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Abstract

Application of phase change material (PCM) in the glazing structure can improve its thermal performance by enhancing its thermal
energy storage capacity. In this study, the effect of thermophysical parameters of PCM on thermal performance of a PCM-filled double-
glazing unit was investigated. The results show that the temperature time lag of the PCM-filled double-glazing unit increases and the
temperature decrement factor decreases with the increase of density, thermal conductivity, specific heat capacity, latent heat, and melting
temperature of PCM. Increasing density, latent heat, and melting temperature of PCM are effective to enhance the thermal performance
of PCM-filled double-glazed units; however, enhancing thermal conductivity and specific heat capacity are ineffective when thermal con-
ductivity is beyond 2.1 W/(m K) and specific heat capacity is < 4460 J/(kg K).
� 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Glazing unit is an indispensable part of a building,
which provides passive solar energy gain and air ventilation
(Martin et al., 2013; Erdem et al., 2014; Kimmo et al.,
2015). However, in general, thermal performance of glaz-
ing units is poor among the building components, and
hence they play a significant role in energy consumption
of buildings. Effect of glazing units on energy loss from
building envelope becomes much more drastic when the
glazing area is large, for example, the heat loss through
the glazing envelope is accounted for 30% of energy con-
sumption of the building envelope (Erdem and Riffat,
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2015; Hee et al., 2015). The thermal performance of a glaz-
ing unit is a property of glazing structure, which enables it
to store heat, providing inertia against temperature fluctu-
ations within a building.

It is widely accepted that good thermal performance is
beneficial to buildings to increase thermal comfort and
reduce energy consumption (Gowreesunker et al., 2013).
There are several methods to improve thermal performance
of glazing units, such as optimizing the air layer thickness
of double glazing (Arıcı and Karabay, 2010), filling the cav-
ity between panes with a participating gas (Ron et al.,
2014), water (Chow et al., 2011) or aerogel (Takeshi
et al., 2015), coating pane surface with low-emissivity mate-
rials (Erdem et al., 2015; Liao and Xu, 2015; Xamán et al.,
2014), and using multiple pane windows (Aguilar et al.,
2015; Müslüm et al., 2015, Müslüm and Mirac, 2015).
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Nomenclature

Ag1 solar absorptance of glass 1, –
Ag2 solar absorptance of glass 2, –
Ap1 solar absorptance of phase 1, –
Ap2 solar absorptance of phase 2, –
cP,g specific heat of glass, J/(kg K)
cP,p specific heat of PCM, J/(kg K)
f g temperature decrement factor, –
Fsky view factor between the glazing unit and sky

dome, –
Fground view factor between glazing unit and surround-

ing, –
H specific enthalpy of PCM, kJ/kg
hout convective heat transfer coefficient of exterior

surface of outer glass, W/(m2 K)
hin convective heat transfer coefficient of inner sur-

face of internal glass, W/(m2 K)
Isol solar radiation, W/m2

Ig!p radiative heat flux of coupled surface between
outer glass and PCM, W/m2

Ip;l!p;s radiative heat flux of liquid–solid interface in
the PCM region, W/m2

Ip!g radiative heat flux of coupled surface between
internal glass and PCM, W/m2

kg thermal conductivity of glass, W/(m K)
kp thermal conductivity of PCM, W/(m K)
kp,l thermal conductivity of liquid PCM near to

liquid–solid interface, W/(m K)
kp,s thermal conductivity of solid PCM near to

liquid–solid interface, W/(m K)
Lg1 thickness of glass 1, m
Lp1 thickness of phase 1, m
Lp2 thickness of phase 2, m
Lg2 thickness of glass 2, m
ng refractive index of glass, –
np1 refractive index of phase 1, –
np2 refractive index of phase 2, –
SðtÞ thickness of liquid PCM, m
QL latent heat of PCM, kJ/kg
qrad radiative heat flux between exterior surface of

outer glass with outdoor environment, W/m2

qrad,air radiative heat flux between exterior surface of
outer glass with air, W/m2

qrad,sky radiative heat flux between exterior surface of
outer glass with sky, W/m2

qrad,ground radiative heat flux between exterior surface
of outer glass with ground, W/m2

Tg1 solar transmittance of glass 1, –
Tp1 solar transmittance of phase 1, –
Tp2 solar transmittance of phase 2, –
Tg2 solar transmittance of glass 2, –

Tg,max maximum temperature on interior surface of
double-glazing unit in temperature waves, K

Tg,min minimum temperature on interior surface of
double-glazing unit in temperature waves, K

Ta,max maximum temperature of outdoors air in the
temperature waves, K

Ta,min minimum temperature of outdoors air in the
temperature waves, K

T temperature, K
Ts temperature that the phase of PCM starts to

change from solid to liquid, K
Tl temperature that PCM completely changed into

liquid, K
Tg temperature of the coupled surface of outer

glass, K
Tp temperature of coupled surface of PCM, K
Tref reference temperature, K
Tp,l temperature of liquid PCM near to liquid–solid

interface, K
Tp,s temperature of solid PCM near to liquid–solid

interface, K
Tout temperature of the exterior surface of outer

glass, K
Ta,out temperature of ambient, K
Tsky sky temperature, K
Tin temperature of inner surface of internal glass, K
Ta,in temperature of indoors air, K

