expected, the performance of the system varied significantly
between seasons. Even though a high energy saving ratio (up to
172 %) has been reported in comparison to a massive wall, the
presence of a thermal bridge effect in the winter period may lower
the energy savings of the thermoelectric system. Another major
advancement in this field was reported by Zuazua-Ros et al. [6],
who analyzed the integration of a thermoelectric module into the
building envelope for heating purposes. The system was equipped
with a fan that capable of supplying a heating power between
66.8 W and 273.6 W, and the coefficient of performance (COP) of
the system varied between 2.1 and 1.0 with an increase in operat-
ing voltage. The authors indicated that additional comparisons that
consider the degree of complexity of TE systems and conventional
systems such as radiators, radiant pipes, boilers, and chimneys are
required. However, it is expected that future TE systems will be
installed directly into the façade by manufacturers. In this context,
several challenges, such as the complexity of control systems,
should be addressed. For integrating TE devices for heating–cooling
applications in the building façade, Ibáñez-Puy et al. [7] stated that
the system performed better in cooling mode, as evidenced by a
lower voltage due to the Joule effect. Furthermore, for a similar
temperature difference between the sides of the TE device, a higher
COP has been reported in heating mode. This trend was observed
by He et al. [8], who tested a TE system driven by a photovoltaic/
thermal system for both heating and cooling modes. The authors
indicated that environmental temperature variation is a key factor
that increases the electrical efficiency of the system during winter.

A series of experiments was performed by [9–11] to evaluate the
integration of a TE system into a building external wall for space
cooling. In these studies, a comparison was carried out between
the case of the TE air duct system being coupled to solar PV panels
and the case of it being connected to the electric grid. A temperature
difference range of 4.2–6.8 �C between the indoor and outdoor
environments of the test room with a COP ranging between 0.67
and 1.15 was obtained while the system was powered by a PV
panel. This system results in higher electricity savings than direct
use of electricity from the grid. Other valuable studies considered
the installation of TE systems on the walls of small spaces. Alomair
et al. [12] constructed a TE cooling system driven by solar energy.
Themain findings of this work include a higher rate of heat removal
with higher current applied and lower temperature differences, a
lower COP by applying a higher temperature difference, and finally,
for a fixed temperature difference, a higher attainable COP with a
higher environmental temperature. Regarding the heating mode,
Wang et al. [13] tested a solar-driven TE system attached to a room
with a volume of 1 m3. This study suggested an adjustment in the
system configuration for higher COPs such that a higher voltage,
between 6 and 8 V, is applied for environmental temperatures from
1 to 10 �C. It was observed that a higher number of TEmodules with
lower voltage values (3–5 V) is required for temperatures beyond
10 �C. According to Ibáñez-Puy et al. [14], it is feasible to consider
a TE system for both space heating and cooling demand. The con-
cept was tested for a box measuring 40 cm � 35 cm � 40 cm. The
2

results showed that there is a delay in reaching the target temper-
ature in the cooling mode in comparison to the operation in the
heating mode under similar experimental conditions. In addition,
the results are promising in terms of the COP, yielding 1.4 in cooling
mode and 2.7 in heating mode while the set point temperature was
20 �C.

It is worth mentioning that nonintegrating TE device applica-
tions have been reported by several researchers. Yilmazoglu [15]
installed a TE system between two antisymmetric ducts with fins.
This study was successful at increasing the air temperature up to
11 �C, with a COP between 2.5 and 5, in the heating mode and
reducing it by 1.2 �C, with a COP between 0.4 and 1, in the cooling
mode. This configuration can be considered as a complement or
even an alternative to conventional HVACs, particularly for pre-
heating or precooling applications. It is also possible to electrify
non-integrated TE devices using a PV panel. In this context, Cai
et al. [16] designed a TE air-conditioning system driven by a hybrid
concentrated PV–TE generator. The maximum generated power of
the systemwas 154W for a maximum concentration ratio of 5. The
power output can be increased by 14 % when the TE generator is
located behind the panels. This combination provides sufficient
power to operate the TE device. The energy and exergy efficiencies
of the entire system in the heating mode were 143% and 22.2%
higher than those of the cooling mode, respectively.

