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a b s t r a c t

Filling window units with phase change material (PCM) improves the thermal performance of windows,
but on the other hand it has a deteriorative effect on the optical performance due to poor heat conduc-
tivity of PCM. A novel method to tackle this drawback of PCM is to disperse nanoparticles in the PCM. In
this study, a model was developed to evaluate the thermal and optical performances of window units
filled with nanoparticle enhanced PCM (NePCM). The effect of different types of nanoparticles, volume
fractions of nanoparticles and sizes of nanoparticles on the thermal and optical performances of windows
such as temperature, heat flux, solar transmittance, absorptance and reflectance were numerically inves-
tigated and compared with the referent case (i.e. pure PCM). The results showed that the optical and ther-
mal performances of window units filled with nanoparticle dispersed paraffin wax are improved
compared to that of with pure paraffin. However, the improvement is nearly the same regardless of
nanoparticle type. The effect of volume fraction and size of nanoparticle is significant during the sunset
and sunrise periods. Considering both thermal and optical performances of window units, it is recom-
mended to disperse CuO nanoparticles with the volume fraction of below 1% and nanoparticle size of
below 15 nm in PCM.

� 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Windows are indispensable parts of buildings since they
enhance the buildings’ aesthetical architecture, provide passive
solar energy gain and air ventilation and increase natural lighting
[1–3]. However, due to their poor thermal resistance, low thermal
inertia and high transmission of solar radiation, they usually have
poor thermal performance compared to those of opaque parts of
the building envelope such as roofs and walls. Accordingly, win-
dows play a significant role in the energy loss through building
envelopes, particularly for the ones with large window area where
energy loss becomes much more drastic. Thus, it is essential to
decrease the energy loss through the windows by improving their
thermal resistance performance, which is unquestionably benefi-
cial to reduce the energy consumption of buildings [4–7].

A significant amount of effort has been devoted to improve the
thermal resistance performance of windows, such as installing
double glazing window by employing different glasses (monolithic,
tempered and laminated) [8–11], using multiple glass panes

[12,13], filling the cavity between glass panes with different mate-
rials including absorbing gas [14], air [15], water [16,17], aerogel
[18,19] or PCM [20–26]. Filling the cavity between glass panes with
PCM is a promising approach to increase the thermal performance
of windows, because the PCM in the window unit can absorb some
part of solar energy for thermal energy storage [27,28], and still
allow visible light transmittance to the indoor environment for
day lighting [29,30]. Li et al. [23] investigated the thermal perfor-
mance of window filled with PCM and compared to that of without
PCM. They found that the peak temperature on the interior surface
of the window reduces by 10.2 �C, the thermal energy entered into
the building through the window reduces by 39.5%, thus the
annual energy consumption of building decreased 40.6%. It was
concluded that the method of filling cavity of window units with
PCM is a potential technology for minimizing energy consumption
and improving natural lighting in the buildings. However, there is a
considerable difference between the spectral features of the liquid
and solid PCM states. Goia et al. [29] studied the reflectivity and
absorptivity of windows filled with PCM. It was shown that the
reflectivity of PCM in the solid state is far higher (up to three times)
than that of in the liquid state. Besides, the absorption coefficient
of window filled with solid PCM is also much higher. A similar
conclusion was drawn by Gowreesunker et al. [30] where it was
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indicated that the transmittance spectra of the PCM in the window
during rapid phase changes are unstable and visible transmittance
values of 90% and 40% are obtained for the liquid and melting
phases, respectively, under stable conditions.

The most recent studies have reported that optical and thermal
parameters of PCM play an important role in the optical perfor-
mance of PCM-filled glazing unit, and the characterization of the
optical performance of PCM-filled glazing unit considerably affect
its thermal performance [31–33]. These researches have showed
that improving thermal parameters of PCM is an effective method
to enhance thermal and optical performances of double glazed
window units filled with PCM. For instance, the thermal conductiv-
ity of paraffin wax which is one of the most common PCM materi-
als employed in window units is only about 0.2–0.4 W/(m K).
There are various methods to enhance the thermal conductivity
of PCM, which apparently affects the melting time and play a sig-
nificant role in controlling the optical performance of PCM-filled
window units, including the dispersion of nanoparticles with a
very high conductivity in PCM [34–43], integration of metal matrix
or porous matrix in PCM [44,45]. For instance, Colla et al. [34]
investigated the feasibility of a new challenging use of Aluminum

Oxide (Al2O3) and Carbon Black (CB) nanoparticles to enhance
the thermal properties and concluded that nanoparticles have big
effect on the thermal performance of PCM. Wu et al. [41] experi-
mentally investigated the HFE7100 jet impingement with metallic
PCM and concluded that nano PCM slurry can increase the thermal
capacity of the fluid and provide a significant heat transfer
enhancement.

Among these methods, the dispersion of high conductive metal
nanoparticles in PCM has attracted a lot of attention of researchers
particularly in solar utilization applications due to better stability,
rheological property and thermal conductivity.

To the best knowledge of the authors, there currently is no
extensive research work that considers the optical and thermal
performances of window filled nanoparticle-enhanced PCM. There-
fore, this study aims to investigate the thermal and optical perfor-
mances of window units filled with NePCM and compare with that
of pure PCM by developing a numerical model. The impact of dif-
ferent types of nanoparticles (namely Cu, CuO and Al2O3) together
with different volume fraction of nanoparticles (ranging from 0.1%
to 10%) and size of nanoparticles (ranging from 5 nm to 25 nm) on
the thermal and optical performance of windows were examined.

Nomenclature

Ag1, Ap1, Ap2, Ag2 solar absorptance of glass 1 layer, phase 1 layer,
phase 2 layer and glass 2 layer

cP,g, cP,p specific heat of glass, specific heat of PCM, J/(kg K)
d nanoparticle size, m
Fsky, Fground view factor between the glazing unit and the sky

dome, view factor between the glazing unit and the sur-
rounding surfaces

H, hout, hin specific enthalpy of PCM, J/kg; convective heat trans-
fer coefficient of the exterior surface of outer glass, con-
vective heat transfer coefficient of the inner surface of
internal glass, W/(m2 K)

Isol, Ig!pIp;l!p;s, Ip!g solar radiation, radiative heat flux of coupled
surface between outer glass and PCM, radiative heat flux
of liquid–solid interface in the PCM region, radiative
heat flux of coupled surface between internal glass
and PCM, W/m2

kg, kp, kp,l, kp,s thermal conductivity of glass, thermal conductivity
of PCM, thermal conductivity of liquid PCM near to liq-
uid–solid interface, thermal conductivity of solid PCM
near to liquid–solid interface, W/(m K)

