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Abstract

This paper proposes a cooling system using thermoelectric elements for improving the output of building integrated photovoltaic
(BIPV) modules. The temperature characteristics that improve the output of a BIPV system have rarely been studied up to now
but some researchers have proposed a method using a ventilator. The efficiency of a ventilator depends mainly on the weather
such as wind, irradiation etc. Because this cooling system is so sensitive to the velocity of the wind, it is unable to operate in
the nominal operating cell temperature (NOCT) or the standard test condition (STC) which allow it to generate the maximum
output. This paper proposes a cooling system using thermoelectric elements to solve such problems. The temperature control of
thermoelectric elements can be controlled independently in an outdoor environment because it is performed by a micro-controller.
In addition, it can be operated around the NOCT or the STC through an algorithm for temperature control. Therefore, the output
of the system is increased and the efficiency is raised. This paper proves the validity of the proposed method by comparing the
data obtained through experiments on the cooling systems of BIPV modules using a ventilator and thermoelectric elements.
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I. INTRODUCTION

Recently, the necessity for research on alternative energy has
increased due to limited amount of fossil fuel and environment
pollution. Solar energy with its clean and noiselessness energy
has received a great deal of attention. Conventional stand-
alone PV systems and BIPV systems that do not required
separate area are a useful technology in terms of economic
considerations [1]. BIPV systems should be considered when
attempting to design an efficient building. When PV modules
are combined with building materials, they cause problems
due to module temperature. BIPV systems have a problem
with increased module temperature more than general PV
systems due to the solar heat and thermal conduction of
the surface of a wall because it is adhered to the building
itself. This is a serous problem because an increase in PV
module temperature causes a decrease in the performance of
PV systems with crystalline silicon cells. Generally, module
temperature decreases efficiency by about 0.5% for every 1◦C
of temperature increase [2]. Research on module temperature
measurement is required for high efficiency in BIPV systems.

Thermoelectric elements that directly convert heat into
electrical energy or electrical energy into heat are applied in
the energy, electrical and electron industries as thermoelectric
generation and thermoelectric cooling devices [3]. A thermo-
electric element which uses the Peltier effect has advantages
such as eco-friendliness, simple structure, high reliability and
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noiselessness. As a result, the thermoelectric cooling method is
often applied to the cooling of IC manufactures and electronic
machines of various kinds such as infrared ray sensors and
laser diodes. It is also used for the focal plate cooling of
charge-coupled device (CCD) elements for the miniaturiza-
tion of electron parts, high electrification, and high density
implementation in advanced countries. In addition, its use has
expanded to applications in the consumer electronics industry
such as refrigerators, air conditioners and heat exchangers as
well as scientific measurement and medical equipment.

Therefore, this paper proposes a high efficiency BIPV sys-
tem that uses thermoelectric elements to cool the temperature
of the module. The PV module temperature is operated around
the nominal operating cell temperature (NOCT) or the standard
test condition (STC). In addition, this method minimizes
power loss by maintaining a constant module temperature.
The validity of the proposed cooling method has been proved
through experimentation.

II. MODELING OF THE SYSTEM

A. Modeling of the solar cell

Fig. 1 shows the equivalent circuit of a solar cell where the
short current Isc is equal to the photo-current Ic. The open
voltage of the solar cell is decided by the diode saturation
current Io and is expressed as follows[4][5]:

Voc =
kT

q
ln[
Ic
Io

+ 1] (1)
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Fig. 1. Equivalent circuit of PV array.

where Voc is the open voltage, k is the Boltzmann constant,
q is the electric charge, Io is the diode saturation current and
T is the operating temperature of the solar cell. In addition,
a related equation for the short current and open voltage is
expressed as follows:

Isc = Io[e
( qVockT )]. (2)

The PV module is connected to a number of solar cells in
series and parallel to get the desired voltage and current. In
addition, the PV array is connected to a number of PV mod-
ules. An equation to obtain the current-voltage characteristic
curve of the solar cell is expressed as follows:

Iph = IscSN + It(Tc − Tr) (3)

Id = Io[e
q(Vpv+IcRs)

AkT − 1] (4)

Io = Ior[
Tc
Tr

]3e
qEg
Bk ( 1

Tr
− 1
Tc

) (5)

Ic = Iph − Id −
Vpv + IcRs

Rsh
(6)

where Iph is the Photo-current, SN is the radiation per
area, It is the short current temperature coefficient, Id is
the diode current, Rs is the series resistance, Rsh is the
parallel resistance, Tc is the temperature of solar cell[K], Tr
is the command temperature of the solar cell[K],A,B are the
manufacture constants, Ior is the reverse saturation current and
Eg is the energy band gap. Fig. 2 shows a PSIM model of a
PV array and it is able to calculate the theoretical maximum
power point of PV generation through a PSIM simulation.

B. Modeling of the thermoelectric element

If a positive direct DC current flows to the n-type element
in Fig. 3, the electrons move from the p-type to the n-type and
the cold side temperature drops because the heat is absorbed.
The absorbed heat is moved to the hot side of the module
and emitted from a heat sink. At this time, the absorption
and emission of heat is in proportion to the current and the
coefficient of the thermoelectric element couple. Generally, Qc
, which is emitted for a unit of time by the Peltier effect, is
in proportion to the magnitude of the current, but is limited in
accordance with the kind and type of thermoelectric element.
If the temperature variations of the module ends are minimum,
the maximum absorption values are calculated and a current
larger than Imax decreases the absorption value.

Fig. 2. PSIM model of solar cell array.

Fig. 3. Electrical connection of general single module.

The following equations express the relationship between
the heat absorption value Qc, the caloric value Qh and the
consumption power P [6].

Qc = αeITc −
I2Re

2
−Ke(Th − Tc) (7)

Qh = αeITh −
I2Re

2
−Ke(Th − Tc) (8)

P = Qh −Qc = αeI(Th − Tc) + I2Re. (9)

The state equation below expresses the relationship between
the input source of the thermoelectric element and variations
in temperature.

Ṫ = −K(T − u) (10)

where K is calculated by an experimental method that mea-
sured the reaching time from initial value to a steady state
value of 63 percent and then took the reciprocal number when
the step-input voltage was input to the thermoelectric element
model.

The transfer function related to the real input and output of
the thermoelectric element is expressed as follows:
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Fig. 4. Change power with PV module temperature.

GT (s) =
K

s+K
. (11)

III. CONSTRUCTION OF THE CONTROL SYSTEM

A. Temperature characteristic analysis of a BIPV module

The electrical performance of a PV module is changed by
incidence irradiation and the temperature of the PV module.
When the temperature of a PV module’s front panel and rear
panel is raised by incidence irradiation in the PV module,
the electric generation capacity is reduced because the per-
formance of the solar cell drops. In the case of BIPV, the
temperature of a module is greatly increased by the conduction
heat of a building structure with incidence irradiation in the
summer season.

The Design Pro program is able to simulate the generation
value of a PV module with temperature variations. Fig. 4
shows the variation in PV generation with respect to changing
temperatures around the module. The generation value de-
creases when the temperature rises by 1◦C from the command
temperature 25◦C.

PV generation is decreased by 15% when module temper-
ature is 50◦C rather than 25◦C.

In addition, the temperature characteristic analysis of a
PV module has an effect on inverter selection for the PV
generation equipment. If the PV module temperature rises,
PV module generation efficiency is decreased, and if the PV
module temperature is decreased excessively, the inverter will
not operated in the range of maximum power because the open
voltage Voc is out of the maximum power point tracking range.

B. Temperature control using a PI controller

Fig. 5 shows a PI controller for thermoelectric element
control.