The application of nonintegrating TE devices has been tailored
further for localized heating and cooling demands of the human
body. Zhao et al. [17] proposed a portable TE device attached to
the body for personal thermal management. The device is particu-
larly suitable for providing individualized thermal comfort for var-
ious individuals instead of relying on the energy supply for the
entire interior space. It offers a proper level of thermal comfort
and energy savings of approximately 15%. The authors reported a
COP of 0.57 and 1.02 in cooling and heating mode, respectively.

Peltier effect has been more widely investigated in cooling
mode than in heating mode because of the massive application
of the cooling process in electronics [7]. It is important to deter-
mine whether TE solutions can provide thermal comfort in the
heating mode and analyze whether they are energy-efficient
devices. In previous studies, the TE system was connected to a
box with a limited volume. However, in this project, the outlet of
the system was directly connected to a room in the building to
evaluate the performance of a non-integrating localized TE system
in the heating mode using a tailor-made experimental setup under
real conditions.

Furthermore, it should be noted that thermal comfort may vary
among building occupants. Similar to the case of conventional
HVAC systems, it is important to design user-based localized TE
solutions that allow the system to respond rapidly to the require-
ments of individual users. In this context, this study provides new
insights into the field.

Another aim of this project was to determine the usability of the
system as a multitasking device. Thus, the ability of the device to
cool a box was assessed. This may indicate its application in cool-
ing food and beverages.

Furthermore, it should be emphasized that the location of the
test, Tehran, like other major cities in Iran, suffers from winter
air pollution. It has been reported that 90% of the heating systems
in Tehran burn natural gas to provide thermal comfort on cold
days, that is cleaner compared to burning other fuels such as fuel
oil or wood [18]. Nevertheless, residential sector contributes in
massive consumption of natural gas and CO2 emission in Iran
[19],20. Development of a TE system that is fully driven by solar
energy aligns with climate-change mitigation goals in this region,
and the system can be used in other regions with similar condi-
tions to reduce the emissions on cold days and minimize the safety
issues associated with gas heaters.
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3. Experimental setup

The experiment was designed to allow characterization of the
device as a multipurpose solution. In this context, the system
was tested for space heating (heating mode) and for cooling a
box (cooling mode). Other configurations were also tested, but
the technical limitations of the device analyzed herein, as well as
the particular climatic features of the location, did not allow the
development of stable performance. The technical specifications
of the equipment used for the analysis and the experimental pro-
cedure implemented are explained in detail below.

3.1. Technical specifications

Fig. 1 presents the major components installed in the system.
These components include photovoltaic panels, voltage regulators,
a TE module, a larger size heat sink and more powerful fan on the
hot side, a combination of a small heat sink and fan on the cold
side, sensors, a microcontroller, and a computer. The power is pro-
vided by four identical solar PV panels with a maximum voltage of
17.7 V and maximum current of 4.52 A. All PV panels were directed
toward the southeast and fixed on a supporting framework made
of aluminum. A 15 m cable connected the PV panels located on
the roof of the building to the room where the TE system existed.
The required voltage of the system varies between 9 and 12 V, and
each panel can supply a voltage of 17.7 V. With respect to the cur-
rent supply, the panels were connected in a parallel scheme. This
scheme provides sufficient power to the TE module and other com-
ponents. Therefore, the system can operate independently without
connection to an electricity grid. Decentralized power generation is
encouraged in Iran due to power losses within the national elec-
tricity grid and the reduction of electricity generation by hydro-
electric systems due to continuous droughts. The proposed
system can be a potential solution to supplying cooling load in
Fig. 1. Schematic view of the syst
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peak hours of power consumption in the summer season and serve
as a clean energy resource for space heating in winters.