Lg1, Lp1, Lp2, Lg2 thickness of glass 1 layer, phase 1 layer, phase 2
layer and glass 2, m

ng, np1, np2 refractive index of glass material, phase1, phase 2 of
PCM

Greek letters
ag extinction coefficient of glass material, m�1

ap1 extinction coefficient of glass, phase1, m-1
ap2, extinction coefficient of phase 2 material, m�1

aT absorption coefficient of the exterior surface of thermo-
couple

b liquid fraction
j Boltzmann constant, –
qg, qp density of glass, density of PCM, kg/m3

q1, q2, q3, q4 Interface reflectance for surface between air and
glass, for surface between phase 1 of PCM and glass,
interface reflectance for surface between phase 1 and
phase 2 of PCM, for surface between phase 2 of PCM
and glass

s time, s

; radiative source term, W/m3

e surface emissivity of glass,
r Stefan–Boltzmann constant, 5.670 � 10�8 W/(m2 K4)
h angle between the glazing unit and the ground,
a1 standard value
a2 compared value
u ratio
D variation difference
cg temperature time lag
S the shape factor,-
R; SðtÞ;Q L solar reflectance, thickness of liquid PCM, m; latent

heat of PCM, J/kg
q0, qrad, qrad,air, qrad,sky, qrad,ground total transmitted energy of

glazed unit filled with paraffin, radiative heat exchange
between exterior surface of outer glass with the outdoor
environment, radiative heat exchange with the air, sky
and ground, W/m2

T, Tg1, Tp1, Tp2, Tg2; temperature, solar transmittance of glass 1
layer, phase 1 layer, phase 2 layer, glass 2 layer, K

T, Tref, Ts, Tl, T0; temperature, reference temperature, temperature
that the phase of PCM starts to change from solid to liq-
uid, the temperature that the phase of PCM completely
changes into liquid, the reference temperature, K

Tg, Tp, Tp,l, Tp,s temperature of the coupled surface of outer glass,
temperature of coupled surface of PCM, temperature of
liquid PCM near to liquid–solid interface, temperature
of solid PCM near to liquid–solid interface, K

Tout, Ta,out, Tsky, Tin, T a,in temperature of the exterior surface of
outer glass, ambient temperature, sky temperature,
temperature of the inner surface of internal glass, in-
doors air temperature, K

t0 temperature of the inner surface of internal glass for
pure paraffin, K

Subscript
L latent heat of paraffin wax
/ volume fraction
np nanoparticle
n, f PCM
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The outcomes of this study are believed to be useful for developing
advanced window units which utilizes nanoparticle enhanced
PCM.

2. Physical and mathematical models

2.1. Physical model

The optical and heat transfer mechanisms of the window filled
with PCM and nanoparticles are shown in Fig. 1. As can be seen
from Fig. 1, solar energy reaching the window surface is partly
transmitted and partly reflected, and the remaining portion is
absorbed by the two glasses and PCM dispersed with nanoparti-
cles. The heat transfer process with the combination of thermal
radiation and convection takes place on the boundary of the exte-
rior and the interior surfaces. The absorbed heat will be transmit-
ted inward and/or outward by the processes of conduction,
convection and radiation exchange. For a transparent glass layer,
the effective transmittance as well as the front and back reflec-
tance are quantified as the consequence of multiple reflections
between the front and back surfaces and absorption through the
layer.

2.2. Mathematical model

As the main purpose of this study is to explore the influence of
nanoparticles on the thermal and optical performance of window
units, a simplified yet still accurate model is developed. The follow-
ing assumptions are made: (1) The heat transfer through the glaz-
ing unit is unsteady unidirectional heat transfer process. (2) The
convection within the PCM layer and the radiative exchange
between the surfaces of glasses facing the cavity filled with PCM
are ignored. (3) Both liquid and solid states of PCM are highly
non-transparent to the long-wave radiation. (4) The glass,
nanoparticles and PCM are considered to be thermally homoge-
neous and isotropic media and thermal properties are temperature
independent. (5) The scattering effect of PCM and the effect of

nanoparticles on the optical constants of PCM and nanoparticles
are omitted.

For the double glazing unit filled with PCM and nanoparticles,
the heat transfer is calculated in three regions; the outer glass
layer, internal glass layer and PCM layer in the middle, as shown
in Fig. 2.

A one-dimensional unsteady heat conduction equation for glass
regions is given as Eq. (1)

qgcP;g
@T
@s

¼ kg
@2T
@x2 þ ; ð1Þ

where s is time (s). T is temperature (K). qg, kg and cP,g are density
(kg/m3), thermal conductivity (W/m K) and specific heat (J/kg K) of
glass, respectively. ; is radiative source term (W/m3).

The one-dimensional unsteady energy equation for PCM region
is given as

qp
@H
@s

¼ kp
@2T
@x2 þ ; ð2Þ

where H is the specific enthalpy of PCM (J/kg), qp is the density (kg/
m3) and kp is the thermal conductivity (W/m K) of PCM.

The specific enthalpy of PCM in Eq. (2) is calculated by

H ¼
Z T

Tref

cP;pdT þ bQ L ð3aÞ

b ¼ 0; T < Ts ð3bÞ

b ¼ T � Ts

Tl � Ts
; Ts 6 T 6 Tl ð3cÞ

b ¼ 1; T > Tl ð3dÞ
Here, Tref is the reference temperature (K), cP,p is specific heat (J/kg
K) of PCM, QL is the latent heat fusion of PCM (J/kg), b is the local
liquid fraction in calculation region. Ts and Tl is the temperature that
the phase of PCM starts to change from solid to liquid (K), and the
temperature that the phase of PCM completely changes into liquid
(K), respectively.

With the addition of nanoparticles to PCM, the thermophysical
properties must be re-evaluated. Density and specific heat of
NePCM are obtained by the following equations [35,46].ambient room

Solar  radiation

Solar  radiation reflected

Thermal  radiation

Solar  radiation
transmitted

Thermal  radiation

Thermal  convectionThermal  convection

Conduction Conduction

Glass Nano-PCM

Diffuse solar  radiation

Fig. 1. Schematic representation of heat transfer mechanism through double
glazing window filled with PCM and nanoparticles.
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Fig. 2. Layout of double glazing unit filled with PCM and nanoparticles.
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qðNePCM;NFÞ ¼ /qnp þ ð1� /Þqf ð4aÞ

ðqCpÞðNePCM;NFÞ ¼ ð1� /ÞðqCpÞf þ ð/qCpÞnp ð4bÞ
/ is being volume fraction, Cp is specific heat and subscripts ‘‘np”
and ‘‘f” stands for nanoparticle and PCM, respectively.

The thermal conductivity of Nano-PCM is estimated as follows
[35].

kNF ¼ knp þ ðS� 1ÞkP � ðS� 1ÞuðkP � knpÞ
knp þ ðS� 1ÞkP þuðkP � knpÞ kP

þ 4:22035� 105ð100uÞ�1:07304uqPCp;P

ffiffiffiffiffiffiffiffiffiffi
jT
qnpd

s
f ðT;uÞ ð5aÞ

f ðT;uÞ ¼ ð2:8217� 10�2uþ 3:917� 10�3Þ T
T0

� 3:0699� 10�2u� 3:91123� 10�3 ð5bÞ
where S is being the shape factor which equals to 3. j is Boltzmann
constant. T0 (=273 K) is the reference temperature. d is nanoparticle
size. knp, kP is thermal conductivity of nanoparticles and PCM,
respectively.

Latent heat of PCM containing nanoparticles is calculated as in
[35,47]

LNePCM ¼ ð1� /ÞðqLÞPCM
qPCM

ð6Þ

where L stands for the latent heat fusion of paraffin wax.
The radiative source term for each layer is calculated depending

on the location (see Fig. 2). The radiative source term in the glass 1,
phase 1, phase 2 and glass 2 are obtained by Eqs. (7a)–(7d),
respectively.