Fig. 5. Block diagram of PI controller.

where Tref is the input temperature (nominal operating cell
temperature or standard test condition), T is the output tem-
perature of the real module and e is the error value of the input
temperature and the temperature of the real module. If the
transfer function of the thermoelectric element is GT (s) and
the transfer function of the PI controller is GP (s), the transfer
function of the close-loop system is expressed as follows:

G(s) =
T

Tref
=

GT (s)GP (s)

1 +GT (s)GP (s)

=
K(kps+ ki)

s2 +K(1 + kp)s+Kki

(12)

where kp is the proportion gain and ki is the integral gain.
Consequently, the control input u is calculated using the

transfer function of the thermoelectric element GT (s) and the
transfer function of the PI controller GP (s). This is expressed
as follows:

u(t) = kp{Tref (t)− T (t)}+ ki

∫ t

0

{Tref (τ)− T (τ)}dτ. (13)

C. Design of the control algorithm

The estimation of the module operating temperature can
be done with a variety of methods but the NOCT or the STC
methods are typical models [7][8]. When a BIPV experiences a
rise in module temperature of 20∼-40◦C then the temperature
of the cell rises and the generation efficiency decreases. This
happens because the electrical resistance is raised by high
temperatures within the flow of electrons. Consequently, a
cooling device for a PV module rear panel is needed to keep
the module performance within the BIPV system designs [9].

Fig. 6 expresses the control algorithm for the proposed
BIPV cooling system. First, the module rear temperature of
the BIPV and the outside temperature are sensed using a
data acquisition (DAQ) board. The sensed data is compare
to the set value (NOCT is 45.5◦C, STC is 20◦C) of the
program and if the module temperature is higher than the set
value, the voltage is inputted to the thermoelectric element and
the cooling system is operated. If the outside temperature is
higher than 25◦C, the control mode is NOCT and if outside
temperature is lower than 25◦C, the control mode is STC.
Also, if the module temperature is lower than the set value,
the voltage is cut and the BIPV system is operated in the
general mode. With this, the PV module is operated around
the control value during days when irradiation is very high
and the power of the PV module is able to improve.

Fig. 7 shows the composition of the BIPV cooling system
using thermoelectric elements. This system is composed of an
irradiation meter, a module thermal meter, an air thermal meter
and a thermoelectric element attached to the rear of the PV
module. A micro-controller (Atmega128) is used to control
the module temperature to maintain a nominal operating cell
temperature. In addition, the monitoring system uses a DAQ
board (60164U of National Instrument (NI) company) to
measure the real-time temperature data.
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IV. EXPERIMENT AND RESULTS

Table I displays the PV module specification for the exper-
imentation in this paper. The module used is an ASE-160-GT-
FT/MC from SCHOTT solar company.

TABLE I
PV MODULE SPECIFICATION

ITEM SPEC
Rated Power 160Wp

Maximum Voltage 36.9V
Maximum Current 4.46A

Open Voltage 43.5V
Short Current 5.12A

Operating Temperature -40◦C ∼ +90◦C
NOCT 45.5◦C

Fig. 8 shows the proposed experiment set for verifying
the results of this paper. First, we designed the two sets
so that one is a BIPV module applied to a thermoelectric
element and the other is a BIPV module applied to a ventilator
to compare the performance. In addition, the BIPV module
applied to the ventilator is able to cut the wind so that the
temperature characteristics of a general BIPV module are
available to analyze and measure the comparison data. The
temperature control algorithm is implemented through the RS-
232 communication of a PC and control board, and real-
time data on the PV module temperature, air temperature and
irradiation are monitored through the DAQ board.

Fig. 9 shows a module temperature comparison of the
cooling methods when the control mode is STC and the
radiation is low level. The results show that the average module
temperature of a BIPV system using a thermoelectric element
is 24.48[◦C] and that the average module temperature of a
BIPV system using a ventilator is 33.31[◦C]. Fig. 10 and Fig
11 show a comparison of the module generating value and the
accumulating generation value based on the cooling method.

Fig. 6. Control algorithm of BIPV cooling system.

Fig. 7. Configuration of BIPV cooling system.

Fig. 8. Cooling experiment equipment of BIPV.

The generation value when using the thermoelectric element
is higher 294.62[W] than when using the ventilator.

