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Abstract

The performance improvement of a vertical PV module with the application of a phase-change material (PCM) in a device known as a
PV/PCM module was examined in an experiment. The PCM could prevent the PV module from overheating by absorbing a considerable
amount of heat during the phase change. A simulation was also carried out to analyze the annual electric energy generation with changes
in the installation direction of the PV/PCM module and the melting temperatures and thicknesses of the PCM. Through an analysis of
the results, the optimal melting temperatures and thicknesses of the PCM according to the installation directions were introduced.

When the amount of vertical solar radiation was high and when the outdoor air temperature was moderate, the electric power output
of the PV module was increased by at most 3% using the PCM. However, during the winter, the effect of the PCM was decreased.

The optimal melting temperature was determined to be 298 K in all installation directions. The optimal PCM thickness varied slightly
depending on the installation direction of the PV/PCM module. The amount of electric power generation was increased by 1.0–1.5%
compared to that of the conventional PV module. It is hoped that the results will used as important reference data for the improvement
and commercialization of PV/PCM modules.
� 2014 Elsevier Ltd. All rights reserved.
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1. Introduction

With the increasing interest in renewable energy, the
application of the photovoltaics (PV) system has increased.
Building-added photovoltaic (BAPV) systems, which are
installed directly onto building exteriors, have widely been
used because they do not require an additional site.

The PV module of a BAPV system is usually installed on
a building roof, where it is most exposed to solar radiation.
However, the number of PV installations on vertical wall

surfaces also has increased in an effort to use solar energy
more actively. When the PV module is installed on a verti-
cal wall surface, it is important to eliminate the heat caused
by the generation of electric energy. If the heat is not
released effectively, the PV module becomes overheated
and the energy generation efficiency is decreased. This
problem has been pointed out by several past studies.

Brinkworth et al. (1997), Meneses-Rodriguez et al.
(2005) reported that a PV module decreases in efficiency
by 0.5% with a 1 K increase in the temperature from
298 K. Krauter et al. (1999) stated that a PV module
attached to a building surface decreases the energy genera-
tion efficiency by 9.3% compared to PV modules that are
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not attached to buildings. This is due to the high PV mod-
ule temperatures, as building surfaces prevent excess heat
from being removed.

To solve this problem, many experiments have been
conducted to decrease the PV module temperature and to
increase the energy generation efficiency. Hasan et al.
(2010) introduced six methods to lower the PV module
temperature; natural ventilation, mechanical ventilation,
water circulation, the use of a heat pipe, the use of a ther-
moelectric device that converts heat energy to electric
energy, and the use of a PCM.

Moshfegh and Sandberg (1996), Sandberg and
Moshfegh (1996, 1998), Liao et al. (2007), Gan (2009)
examined the air movement due to the buoyancy and the
heat transfer phenomena produced in the space between
the PV module and the wall surface using numerical simu-
lations and experiments. They also evaluated the perfor-
mance change of the PV module according to the
temperature. In particular, Teo et al. (2012) increased the
performance efficiency of the PV module by 4–5% by
installing an air duct behind the module and removing heat
by ensuring good air flow through the duct.

Krauter (2004) used water circulation on the surface of
the PV module to decrease the temperature of the module.
By means of water circulation, it was possible to prevent
the accumulation of dust on the surface and to reduce
the temperature of the module. The temperature of the

PV module was decreased by as much as 295 K, while
the energy generation efficiency was increased by 10.3%.

Some researchers provided systems which could increase
the energy generation performance by absorbing and recy-
cling the excess heat from the PV module. Pei et al. (2012)
proposed a photovoltaic/thermal system which combined
solar radiation and a solar heat system. This system used
a heat pipe to decrease the temperature of the PV module
while simultaneously providing hot water. Le Pierres
et al. (2008) considered using a thermoelectric device which
could convert heat energy to electric energy.

In the studies discussed above, a mechanical fan,
pump, or other type of energy-consuming equipment
was used to remove heat from the PV module. However,
this study focused on a more passive method using a
phase-change material (PCM), which does not require
additional energy after installation. The PCM stores or
releases the heat through a phase change from liquid to
solid or from solid to liquid at the melting temperature.
Using this characteristic, the PCM can increase the energy
generation efficiency by preventing the overheating of the
PV module though the absorption of heat during the day
and the release of heat during the night. Moreover, com-
pared to the natural ventilation method, the PCM is not
significantly influenced by the speed and direction of the
wind, giving it greater potential to decrease the PV mod-
ule temperature.

Nomenclature

A the PV surface area (m2)
C the combined incidence angle modifier for the

PV cover material
Cp the specific heat of the PCM (J/kg K)
IT the total amount of solar radiation on the PV

surface (kJ/h m2)
IT,ref the total amount of solar radiation on the PV

surface at the conditions under which the refer-
ence PV efficiency was measured (kJ/h m2)

m the mass of the PCM (kg)
PPV the electric power produced by the PV/PCM

module (W)
qconv1 the convective heat transfer that occurred in the

glass cover for the PV cell (W/m2)
qconv2 the convective heat transfer that occurred in alu-

minum plate 2 (W/m2)
qn,s the heat absorbed or released in layer n (W/m2)
qn1–n2 the heat transfer between layer n1 and layer n2

(W/m2)
qpcm,s the heat absorbed or released by the PCM

(W/m2)
qpcm,phase change the heat required for the phase change

of the PCM (W/m2)
qrad1 the radiative heat transfer that occurred in the

glass cover for the PV cell (W/m2)

qrad2 the radiative heat transfer that occurred in alu-
minum plate 2 (W/m2)

qsol the solar radiation absorbed by the glass cover
for the PV cell (W/m2)

Rn1–n2 the thermal resistance between layer n1 and
layer n2 (m2 K/W)

t the time (s)
Tn the temperature of layer n (K)
TPV the PV cell temperature (K)
Tref the cell temperature in the reference conditions

(K)
X the ratio of the liquid and solid state of the PCM

(0: completely liquid; 1: completely solid)
DX the change in X

g the overall efficiency of the photovoltaic system
gI,coef the coefficient that describes the change in the

PV efficiency as a function of the incident solar
radiation

gref the overall efficiency of the photovoltaic array
under the reference condition

gT,coef the coefficient that describes the change in the PV
efficiency as a function of the cell temperature

(sa)n the transmittance/absorptance product of the
PV cover for solar radiation at a normal angle
of incidence
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