; ¼ Ag1Isol
Lg1

ð7aÞ

; ¼ Tg1Ap1Isol
Lp1

ð7bÞ

; ¼ Tg1Tp1Ap2Isol
Lp2

ð7cÞ

; ¼ Tg1Tp1Tp2Ag2Isol
Lg2

ð7dÞ

Here, Isol is solar radiation (W/m2). Tg1, Tp1, Tp2 and Tg2 represent
solar transmittances of glass 1, phase 1, phase 2 and glass 2 layers,
respectively. Ag1, Ap1, Ap2 and Ag2 stand for the solar absorptances of
glass 1, phase 1, phase 2 and glass 2 layers, respectively. Lg1, Lp1, Lp2
and Lg2 are the thicknesses (m) of glass 1, phase 1, phase 2 and glass
2 layers, respectively.

The transmittance and absorptance of the glass layer are calcu-
lated by [48]

Tg1 ¼ ð1� q1Þð1� q2Þexpð�agLg1Þ
1� q1q2expð�2agLg1Þ ð8aÞ

Ag1 ¼ 1� q1 �
ð1� q1Þq2expð�2agLg1Þ
1� q1q2expð�2agLg1Þ � Tg1 ð8bÞ

Tg2 ¼ ð1� q1Þð1� q4Þexpð�agLg2Þ
1� q1q4expð�2agLg2Þ ð8cÞ

Ag2 ¼ 1� q4 �
ð1� q4Þq1expð�2agLg2Þ
1� q1q4expð�2agLg2Þ � Tg2 ð8dÞ

q1, q2 and q4 are being the interface reflectances of the surface
between air and glass, and the surface between the phase 1 of
PCM and glass, and the surface between phase 2 of PCM and glass,
respectively. ag is the extinction coefficient of glass material (m�1).

The transmittance and absorptance of the NePCM are calculated
by [48]

Tp1 ¼ ð1� q2Þð1� q3Þexpð�ap1Lp1Þ
1� q2q3expð�2ap1Lp1Þ ð9aÞ

Ap1 ¼ 1� q2 �
ð1� q2Þq3expð�2ap1Lp1Þ
1� q2q3expð�2ap1Lp1Þ � Tp1 ð9bÞ

Tp2 ¼ ð1� q3Þð1� q4Þexpð�ap2Lp2Þ
1� q3q4expð�2ap2Lp2Þ ð9cÞ

Ap2 ¼ 1� q3 �
ð1� q3Þq4expð�2ap2Lp2Þ
1� q3q4expð�2ap2Lp2Þ � Tp2 ð9dÞ

where q3 is the interface reflectance of the surface between the
phase 1 and phase 2. ap1 and ap2 are the extinction coefficients of
phase 1 and phase 2 materials (m�1), respectively.

The interface reflectance is calculated based on Fresnel’s
relations.

q1 ¼ ðng � 1Þ2
ðng þ 1Þ2

ð10aÞ

q2 ¼ ðng � np1Þ2
ðng þ np1Þ2

ð10bÞ

q3 ¼ ðnp1 � np2Þ2
ðnp1 þ np2Þ2

ð10cÞ

q4 ¼ ðng � np2Þ2
ðng þ np2Þ2

ð10dÞ

where ng, np1 and np2 are the refractive indexes of glass, phase1 and
phase 2, respectively.

The optical parameters, namely solar reflectance R, transmit-
tance T and absorptance A are given as

T ¼ Tg1Tp1Tp2Tg2 ð11aÞ

A ¼ Ag1 þ Tg1Ap1 þ Tg1Tp1Ap2 þ Tg1Tp1Tp2Ag2 ð11bÞ

R ¼ 1� T � A ð11cÞ
The thermal boundary conditions for the calculation domain are

given in upcoming equations. The exterior surface of outer glass (at
x = 0), which is exposed to solar radiation, the boundary condition
is given as

�kg
@T
@x

¼ qrad þ houtðTout � Ta;outÞ ð12Þ

Here qrad is the radiative heat exchange between the exterior sur-
face of outer glass with the outdoor environment (W/m2), hout is
the convective heat transfer coefficient of the exterior surface of
outer glass (W/m2 K). Tout and Ta,out are the temperatures of the
exterior surface of outer glass (K) and ambient (K), respectively.
The radiative heat exchange with the outdoor environment qrad is
given by

qrad ¼ qrad;air þ qrad;sky þ qrad;ground ð13Þ
where qrad,air, qrad,sky and qrad,ground are radiative heat exchanges
with the air, sky and ground (W/m2), respectively. The radiation
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heat flux qrad,air, qrad,sky and qrad,ground are given by Eqs. (14a)–(14c),
respectively.

qrad;sky ¼ erFskybðT4
out � T4

skyÞ ð14aÞ

qrad;air ¼ erFskyð1� bÞðT4
out � T4

a;outÞ ð14bÞ

qrad;ground ¼ erFgroundðT4
out � T4

a;outÞ ð14cÞ
where e is the surface emissivity of glass. r is the Stefan–Boltzmann
constant. Fsky and Fground represent the view factors between the
glazing unit and the sky dome, and between the glazing unit and
the surrounding surfaces, respectively, assuming that all the sur-
faces are at the same temperature. b is a factor that splits the heat
exchange with the sky dome between sky and air radiation. Tsky is
the sky temperature (K). These parameters are given as follows
[32]:

Fsky ¼ 1þ cos h
2

ð15aÞ

Fground ¼ 1� cos h
2

ð15bÞ

b ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ cos h

2

r
ð15cÞ

Tsky ¼ 0:0552T1:5
a;out ð15dÞ

h is being the angle between the glazing unit and the ground. For
example, h = 90� represents the vertical glazing unit.

The boundary condition at the inner surface of internal glass
near to indoors environment (x = x3) is given as

�kg
@T
@x

¼ hinðT in � Ta;inÞ þ erðT4
in � T4

a;inÞ ð16Þ

where hin is the convective heat transfer coefficient of the inner sur-
face of internal glass (W/m2 K). Tin and T a,in stand for temperatures
of the inner surface of internal glass (K) and indoor air (K),
respectively.

The boundary condition at the interface of the outer glass and
PCM (x = x1) depends on the phase state of PCM. The boundary con-
dition is presented by Eq. (17a) when the state of PCM is fully solid
or fully liquid, whereas it is given in Eq. (17b) when the first liquid
layer of the PCM near the internal face of the external glass sheet is
formed.

�kg
@Tg

@x
þ Ig!p ¼ �kp

@Tp

@x
ð17aÞ

�kg
@Tg

@x
þ Ig!p ¼ �kp

@Tp

@x
þ qpH

dSðtÞ
dt

ð17bÞ

where Ig!p is the radiative heat flux between the outer glass and
PCM (W/m2). Tg and Tp represents the interface temperatures of
outer glass and PCM (K), respectively, and SðtÞ stands for the thick-
ness of liquid PCM (m).