Fig. 12 shows a module temperature comparison of the
cooling methods when the radiation is rapidly changed. The
results show that the average module temperature of the BIPV
system using a thermoelectric element is 25.35[◦C] and that
the average module temperature of the BIPV system using a
ventilator is 30.8[◦C]. Fig. 13 and Fig 14 show a comparison
of the module generating value and accumulating generation
value based on the cooling method. The generation value when
using the thermoelectric element is higher, 251.35[W], than
when using the ventilator. When the control mode is STC, the
efficiency of the PV module is high because the temperature
is prevented from rising by the thermoelectric element.

Fig. 15 shows a module temperature comparison of the
cooling methods when the mode is NOCT and the radiation
is rapidly changed. The results show that the average module
temperature of the BIPV system using a thermoelectric ele-
ment is 38.52[◦C] and that the average module temperature of
the BIPV system using a ventilator is 41.02[◦C]. Fig. 16 and
Fig 17 show a comparison of the module generating value and
accumulating generation value based on the cooling method.
The generation value when using the thermoelectric element
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Fig. 9. The comparison to module temperatures by cooling methods
(control mode: STC, low level radiation).

Fig. 10. The comparison to module generating value by cooling methods
(control mode: STC, low level radiation).

Fig. 11. The comparison to the module accumulated power of cooling
methods (control mode: STC, low level radiation).

is higher 28[W] than when using the ventilator.
Fig. 18 shows a module temperature comparison of the

cooling methods when the radiation level is high. The results
show that average module temperature of the BIPV system
using a thermoelectric element is 45.03[◦C] and that the
average module temperature of the BIPV system using a
ventilator is 59.47[◦C]. Fig. 19 and Fig 20 show a comparison
of the module generating value and accumulating generation
value based on the cooling method. The generation value using
the thermoelectric element is higher 432.12[W] than when
using the ventilator. The air and module temperatures are very
high when there are high levels of radiation so if the cooling
control system is installed on a BIPV system, the efficiency is

Fig. 12. The comparison to module temperatures by cooling methods
(control mode: STC, rapidly changing radiation).

Fig. 13. The comparison to module generating value by cooling methods
(control mode: STC, rapidly changing radiation).

Fig. 14. The comparison to the module accumulated power of cooling
methods (control mode: STC, Rapidly changing radiation).

greatly improved. Consequently, the proposed BIPV cooling
system, using a thermoelectric element, is able to provide
excellent performance.

V. CONCLUSIONS

This paper proposes a cooling system using a thermoelectric
element for the efficiency improvement of a BIPV module. The
BIPV module temperature is higher (about 25∼40◦C) than air
temperature because it is used on an outer wall which has no
air current. This increase in temperature decreases the output
power so that the efficiency of the BIPV system is much
lower. To solve these problems, this paper proposes novel
cooling system using thermoelectric elements. The proposed
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Fig. 15. The comparison to module temperatures by cooling methods
(control mode: NOCT, rapidly changing radiation).

Fig. 16. The comparison to module generating value by cooling methods
(control mode: NOCT, rapidly changing radiation).

Fig. 17. The comparison to the module accumulated power of cooling
methods (control mode: NOCT, Rapidly changing radiation).

method is compared with a conventional ventilation method
cooling system. Since the cooling method by a thermoelectric
element is operated when the temperature of the BIPV module
exceeds a set temperature, the BIPV module is operated within
the control value during days with high radiation. Therefore,
output power of the BIPV system is higher than it is with
the conventional method and the efficiency of BIPV system
is increased. In addition, its efficiency can be independently
controlled in an outside environment. Therefore, this paper
proves the validity of the proposed method which is a BIPV
cooling system using a thermoelectric element.

Fig. 18. The comparison to module temperatures by cooling methods
(control mode: NOCT, high level radiation).

Fig. 19. The comparison to module generating value by cooling methods
(control mode: NOCT, high level radiation).

Fig. 20. The comparison to the module accumulated power of cooling
methods (control mode: NOCT, high level radiation).
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