A 35.5 cm � 23.5 cm � 22.5 cm box was used for the test. The
box was made of 1.5 cm thick chipboard. All internal surfaces of
both the hot and cold sections were well insulated with an elas-
tomeric material with a thickness of 2 cm. The cold and hot sides
of the TE system were separated by a 2 mm chipboard covered
by insulation material. Furthermore, two ducts with a diameter
of 15 cm on opposite sides of the hot section were intended for
the entry and exit of air. To obtain optimal access to the equipment
inside the box, the upper section of the box was opened, as shown
in Fig. 2, and an insulated sliding door was placed on it during the
test. Two voltage regulators were used between the panels and TE
system. The first was a DC–DC 20 A device, which was used specif-
ically to supply the voltage required by the TE module. The second
regulator was used for other components, such as the microcon-
troller (Arduino Mega 2560), sensors, and fans, with a constant
12 V supply voltage throughout the test. These regulators protect
the system against PV power output variations due to different
solar irradiance. The main features of TE module, the associated
fins on both sides, and the fans are listed in Table 1. A fin-and-
fan assembly was installed on the cooling side of the TE module,
but the heat sink and fan on the hot side were installed separately.

3.2. Modeling TE system’s performance

By applying a voltage to the TE device, heat was absorbed on
one side of the TE device and then transferred to the environment.
This phenomenon is described by Eq. (1), where V is the applied
voltage and DT is the temperature difference between the two
sides of the TE device. Here, a is the Seebeck coefficient of the
device expressed in V K�1.

V ¼ a � DT
em with major components.



Fig. 2. TE device with the corresponding electronic equipment and photovoltaic panels.

Table 1
Properties of the TE system with the associated heat sink and fan.

Device Parameter (unit) Value

TEC1-12706 Qmax (W) 50
DTmax (K) 66
Imax (A) 6.4
Vmax (V) 14.4
Module resistance (X) 1.98
N 127

Fin on hot side: Notus 400 Heat sink dimensions
(mm)

131 � 82 � 156.5

Heat pipe 4 U-Shaped
Heat pipe diameter
(mm)

6

Heat pipe material Pure copper
Fin material Pure aluminum
Heat transfer area (cm2) 3793

Fin on cold side dimensions (mm) 50 � 25 � 50
Fin material Pure aluminum

Fan No. 1: NMB Fan 4715KL Dimensions (mm) 120 � 25 � 120
Voltage (V) 12
Current (A) 1.3

Fan No. 2: COFAN F-
4010M12BII

Dimensions (mm) 40 � 10 � 40

Voltage (V) 12
Current (A) 0.16
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The efficiency of the TE system is denoted by its COP, which is
defined as the ratio of the thermal power to the electrical power.
To determine the COP, as shown in Eq. (2), it is necessary to mea-
sure the thermal power of the system and its electrical power con-
sumption. The heating and cooling powers were obtained from
Eqs. (3) and (4), respectively.
4

COP ¼ Q
Qe

ð2Þ

Qh ¼ a � I � Th þ 1
2
� R � I2 � K � ðTh � TcÞ ð3Þ

Qc ¼ a � I � Tc � 1
2
� R � I2 � K � ðTh � TcÞ ð4Þ

The same parameters of the TEC1-12706 device reported by
Ibáñez-Puy et al. [14] were used in this study. Thus, the Seebeck
coefficient (a = 0.0508 V K�1), internal electrical resistance
(R = 1.98X), and thermal conductance (K = 0.5808W K�1), which
have constant values, are considered. Th and Tc represent the tem-
peratures on the hot and cold sides of the TE system, respectively.
Finally, the electrical power of the TE system was obtained using
Eq. (5):

Qe ¼ IV ð5Þ
where V ¼ a:ðTh � TcÞ þ R:I

As this is experimental research, it is necessary to include an
uncertainty propagation analysis. The overall uncertainty of a func-
tion such as COP or temperature difference can be calculated based
on the approach proposed by Moffat [21]:

dR ¼ @R
@x1

dx1

� �2

þ @R
@x2

dx2

� �2

þ � � � @R
@xN

dxN

� �2
( )1=2

ð6Þ

Where x is the measured value and dx is the uncertainty of each
measuring instrument.