At the liquid–solid interface of the PCM region (at x = x1+S(t))
where the phase change occurs, the boundary condition is given as

�kp;l
@Tp;l

@x
þ Ip;l!p;s ¼ �kp;s

@Tp;s

@x
þ qpH

dSðtÞ
dt

ð18Þ

Here, Ip;l!p;s represents the radiative heat flux of liquid–solid inter-
face in the PCM region (W/m2). Tp,l and Tp,s are the temperatures
of liquid PCM and solid PCM near the liquid–solid interface (K),
respectively. kp,l and kp,s are the thermal conductivities of liquid
PCM and solid PCM near to liquid–solid interface (W/m K),
respectively.

The boundary condition at the interface between the internal
glass and PCM can be written similarly. When PCM is fully solid
or fully liquid, the boundary condition at x = x2 is given as

�kp
@Tp

@x
þ Ip!g ¼ �kg

@Tg

@x
ð19aÞ

where Ip!g is the radiative heat flux between the internal glass and
PCM (W/m2). However, when the first liquid layer of the PCM near
the internal glass sheet is formed, the boundary condition at x = x2 is
given as

�kp
@Tp

@x
þ Ip!g þ qpH

dSðtÞ
dt

¼ �kg
@Tg

@x
ð19bÞ

The influence of the investigated parameters on the perfor-
mance of double glazing unit was compared and assessed on both
an absolute and relative basis by Eqs. (20a) and (20b), respectively.

DðaÞ ¼ a2 � a1 ð20aÞ

uðaÞ ¼ a2 � a1

a1
ð20bÞ

where a1 and a2 are the compared parameter value and the refer-
ence value.

Temperature time lag (cg) which is a key parameter to evaluate
the thermal inertia of glazing unit and characterizes the phase dif-
ference of the temperature waves on the interior surfaces of the
double glazing roof is defined as:

cg ¼ sg;max � sa;max ð21Þ
where sg;max and sa;max are the times of peak temperatures of the
interior surface of the double glazing unit and the outdoor air,
respectively.

2.3. Experimental validation of numerical procedure

The developed numerical method for investigation of optical
and heat transfer analysis of glazing unit filled with NePCM is
based on the finite difference method. In order to verify the accu-
racy and reliability of the present numerical model, the obtained
results are compared with the experimental results of [49].

Fig. 3 shows the photograph of glazing unit setup utilized for
the experimental validation. The glazing unit made of aluminum
skeleton and glass is employed to contain Paraffin and Al2O3

nanoparticles in experiments. The experimental setup is composed
of solar simulator, test rig and the data acquisition system. Two
thermocouples (K-type) are placed on the surfaces of the glazed
unit for monitoring the temperature variation during experiments.
The Jinzhou Sunshine/TBQ-4-5 solar spectral radiometer is placed
under the glazed unit for measuring the solar radiation through
the test samples. The data acquisition system is composed of a
computer and Agilent data logger that controlled by the data
acquisition program. The data of all sensors are recorded with
60 s intervals.

The indoor air temperature and solar radiation intensity is 15 �C
and 650 W/m2 in the experiment, respectively. Both hout and hin are
5.9 W/m2 K. The thermophysical properties of paraffin and Al2O3

nanoparticles can be attained from Table 1.The extinction coeffi-
cient and refractive index of glass is 19 m�1 and 1.5, respectively.
The emissivity of the glass is 0.88. The refractive index of paraffin
containing 0.005% Al2O3 nanoparticles is 1.4, and the extinction
coefficients of solid and liquid paraffin containing 0.005% Al2O3

nanoparticles is 300 and 100 m�1, respectively. The initial temper-
ature of the domain is 15 �C. The simulation was kept running until
the solution becomes steady, which needs 6 h to reach the steady
condition. The solar transmittances and temperatures on the inte-
rior surfaces of the glazing unit filled with paraffin containing
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Al2O3 nanoparticles are compared in Fig. 4 for numerical and
experimental approaches. It is noted that two different tempera-
tures are given in Fig. 4 since thermocouples placed on the surfaces
of the glazed unit are affected by the radiation effect from the solar
simulator during experiments. The equivalent temperature Teq is
defined as

Teq ¼ T in þ aTTIsol
hout

� 7:3 ð22Þ

where aT is the absorption coefficient of the exterior surface of ther-
mocouple, which is 0.69 in present experimental conditions.

As shown in Fig. 4, the curves for simulated and experimental
results follow a similar pattern thus illustrates that the numerical
model built in this paper can simulate satisfactorily the thermal
and optical performances of window units filled with nanoparticle.

3. Results and discussion

In the present work, the window unit is considered to be
located horizontally ðh = 0�). The thicknesses of glass and PCM lay-
ers are 6 and 12 mm, respectively. The measured average hourly
variations of the ambient air temperature and total solar radiation
on June 22 in Daqing City is depicted in Fig. 5. The hout and hin are
7.75 and 7.43 W/m2 K, respectively. The indoor air temperature is
26 �C. The thermophysical properties of materials are presented
in Table 1. The extinction coefficient and refractive index of glass
is 19 m�1 and 1.5, respectively. The refractive index of PCM is
1.4, and the extinction coefficients of solid and liquid states of
PCM are 60 and 20 m�1, respectively. The emissivity of the glass
is 0.88. The initial temperature of the computational domain is 2
�C. The simulations are performed until the solution becomes

Fig. 3. Experimental setup (left: glazed unit; right: test facility).

Table 1
Thermophysical properties of materials [50].

Material Melting temperature (�C) Density (kg/m3) Thermal conductivity (W/m K) Specific heat capacity (J/kg K) Latent heat (J/kg)

Glass – 2500 0.96 840 –
PCM 27–29 850 0.21 2230 205,000
Cu – 8954 400 383 –
CuO – 6500 20 536 –
Al2O3 – 3700 35 880 –

0 1 2 3 4 5 6
0

20

40

60

80

Te
m

pe
ra

tu
re

(ºC
) 

Time(h)

 Measured values
 Equivalent values
 Simulated values

a

0 1 2 3 4 5 6
0.0

0.2

0.4

0.6

Tr
an

sm
itt

an
ce

Time(h) 

 Meaured values
 Simulated values

b

Fig. 4. Solar transmittance and temperature on the interior surfaces of the double glazing (a: solar transmittances; b: temperature).

1326 D. Li et al. / International Journal of Heat and Mass Transfer 125 (2018) 1321–1332



periodic. It is observed that running the computations for two days
are enough to reach a periodic solution.

3.1. Effects of nanoparticles

In order to investigate the effect of nanoparticles on thermal
and optical performances of windows filled with PCM, three differ-
ent types of nanoparticle are considered, including Cu, CuO and
Al2O3. The volume fraction and size of nanoparticles are considered
to be 5% and 15 nm. The solutions are obtained for the pure PCM
(i.e. PCM without nanoparticles) also in order to be able to evaluate
the contribution of nanoparticles.

Fig. 6 illustrates temperature and total energy flux of interior
surface of windows containing PCM with and without nanoparti-
cles. In all figures, t0 and q0 is temperature and total transmitted
energy of window filled with paraffin, respectively. t0 and q0 is tem-
perature and total transmitted energy of window filled with
nanoparticles, respectively. Generally speaking, referring to Fig.
6a, during the most of the time of the considered day, the temper-
ature of interior surface of window filled with NePCM is lower than
that of pure paraffin, due to lower thermal diffusivity of the PCM
containing nanoparticles. The results show that by adding
nanoparticles to PCM, the peak temperature of the interior surface
of window decreases while the time lag increases. For instance, the
highest temperature of the interior surface of window during the
considered day is observed for the case of pure PCM, which is
34.37 �C at 13:05. By utilizing the NePCM, the highest temperature

reduces to 34.30 �C for Cu and CuO nanoparticles and 34.31 �C for
Al2O3 nanoparticles. Besides, the time when the peak temperature
is reached delays about 120 s compared to that of pure PCM.

As can be seen from Fig. 6b, the effect of the nanoparticles on
the transmitted energy of the interior surface of window is weak
where the transmitted energy of window containing nanoparticles
is slightly higher than that of without nanoparticles due to the
enhanced heat transfer capacity. However, for high solar intensi-
ties, the transmitted energy of window containing nanoparticles
is nearly the same as that of pure PCM due to the fact that the solar
energy plays a determinative role in the attribution of total trans-
mitted energy through the glazing unit. The results indicate that
PCM filled with nanoparticles in the window unit improves both
the time lag and thermal resistance of window. However the effect
of three different nanoparticles on the thermal performance of
window is similar.

Fig. 7 shows optical results of window containing PCM with and
without nanoparticles. The solar reflectance, solar absorptance and
solar transmittance of window containing PCM with nanoparticles
are only related to the liquid fraction of PCM. Therefore, the melt-
ing and solidifying time of PCM in the window can be estimated by
analyzing the solar reflectance, solar absorptance and solar trans-
mittance. As shown in Fig. 7, the effect of the nanoparticles on
the optical performance of window is insignificant when the phase
of PCM is fully solid or fully liquid. However, during the melting
and solidification processes of PCM, the effect of the nanoparticles
on the optical performance of window is visible for all the types of
nanoparticles. The starting time of solidification and melting pro-
cesses of NePCM is delayed, and the total phase change time is
shortened compared to that of pure paraffin. The reason is that
adding nanoparticles into PCM enhances the ability of thermal
energy storage which results in delay in initiation of solidifying
or melting of PCM. Also, it enhances the ability of heat conductivity
and reduces latent heat fusion of PCM which causes a decrease in
the total solidifying or melting time of PCM. For example, the start-
ing time of melting and solidifying processes is 9:03 and 17:10,
respectively, for pure PCM, while it is 9:09 and 17:13 for PCM con-
taining nanoparticles. The required time to complete the melting
and solidification processes which is 61 min and 78 min, respec-
tively, for pure PCM is reduced by introducing nanoparticles. The
reduction in melting and solidifying time is 20 min and 19 min
for Cu nanoparticles, 19 min and 18 min for Al2O3 nanoparticles
and 20 min and 20 min for CuO nanoparticles, respectively. It is
interesting to note that although the reduction in phase change
time is nearly the same, the optical performance attained by
CuO, which has lowest thermal diffusivity, is slightly higher.
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3.2. Effect of volume fraction of nanoparticles

In this section, the effect of volume fraction of nanoparticles on
the thermal and optical performances of window unit filled NePCM
is examined. For that purpose, computations are carried out for five
different volume fractions of CuO (namely, 0.1%, 0.5%, 1%, 5% and
10%) with the size of 15 nm and obtained results are presented
in Figs. 8–10. The comparative results are presented in order to

evaluate the contribution of volume fraction of nanoparticles based
on the results at volume fractions 0.1% of CuO.

Fig. 8 shows the daily temperature variation of the interior sur-
face on window containing PCM dispersed with different volume
fractions. As shown in the figure, the temperature decreases with
the increase of volume fraction of the nanoparticle. The decrease
is more profound during the sunset while it is insignificant during
the sunrise due to the reason that heat conduction is the promi-

0 4 8 12 16 20 24

0.35

0.40

0.45

0.50

0.55

0.60

9.6 9.8 10.0 10.2

0.55

0.56

0.57

0.58

time (h)

Tr
an

sm
itt

an
ce

 Paraffin
 Cu
 CuO
 Al2O3

a

0.056

0.058

0.060

0.062

0.064

0.066

9.6 9.9
0.0640

0.0644

0.0648

b

R
ef

le
ct

an
ce

time (h)

 Paraffin
 Cu
 CuO
 Al2O3

0 4 8 12 16 20 24

0 4 8 12 16 20 24

0.35

0.40

0.45

0.50

0.55

0.60

9 10 11

0.36

0.37

0.38

0.39

c

time (h)

A
bs

or
pt

an
ce

 Paraffin
 Cu
 CuO
 Al2O3

Fig. 7. Optical results of the window with different types of nanoparticles. (a: solar transmittance; b: solar reflectance; c: solar absorptance).

0 4 8 12 16 20 24

-10

-5

0

time (h)

(t 0)×
10

0

 0.5%
 1%
 5%
 10%

18

20

22

24

26

28

30

32

34

36 CuO   0.1%

t 0 (
C

)

Fig. 8. Temperature results of the interior surface of window with different volume
fractions of nanoparticles.

0 4 8 12 16 20 24
-80

-60

-40

-20

0

20

40

60

q 0
 (W

/m
2 )

time (h)

 0.5%
 1%
 5%
 10%

0

100

200

300

400

500
 CuO  0.1%

q 0
 (W

/m
2 )

Fig. 9. Effect of volume fraction of nanoparticles on the total heat flux.

1328 D. Li et al. / International Journal of Heat and Mass Transfer 125 (2018) 1321–1332



nent heat transfer mechanism during the sunset while heat radia-
tion plays a significant role on the heat transfer during the sunrise.
It is also observed that as the volume fraction of nanoparticle
increases, the time of peak temperature experienced on the inte-
rior surface of window delays and the magnitude of peak temper-
ature decreases. Taking the window filled with paraffin containing
0.1% CuO nanoparticles as a referent, where the peak temperature
on the interior surface of window is 34.36 �C at 13:07, the peak
temperature decreases to 34.35 �C, 34.34 �C, 34.29 �C and 34.25
�C for the volume fraction of 0.5%, 1%, 5% and 10%, respectively,
and time lag increases by 60 s for volume fraction of 0.5% and 1%
and by 120 s for volume fraction of 5% and 10%. The results indicate
that controlling the volume fraction of nanoparticles can improve
the temperature of interior surface of window; however, it is noted
that its effect is weak under solar radiation.

Fig. 9 illustrates the variation of total heat flux on the interior
surfaces of window unit containing NePCM for different volume
fractions of nanoparticle. As seen from the figure, the total heat
flux differs particularly during the sunrise and sunset depending
on the volume fraction of nanoparticles. When the volume fraction
of nanoparticles is increased from 0.1% to 0.5%, the transmitted
energy through window increases slightly. However, further
increase in the volume fraction of nanoparticles causes a huge
increase in the transmitted energy, especially during sunset time,
which apparently decreases the thermal resistance performance
of the window unit. However, the effect of volume fraction of
nanoparticles on total transmitted energy is weak during the
sunrise time. This is due to the fact that during the sunrise solar

radiation contributes significantly to the total transmitted energy
of the interior surfaces of window while during the sunset heat
conduction is prominent heat transfer mechanism.