Table 2
Different fan modes for the temperature adjustment requested by users in the heating
experiment.

Hot-side fan Cold-side fan

Function No. 1 2 3 1 to 3

PWM 255 70 30 OFF
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3.3. Experimental procedure

The experimental procedure included three different tests: tests
for the heating mode, cooling mode, and temperature adjustment
requested by the user. According to the information reported in
Table 1, the NMB Fan 4715KL was used for heat removal from
the hot side. However, in the heating mode, it was necessary to
operate the fan at a speed lower than its capacity. At the beginning
of the heating mode test, both fans were turned off, allowing the
system to reach its target temperature. The fan installed on the
cold side did not operate during the heating mode test. In the heat-
ing mode, the expectation is to achieve the maximum difference
between the output temperature of the hot air flow and the room
temperature. The fan began operating at 30 pulse width modula-
tion (PWM), while the sensor installed at the hot-side heat sink
reached the target temperature, which was assigned as 70 �C for
this project. The hot side fan maintained the same speed until
the end of the experiment. The heating mode test was performed
Fig. 3. Sensor configuration for temperat
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from 9:30 to 15:00 on January 11, 2021, in Tehran, which has an
average solar radiation of 3 kWh m�2 d�1 in January [22].

For the cooling mode, it is desirable to achieve the highest tem-
perature difference between the inner temperature of the cold box
(the cooling side is closed) and the environment. The cooling mode
test was performed with a voltage ranging between 12 and 9 V. At
this stage, both fans operate, which means that the fan located on
the hot side operates at a high speed for a higher heat removal
capacity. On the other hand, the cold side fan was turned off at
the initial stage of the test until the cold-side heat sink reached
the target temperature, which was assigned as 15 �C for this pro-
ject, and then started producing air movements in the box. The
9 V test was performed from 9:45 to 14:30 on January 13, 2021,
and the 12 V test was carried out from 9:45 to 14:45 on January
12, 2021.

The temperature adjustment step was designed to ensure effi-
cient interaction between the device and the user. Three different
speeds (numbered 1–3) of the heating side fan were considered for
the system. Therefore, by entering a number from 1 to 3 in the
computer, the fan’s speed can be changed and, consequently, the
desired temperature can be achieved. This configuration results
in personalization of the TE system at a certain level of thermal
comfort. Table 2 presents the PWM levels of the different temper-
ature adjustments in the heating mode. It should be noted that the
speed variation can be controlled by changing the PWM level of the
fans, which can be achieved by installing the L298N module in the
system.
ure measurement in the TE system.
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The characteristics of the sensors employed were important fac-
tors that needed to be checked carefully during the experiment.
Five temperature sensors of 1-wire DS18B20 with an uncertainty
value of ± 0.5 were installed in different locations of the system
as follows: hot-side heat sink, cold-side heat sink, cold box corner,
airflow outlet in the heating mode, and ambient temperature.
These positions are shown in Fig. 3. The probe is 6 mm in diameter
and approximately 50 mm long. Both sides of the TE system were
attached to the heat sinks by a silicone adhesive with a high heat
transfer coefficient. To measure the temperature of both sides of
the TE system, temperature sensors were fixed using aluminum
wire at the basement of the heat sink sufficiently close to the sur-
face of the TE system. An HC-05 Bluetooth module transferred the
measurement data to the computer every 15 min. The input volt-
age and current were also measured with DC 100 V 10A digital
voltmeter ammeter sensors with an uncertainty value of 1% ± 1
digit. A small screen in this digital instrument displayed the input
voltage and current values, which were recorded manually.
4. Results and discussion

The results obtained from the three experimental procedures
are described in the following sections. The experimental setup
allowed the investigation of the variation of the key operating
parameters during the tests. The duration of the experiments
was set as 5–6 h, allowing the detection of any changes in the per-
formance of the device under real operating conditions.
4.1. Variation of key operating parameters in the heating mode

With respect to the heating mode, Fig. 4 presents the ambient
(Tamb), heating side (Th), cooling side (Tc), and outlet (Tout) temper-
atures of the system during the experiment. High stability was
observed in the outlet temperature during the heating test, which
showed a maximum temperature difference from the ambient
Fig. 4. Temperature profile ob
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temperature of 6 �C during the four hours considered for the exper-
iment. The peak temperature at the beginning of the test corre-
sponded to the instant when the fan began its operation, and
then the temperature decreased. Another advantage of the system
is that there is no significant difference between the outlet and the
TE system hot-side temperatures. Therefore, the outlet tempera-
ture is expected to be close to the surface temperature of the TE
system once a proper heat exchange occurs between the air flow
and the hot-side heat sink.

Another crucial observation from Fig. 4 is related to the temper-
ature difference with the environment needed to start the experi-
ment, considering the stand-by mode of the fan, which allows the
hot-side temperature to increase. This period represents a signifi-
cant challenge for the design because the user is not able to per-
ceive any benefit of using the device. Therefore, it is necessary to
consider a rapid increase in the hot-side temperature and thus
achieve the target temperature quickly. Nevertheless, the system
is capable of constantly generating a temperature difference with
the environment during the entire operation of the fan. During
the last hour of the experiment, the temperature of the TE device
increased. This was the instant at which the input voltage
decreased. Such a voltage drop affects the performance of the
fan, which finally results in a lower rate of heat evacuation from
the system and consequently an increase in the temperatures of
the heating and cooling sides of the device.

The input voltage to the TE system was 6.2 V at the beginning of
the test, then became stable at 12 V as it achieved the threshold
value assigned for the test, and finally reached 5.6 V during the last
hour of the experiment. The current was initially 2.1 A, then
became stable at 4.3 A, and finally ended at a value of 1.9 A
(Fig. 5). It can be concluded from Figs. 4 and 5 that the temperature
difference between the hot and cold sides of the TE device
increases when a higher input voltage is applied. This was demon-
strated previously by Wang et al. [13], who showed that higher
input voltages result in larger temperature differences in TE
systems.
served in the heating test.



Fig. 5. Instantaneous COP variation based on temperature during the heating test.
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Fig. 6. Temperature profile observed at different locations during the cooling test (12 V).
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The system’s response to the input voltage variations, while the
fan is operating, is not as intense as when the fan is off. In this
study, the temperature difference increased from 28 �C to 36 �C
as the input voltage increased from 6.6 V to 8.8 V during the 9:30
to 10:30 period when the fan was off. Once the fan started, the
temperature difference dropped to 26.5 �C, although the voltage
increased. Between 10:45 and 11:15, the value of the input voltage
was kept constant, but the temperature difference increased grad-
ually to 29 �C and then became stable. Ultimately, in the last hour
of the experiment (13:30 to 15:00), the input voltage decreased
from 12 V to 5.6 V, but the temperature difference was reduced
by almost 3 �C. This is beneficial for the COP of the system when
it is operating in the heating mode, yet it highlights the importance
of integrating a control system. For instance, a control system
would be a key issue to consider for activating the auxiliary heat-
ing system to satisfy the thermal comfort of the occupants in rea-
sonable time span and with optimum power consumption.

Another key issue is the instantaneous variation in the COP. Dis-
regarding the voltage and current fluctuations at the beginning and
end of the test, a COP value of 1.6 was observed at steady state con-
ditions when 12 V and 4.3 A were delivered to the TE device. A COP
of 1.6, which is quite close to the COP of 1.5 reported by Ibañez-Puy
et al. [7], was recorded with a temperature difference of 30 �C in the
heating mode and an applied voltage of 12 V. This result is consid-
ered to be in good agreement, considering the fundamental differ-
ences in the test conditions between our project and their study.
As shown in Fig. 5, when the temperature difference increased,
the COP decreased. According to Wang et al. [13] and Ibañez-Puy
et al. [7], actions that increase the input voltage and temperature
negatively impact the system’s performance. They can help meet
heating demand but with increased power consumption [14].