Fig. 10 shows the optical performance of window filled with
NePCM for different volume fractions of nanoparticles. As shown
in the figure, the effect of volume fraction on the optical perfor-
mance of window is insignificant when PCM is in fully solid or fully
liquid states. However, the initiation time of solidifying or melting
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depends on the volume fraction of nanoparticles. Increasing the
volume fraction, the starting time of solidification and melting pro-
cesses delays and the total required time shortens. For example,
the starting times of melting and solidification are 9:02 and
17:10 for 0.1%, 9:03 and 17:11 for 0.5%, 9:04 and 17:11 for 1%,
9:08 and 17:13 for 5% and 9:10 and 17:15 for 10%, respectively.
Taking the case with 0.1% nanoparticles as a referent where

melting and solidifying last 61 min and 78 min, respectively, the
reduction in phase change time is 3 min and 3 min for 0.5%, 6
min and 5 min for 1%, 20 min and 19 min for 5%, 31 min and 31
min for 10%, respectively.

3.3. Effect of nanoparticle size

In order to explore the effect of nanoparticle size on the thermal
and optical performances of window filled with NePCM, numerical
experiments are conducted for five different sizes of CuO nanopar-
ticles which are 5 nm, 10 nm, 15 nm, 20 nm and 25 nm. The vol-
ume fraction of CuO nanoparticles is kept constant at 5%.

Temperature results for different nanoparticle sizes are pre-
sented in Fig. 11. As shown in the figure, the temperature of inte-
rior surface of window increases as nanoparticle size increases. It is
observed that with the increase of nanoparticles size, the peak
temperature increases slightly and the time to reach the peak tem-
perature delays. For example, while the peak temperature of 34.25
�C occurs at 13:08 for the window filled with paraffin containing 5
nm size of nanoparticles, the peak temperature increases to 34.28
�C with no time lag for 10 nm and to 34.30 �C, 34.30 �C and 34.31
�C with 60 s time lag for 10 nm, 15 nm, 20 nm and 25 nm size of
nanoparticles, respectively. The results reveal that controlling the
nanoparticles size can improve the temperature of interior surface
of window, but its effect is weak under solar radiation.

Fig. 12 illustrates the influence of nanoparticle size on the heat
flux obtained on the interior surface of window filled with NePCM.

0 4 8 12 16 20 24

-20

0

20

40

60

80

100

9.2 9.4

60
70
80
90

q 0
 (W

/m
2 )

time (h)

 10nm
 15nm
 20nm
 30nm

0

100

200

300

400

500
 CuO   5nm

q 0
 (W

/m
2 )

Fig. 12. Total energy results of the interior surface on glazed windows with
different nanoparticle size.

0.056

0.058

0.060

0.062

0.064

0.066

9.6 9.8 10.0
0.0642

0.0645

0.0648

18.0 18.5 19.0

0.0560

0.0565

a

R
ef

le
ct

an
ce

 5nm
 10nm
 15nm
 20nm
 30nm

0.35

0.40

0.45

0.50

0.55

0.60

9.6 9.8

0.565
0.570
0.575
0.580

b

time (h)

Tr
an

sm
itt

an
ce

 5nm
 10nm
 15nm
 20nm
 30nm

0 4 8 12 16 20 24 0 4 8 12 16 20 24

0 4 8 12 16 20 24

0.35

0.40

0.45

0.50

0.55

0.60

9.6 9.8 10.0
0.360

0.365

0.370

0.375

c

time (h)

A
bs

or
pt

an
ce  5nm

 10nm
 15nm
 20nm
 30nm

time (h)

Fig. 13. optical results of glazed windows with different size of nanoparticles (a: reflectance; b: transmittance; c: absorptance).

1330 D. Li et al. / International Journal of Heat and Mass Transfer 125 (2018) 1321–1332



As seen from the figure, the total transmitted energy through the
windows containing PCM with large nanoparticle size is slightly
higher than that of with small nanoparticle size since the enhanced
heat transfer capacity of PCM is directly related to nanoparticle
size. However, under intense solar radiation, the transmitted
energy through window is nearly the same regardless of the
nanoparticle size. Based on the presented results, it can be claimed
that by incorporating nanoparticles in the PCM filled in window
cavity increases time lag as well as the energy consumption of win-
dow units.

Fig. 13 depicts the impact of nanoparticle size on the solar
reflectance, solar absorptance and solar transmittance of window
containing NePCM. As shown in Fig. 11, the effect of size of
nanoparticles on the optical performance of window is weak when
the phase of PCM is fully solid or fully liquid. However, the
required time to complete the phase change (melting and solidifi-
cation processes) differs depending on the nanoparticle size. The
initiation time of melting and solidification processes together
with the overall phase change time is presented in Table 2 for dif-
ferent nanoparticle sizes.

Referring to Table 2, it can be observed that as nanoparticle size
increases, the phase change process begins at earlier times and the
overall time to complete phase change increases. The reason is that
increasing nanoparticles size enhances the ability of heat conduc-
tion, which results in initiation of melting and solidification of
PCM at earlier times and also improves the ability of thermal
energy storage, which causes an increase in the required time to
complete phase change process.

4. Conclusions

In the present work, the thermal and optical performances of
window filled with PCM containing nanoparticles were investi-
gated. The effect of different types, volume fractions and sizes of
nanoparticles on the thermal and optical behavior was numerically
studied. The main conclusions can be drawn in the light of the
obtained results are as follows:

� Compared with the window containing pure paraffin, the opti-
cal and thermal performances of window filled with paraffin
and nanoparticles improve, and the peak temperature on the
interior surface of window decreases, time lag of the window
unit increases, however the total transmitted energy through
the window increases. The effect of different types of nanopar-
ticles on the thermal and optical performance of window is
similar.

� The effect of volume fraction and size of nanoparticle on ther-
mal and optical performances is different during the sunset
and sunrise. Their effect is significant on the thermal perfor-
mance during the sunset and on the optical performance during
the sunrise.

� As the volume fraction of nanoparticle increases, the tempera-
ture of the interior surface of window decreases, time lag
increases which results in delay in starting time of melting
and solidification processes and the overall melting and solidi-
fication times of PCM in the window shorten.

� As the size of nanoparticles increases, the temperature of inte-
rior surface of window rises, the melting and solidification pro-
cesses begins at earlier stage and the required time to complete
phase change processes increases.

� CuO nanoparticles are recommended for improving the thermal
and optical performance of window filled with paraffin. The vol-
ume fraction under 1% and nanoparticles size under 15 nm is
recommended considering both thermal and optical perfor-
mances of window.

Conflict of interest

The authors declare that there are no conflicts of interest.

Acknowledgements

The financial supports are provided by the innovation reserve
talent project of Heilongjiang province through Grant No.
SCXHB201702, the National Science Foundation raising project
through Grant No. N2017PYZL-09 and the Postgraduate Innovation
Research Project Grant No. YJSCX2017-024NEPU.