The other key indicator in the thermal analysis of the system is
the heat load estimation in heating mode. The heat transfer power
was calculated to scale it to a more realistic system size using the
following formula [13]:

Ph ¼ C � _m � DTair flow ð7Þ

where C is the specific heat capacity of the air (1004 J kg�1 K�1), _m is
the air flow rate (kg s�1), and DTairflow is temperature difference
8

between the air flow inlet and outlet of the system (K). The fan
operates at a speed lower than its maximum in heating mode.
Accordingly, the air flow was estimated as 0.0073 m3 s�1, the air
density was 1.225 kg m�3, and DTairflow ¼ 6�C. The heat transfer
power was calculated as 53.9 W.
4.2. Variation of key operating parameters in the cooling mode

In the cooling mode, the objective of the test was to cool a
closed box with different input voltages. Fig. 6 illustrates the corre-
sponding temperature profiles during the test, considering an
input voltage of 12 V.

During the cooling test, the fan at the hot side started operating
from the beginning with 180 PWM. However, the cooling fan
started with a delay, once the temperature of the cooling side
reached 15 �C. As shown in Fig. 6, the temperature difference
between the cold box and the environment varied between 11
and 13 �C. Thus, from Figs. 6 and 7, despite the variation of voltage
from 6.6 V to 12 V at the beginning and from 12 V to 5.8 V at the
end of the test, the difference between the cold box and the envi-
ronment varied by only 2 �C. According to Fig. 7, the temperature
difference between the hot and cold sides varied only by 1.5 �C
during the experiment.

The change in the values of the temperature difference not only
depends on the applied voltage but also on several other parame-
ters, such as the heat sink dimensions, presence (or absence) of the
fan, and fan’s speed. Because the temperature difference does not
vary significantly when applying the voltage in the cooling mode,
it is beneficial to reduce the operating voltage. Therefore, the
experiment was repeated with an input voltage of 9 V, and the
result was compared to the 12 V experiment, as presented in
Table 3. Because the DTamb-box was similar for the different volt-
ages, it is suggested that the lower voltage be considered as it exhi-
bits better performance. Another conclusion that can be obtained
from Fig. 7 and Table 3 is that the COP increases/decreases as the
input voltage decreases/increases. The COP trend and its value
(0.8–1.1) are in good agreement with those of previous studies
[7, 14]. Therefore, it is feasible to design a TE system to cover dif-
ferent applications with a single device.



Fig. 7. Instantaneous COP variation during the cooling test, based on the temperature difference, voltage, and current.
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Table 3
Performance comparison between different input voltages.

Voltage (V) Current (A) DTamb-box (�C) DT (�C) COP

12 4.5 11 17.4 0.8
9 3.4 11.3 16.7 1.1

Fig. 8. Temperature variations associated with different fan speeds.
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4.3. User interaction with the system

In a smart home concept, users should be able to control the
temperature variation. According to Table 2, in heating mode, the
fan’s speed can be changed by selecting a number between 1 and
3 to investigate the temperature variations in the outlet tempera-
ture of the device.

Fig. 8 shows the variations in the outlet temperature. Such vari-
ations allow the user to select a thermal comfort level by changing
the fan speed. As shown in the figure, the temperature reaches the
steady-state condition sooner for a higher fan speed. The temper-
ature becomes stable in 3–5 min at 255 and 70 PWM, but as much
as 10 min is required for the lowest fan speed. This would be a
challenge if a high temperature difference in comparison to the
environment were required in a short period of time.