References

[1] E. Cuce, S.B. Riffat, A state-of-the-art review on innovative glazing
technologies, Renew. Sustain. Energy Rev. 41 (2015) 695–714.

[2] W.J. Hee, M.A. Alghoul, B. Bakhtyar, O. Elayeb, M.A. Shameri, M.S. Alrubaih, K.
Sopian, The role of window glazing on day lighting and energy saving in
buildings, Renew. Sustain. Energy Rev. 42 (2015) 323–343.

[3] F. Favoino, F. Goia, M. Perino, V. Serra, Experimental analysis of the energy
performance of an ACTive, RESponsive and Solar (ACTRESS) fac�ade module,
Sol. Energy 133 (2016) 226–248.

[4] F. Stazia, F. Naspi, G. Ulpiani, C. Di Perna, Indoor air quality and thermal
comfort optimization in classrooms developing an automatic system for
windows opening and closing, Energy Build. 139 (2017) 732–746.

[5] W. Abou Hweij, A. Al Touma, K. Ghali, N. Ghaddar, Evaporatively-cooled
window driven by solar chimney to improve energy efficiency and thermal
comfort in dry desert climate, Energy Build. 139 (2017) 755–761.

[6] E. Cuce, C.H. Young, S.B. Riffat, Thermal performance investigation of heat
insulation solar glass: a comparative experimental study, Energy Build. 86
(2015) 595–600.

[7] K. Hilliaho, E. Mäkitalo, J. Lahdensivu, Energy saving potential of glazed space:
Sensitivity analysis, Energy Build. 99 (2015) 87–97.

[8] J. Xamán, C. Pérez-Nucamendi, J. Arce, J. Hinojosa, G. Álvarez, I. Zavala-Guillén,
Thermal analysis for a double pane window with a solar control film for using
in cold and warm climates, Energy Build. 76 (2014) 429–439.

[9] J. Xaman, Y. Olazo-Gomez, Y. Chavez, J.F. Hinojosa, I. Hernandez-Perez, I.
Hernandez-Lopez, I. Zavala-Guillen, Computational fluid dynamics for thermal
evaluation of a room with a double glazing window with a solar control film,
Renew. Energy 94 (2016) 237–250.

[10] J. Xamán, Y. Olazo-Gómez, I. Zavala-Guillén, I. Hernández-Pérez, J.O. Aguilar, J.
F. Hinojosa, Thermal evaluation of a room coupled with a double glazing
window with/without a solar control film for Mexico, Appl. Therm. Eng. 110
(2017) 805–820.

[11] J.O. Aguilar, J. Xamán, Y. Olazo-Gómez, I. Hernández-López, G. Becerra, O.A.
Jaramillo, Thermal performance of a roomwith a double glazing window using
glazing available in Mexican market, Appl. Therm. Eng. 119 (2017) 505–515.

[12] M. Arıcı, H. Karabay, M. Kan, Flow and heat transfer in double, triple and
quadruple pane windows, Energy Build. 86 (2015) 394–402.

[13] M. Arıcı, M. Kan, An investigation of flow and conjugate heat transfer in
multiple pane windows with respect to gap width, emissivity and gas filling,
Renew. Energy 75 (2015) 249–256.

[14] K.A.R. Ismail, C. Salinas, Non-gray radiative convective conductive modeling of
a double glass window with a cavity filled with a mixture of absorbing gases,
Int. J. Heat Mass Transf. 49 (2006) 2972–2983.

Table 2
Beginning time and overall time of phase change.

Nanoparticle size Initiation time of melting Overall time (min) Initiation time of solidification Overall time (min)

5 nm 9:16 26 17:16 45
10 nm 9:11 35 17:15 53
15 nm 9:08 41 17:14 58
20 nm 9:07 43 17:14 61
25 nm 9:05 47 17:14 63

D. Li et al. / International Journal of Heat and Mass Transfer 125 (2018) 1321–1332 1331

http://refhub.elsevier.com/S0017-9310(17)35522-9/h0005
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0005
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0010
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0010
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0010
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0015
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0015
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0015
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0015
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0020
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0020
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0020
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0025
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0025
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0025
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0030
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0030
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0030
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0035
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0035
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0040
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0040
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0040
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0045
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0045
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0045
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0045
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0050
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0050
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0050
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0050
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0055
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0055
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0055
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0060
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0060
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0060
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0060
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0065
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0065
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0065
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0065
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0065
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0070
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0070
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0070


[15] J.R. Gosselin, Q.Y. Chen, A computational method for calculating heat transfer
and airflow through a dual-airflow window, Energy Build. 40 (2008) 452–458.

[16] T.T. Chow, C.Y. Li, Z. Lin, Thermal characteristics of water-flow double-pane
window, Int. J. Therm. Sci. 50 (2011) 140–148.

[17] T.T. Chow, C.Y. Li, Z. Lin, Innovative solar windows for cooling-demand climate,
Sol. Energy Mater. Sol. Cells 94 (2010) 212–220.

[18] T. Ihara, S. Grynning, T. Gao, A. Gustavsen, B.P. Jelle, Impact of convection on
thermal performance of aerogel granulate glazing systems, Energy Build. 88
(2015) 165–173.

[19] C. Buratti, E. Moretti, Experimental performance evaluation of aerogel glazing
systems, Appl. Energy 97 (2012) 430–437.

[20] T. Silva, R. Vicente, F. Rodrigues, A. Samagaio, C. Cardosoa, Development of a
window shutter with phase change materials: full scale outdoor experimental
approach, Energy Build. 88 (2015) 110–121.

[21] T. Silva, R. Vicente, F. Rodrigues, A. Samagaio, C. Cardosoa, Performance of a
window shutter with phase change material under summer Mediterranean
climate conditions, Appl. Therm. Eng. 84 (2015) 246–256.

[22] Y.A. Kara, A. Kurnuc, Performance of coupled novel triple glass and phase
change material wall in the heating season: an experimental study, Sol. Energy
86 (2012) 2432–2442.

[23] S.H. Li, K.C. Zhong, Y.Y. Zhou, X.S. Zhang, Comparative study on the dynamic
heat transfer characteristics of PCM-filled glass window and hollow glass
window, Energy Build. 85 (2014) 483–492.

[24] S.H. Li, G.F. Sun, K.K. Zou, X.S. Zhang, Experimental research on the dynamic
thermal performance of a novel triple-pane building window filled with PCM,
Sustain Cities Soc. 27 (2016) 15–22.

[25] F. Goia, M. Perino, V. Serra, Experimental analysis of the energy performance of
a full-scale PCM glazing prototype, Sol. Energy 100 (2014) 217–233.

[26] F. Goia, M. Perino, M. Haase, A numerical model to evaluate the thermal
behaviour of PCM glazing system configurations, Energy Build. 54 (2012) 141–
153.

[27] M. Pomianowski, P. Heiselberg, Y.P. Zhang, Review of thermal energy storage
technologies based on PCM application in buildings, Energy Build. 67 (2013)
56–69.

[28] R. Barzin, J.J.J. Chen, B.R. Young, M.M. Farid, Application of weather forecast in
conjunction with price-based method for PCM solar passive buildings – an
experimental study, Appl. Energy 163 (2016) 9–18.