It is worth mentioning that this experiment, which considered
different fan speeds, was performed from the highest to the lowest
speed without any interruptions. This means that the initial tem-
perature difference had already been set for the fan speed mode
numbers 2 and 3. However, it is suggested that the system be
allowed to achieve a higher temperature on the hot side, as shown
in Fig. 4, in the OFF mode of the fan. Therefore, to achieve higher
temperature differences with the environment in a limited time
period, different patterns of fan speed control should be tested.
4.4. Uncertainty analysis

In this section, the results of uncertainty analysis in COP and
temperature difference calculations are explained. Heating and
cooling COP functions are considered as R in Eq. (6). We calculated
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the uncertainty value for all COPs. The largest uncertainty value of
COP in heating mode is obtained as 1.93 ± 0.05, whereas its value
with COP in cooling mode is 1.42 ± 0.04. Therefore, the largest rel-
ative uncertainties in heating and cooling mode are reported
as ± 2.6 % and ± 2.8 %, respectively. With regards to temperature
difference, the largest relative uncertainties are reported as ± 2.6
% and ± 4 % in heating and cooling mode, respectively.
5. Conclusion

Massive energy consumption in the building sector has
prompted the scientific community to devote significant efforts
toward developing new concepts for heating and cooling spaces.
In this context, TE systems have been mentioned as a potential
solution to the challenge of implementing decentralized systems
that can fulfill different thermal demands and also potentially be
driven by renewable energies.

The present study proposed a new multipurpose TE concept
that can be used in different types of buildings with the goals of
responding to the specific thermal comfort level of individual users
and also cooling an adiabatic box for food and beverage preserva-
tion. By implementing a validation procedure, it was demonstrated
that the complete system, TE devices and other electrical compo-
nents, can be integrated with a solar PV array to configure a fully
renewable system. This integration enables the application of such
devices in different situations, particularly for buildings that are
not connected to the electricity network or have limitations for
implementing centralized HVAC systems and are therefore forced
to use traditional methods for heating, such as burning wood or
fossil fuels. Considering this point, the proposed system represents
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a promising device for reducing the environmental impact and
electricity consumption attributable to conventional HVAC
systems.

With regard to space heating, the experimental results showed
that the temperature difference observed within the TE elements
implies that the proposed TE device is appropriate to mild climates.
Achieving a similar heating temperature in a harsh environment,
for instance, one with a temperature difference of 20–30 �C,
requires introducing certain changes into the device configuration,
such as the number of TE modules, applied voltage, number of pho-
tovoltaic panels, etc. This represents the main limitation of the pro-
posed system because its potential application in severe
environments would be limited to preheating and precooling. It
would not be able to cover the complete thermal load. Neverthe-
less, the device demonstrated stable operation, producing a con-
stant temperature difference with the ambient environment, and
presented consistent performance during a long period of 5–6 h.

Despite the system being directly connected to a building room,
the heating COP during the space heating process was observed to
be stable at 1.6, which is close to the values recorded in previous
studies that were mostly carried out under laboratory conditions
with a test room of limited volume. Additionally, the COP for cool-
ing showed a variable profile between 0.8 and 1.1. The cooling COP
falls within an acceptable range, presenting the great advantage of
being able to use the TE device in multiple applications.

As described previously, the system has high flexibility for
responding to changes requested by users. This constitutes the
main feature of the device. As observed in large buildings, split
air conditioners are sometimes preferred, even though centralized
air-conditioning systems are more efficient. Split air conditioners
are often selected because of their higher flexibility. In that con-
text, the fast response of the system described here against rapid
temperature changes proves the high potential of using TE systems
as replacements for conventional HVAC devices. Indeed, the results
obtained here could lead to the implementation of practical solu-
tions for advanced building management systems, such as the
smart home concept, or even for conditioning smaller spaces such
as automobiles. Finally, the implementation of such devices might
contribute significantly to reducing fossil fuel use for heating
spaces, reducing indoor pollution, and reducing the implementa-
tion costs of large HVAC systems without sacrificing comfort level
or flexibility for satisfying the different thermal requirements of
different users.
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