[29] F. Goia, M. Zinzi, E. Carnielo, V. Serra, Spectral and angular solar properties of a
PCM-filled double glazing unit, Energy Build. 87 (2015) 302–312.

[30] B.L. Gowreesunker, S.B. Stankovic, S.A. Tassou, P.A. Kyriacou, Experimental and
numerical investigations of the optical and thermal aspects of a PCM-glazed
unit, Energy Build. 61 (2013) 239–249.

[31] D. Li, Z.W. Li, Y.M. Zheng, C.Y. Liu, A.K. Hussein, X.Y. Liu, Thermal performance
of a PCM-filled double-glazing unit with different thermophysical parameters
of PCM, Sol. Energy 133 (2016) 207–220.

[32] D. Li, T.F. Ma, C.Y. Liu, Y.M. Zheng, Z.G. Wang, X.Y. Liu, Thermal performance of
a PCM-filled double glazing unit with different optical properties of phase
change material, Energy Build. 119 (2016) 143–152.

[33] C.Y. Liu, Y.Y. Wu, D. Li, Y.M. Zhou, Z.G. Wang, X.Y. Liu, Effect of PCM thickness
and melting temperature on thermal performance of double glazing units, J.
Build. Eng. 11 (2017) 87–95.

[34] L. Colla, L. Fedele, S. Mancin, L. Danza, O. Manca, Nano-PCMs for enhanced
energy storage and passive cooling applications, Appl. Therm. Eng. 110 (2017)
584–589.

[35] M. Parsazadeh, X.L. Duan, Numerical and statistical study on melting of
nanoparticle enhanced phase change material in a shell-and-tube thermal
energy storage system, Appl. Therm. Eng. 111 (2017) 950–960.

[36] J. Liu, L.L. Chen, X.M. Fang, Z.G. Zhang, Preparation of graphite nanoparticles-
modified phase change microcapsules and their dispersed slurry for direct
absorption solar collectors, Sol Energy Mater Sol Cells 159 (2017) 159–166.

[37] M.J. Chen, Y.R. He, J.Q. Zhu, Y. Shuai, B.C. Jiang, Y.M. Huang, An experimental
investigation on sunlight absorption characteristics of silver nanofluids, Sol.
Energy 115 (2015) 85–94.

[38] N. Chen, H.Y. Ma, Y. Li, J.H. Cheng, C.Y. Zhang, D.X. Wu, H.T. Zhu,
Complementary optical absorption and enhanced solar thermal conversion
of CuO-ATO nanofluids, Sol Energy Mater Sol Cells 162 (2017) 83–92.

[39] S.F. Ahmed, M. Khalid, W. Rashmi, A. Chan, K. Shahbaz, Recent progress in solar
thermal energy storage using nanomaterials, Renew. Sustain. Energy Rev. 67
(2017) 450–460.

[40] C.H. Wang, T. Lin, N. Li, H.P. Zheng, Heat transfer enhancement of phase change
composite material: copper foam/paraffin, Renew. Energy 96 (2016) 960–965.

[41] W. Wu, L.C. Chow, C.M. Wang, M. Su, J.P. Kizito, Jet impingement heat transfer
using a Field’s alloy nanoparticle - HFE7100 slurry, Int. J. Heat Mass Transf. 68
(2014) 357–365.

[42] W. Wu, H. Bostanci, L.C. Chow, S.J. Ding, Y. Hong, M. Su, J.P. Kizito, L.
Gschwender, C.E. Snyder, Jet impingement and spray cooling using slurry of
nanoencapsulated phase change materials, Int. J. Heat Mass Transf. 54 (2011)
2715–2723.

[43] W. Wu, H. Bostanci, L.C. Chow, Y. Hong, S.J. Ding, M. Su, J.P. Kizito, Jet
impingement heat transfer using air-laden nanoparticles with encapsulated
phase change materials, J. Heat Transf. 135 (2013) 052202.

[44] Y.P. Du, Y.L. Ding, Towards improving charge/discharge rate of latent heat
thermal energy storage (LHTES) by embedding metal foams in phase change
materials (PCMs), Chem. Eng. Process. 108 (2016) 181–188.

[45] F. Zhu, C. Zhang, X.L. Gong, Numerical analysis and comparison of the thermal
performance enhancement methods for metal foam/phase change material
composite, Appl. Therm. Eng. 109 (2016) 373–383.

[46] M. Martinelli, F. Bentivoglio, A. Caron-Soupart, R. Couturier, J.F. Fourmigue, P.
Marty, Experimental study of a phase change thermal energy storage with
copper foam, Appl. Therm. Eng. 101 (2016) 247–261.

[47] R.S. Vajjha, D.K. Das, P.K. Namburu, Numerical study of fluid dynamic and heat
transfer performance of Al2O3 and CuO nanofluids in the flat tubes of a
radiator, Int. J. Heat Fluid Flow 31 (2010) 613–621.

[48] R. Elbahjaoui, H. El Qarnia, Transient behavior analysis of the melting of
nanoparticle-enhanced phase change material inside a rectangular latent heat
storage unit, Appl. Therm. Eng. 112 (2017) 720–738.

[49] D. Li, Y.M. Zheng, Z.W. Li, H.B. Qi, Optical properties of a liquid paraffin-filled
double glazing unit, Energy Build. 108 (2015) 381–386.

[50] C. Liu, Y. Wu, Y. Zhu, D. Li, L. Ma, Experimental investigation of optical and
thermal performance of a PCM-glazed unit for building applications, Energy
Build. 158 (2018) 794–800.

1332 D. Li et al. / International Journal of Heat and Mass Transfer 125 (2018) 1321–1332

http://refhub.elsevier.com/S0017-9310(17)35522-9/h0075
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0075
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0080
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0080
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0085
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0085
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0090
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0090
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0090
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0095
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0095
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0100
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0100
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0100
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0105
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0105
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0105
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0110
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0110
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0110
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0115
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0115
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0115
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0120
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0120
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0120
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0125
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0125
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0130
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0130
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0130
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0135
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0135
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0135
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0140
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0140
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0140
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0145
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0145
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0150
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0150
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0150
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0155
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0155
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0155
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0160
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0160
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0160
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0165
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0165
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0165
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0170
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0170
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0170
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0175
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0175
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0175
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0180
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0180
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0180
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0185
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0185
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0185
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0190
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0190
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0190
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0195
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0195
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0195
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0200
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0200
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0205
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0205
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0205
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0210
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0210
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0210
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0210
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0215
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0215
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0215
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0220
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0220
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0220
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0225
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0225
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0225
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0230
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0230
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0230
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0235
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0235
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0235
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0240
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0240
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0240
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0245
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0245
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0250
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0250
http://refhub.elsevier.com/S0017-9310(17)35522-9/h0250

	Numerical investigation of thermal and optical performance of window units filled with nanoparticle enhanced PCM
	1 Introduction
	2 Physical and mathematical models
	2.1 Physical model
	2.2 Mathematical model
	2.3 Experimental validation of numerical procedure

	3 Results and discussion
	3.1 Effects of nanoparticles
	3.2 Effect of volume fraction of nanoparticles
	3.3 Effect of nanoparticle size

	4 Conclusions
	Conflict of interest
	Acknowledgements
	References