Greek letters

ag extinction coefficient of glass, m�1

ap1 extinction coefficient of phase 1, m�1

ap2 extinction coefficient of phase 2 of PCM, m�1

b liquid fraction, –; a factor that splits the heat
exchange with sky dome between sky and air
radiation, –

qg density of glass, kg/m3

qp density of PCM, kg/m3

q1 interface surface reflectance between air and
glass, –

q2 surface reflectance between phase 1 and glass, –
q3 interface surface reflectance between phase 1

and phase 2 of PCM, –
q4 interface surface reflectance between phase 2 of

PCM and glass, –
s time, s
sg;max time at the interior surface maximum tempera-

ture of the double-glazing unit, –
sa;max time at maximum temperature of outdoors

environment, –
£ radiative source term, W/m3
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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, –
ug temperature time lag of the double-glazing unit

comparing with the outdoors air, min

Subscript

a air, –
Con convective
g, p glass and PCM, –
in, out inner surface and exterior surface, –
Rad radiative, –
Sol solar radiation intensity, –
l, s liquid and solid PCM, –
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Another alternative practice to enhance thermal perfor-
mance of glazing units is to increase their thermal storage
capacity, which offers improved heat transfer control,
resulting in reduced energy use and demand, enhanced
occupant comfort, and increased operating life of the
equipment. An effective approach to increase the thermal
storage capacity of glazing units is to incorporate phase
change material (PCM) in the glazing structure
(Pielichowska and Pielichowski, 2014; Tiago et al., 2015a,
b). The aim of the PCM-filled glazing unit concept is thus
to absorb part of the solar energy for thermal energy stor-
age, while letting visible light to enter the indoor environ-
ment for daylighting. Therefore, a variety of numerical
and experimental work of thermal energy storage solutions
for the integration of PCM into glazing units have been
developed, which have attracted increasing attention as a
potential technique for minimizing energy consumption
in the buildings (Goia et al., 2012a,b, 2014a,b, 2015;
Gowreesunker et al., 2013; Ismail and Henrıquez, 2002;
Ismail et al., 2008; Li et al., 2014; Zhong et al., 2015).

Ismail and Henrıquez (2002) experimentally investigated
the optical and thermal performances of glass windows
filled with PCM (PCMWs) and found that their transmit-
tance (�50%) and reflectance significantly decrease in the
presence of infrared and ultraviolet radiations while main-
taining good visibility compared with filling air, and that
the increase in the thickness of the PCM layer has a mar-
ginal impact on the energy transmitted from the optical
view point, however the thermal effect on the glass win-
dows is very obvious. Ismail et al. (2008) also developed
a one-dimensional radiation and heat conduction model
of double PCMWs and found that its solar heat gain coef-
ficient lies in the range of 0.65–0.80, when the external and
internal ambient temperatures are 35 and 24 �C, respec-
tively, and the incident solar radiation is 600 W/m2.

Li et al. (2014) proposed two optical parameters to cal-
culate the solar absorptance and transmittance of the
PCMW and numerically investigated its thermal perfor-
mance in the hot summer and cold winter areas of China.
They found that in the representative sunny summer day,
the peak temperature on the interior surface of the PCMW
decreased by 10.2 �C, and the heat that entered the building
through the PCMW decreased by 39.5% compared with the
hollow window when its solar absorptance and
transmittance are 0.19 and 0.76, respectively. Zhong et al.
(2015) numerically investigated the effects of thermophysi-
cal parameters of PCM on the dynamic heat transfer of
PCMW, including fusion latent heat, melting temperature,
and temperature difference between the liquid and solid
phases of PCM, and found that the thermal insulation
and load-shifting effects of PCMW enhance by increasing
the fusion latent heat of PCM and the optimal melting tem-
perature of PCM applied in PCMW to 25–31 �C. More-
over, minimization of temperature difference between the
liquid and solid phases could improve the thermal perfor-
mance of PCMW. Goia et al. (2012a) introduced optical
properties of PCM in solid and liquid states to a numerical
model of heat transfer calculation in the glazing units filled
with PCM, which describes the thermo-physical behavior
of a PCM layer in combination with other transparent
materials to perform numerical analyses on various PCM
glazing units.

Goia et al. (2012b, 2014a,b, 2015) and Gowreesunker
et al. (2013) significantly contributed to the fundamental
aspect of thermal and optical properties of PCM glazing
units. Goia et al. (2015, 2012b) measured the spectral and
angular behavior of different glazing units filled with
PCM that are characterized by different thicknesses of
PCM using a commercial spectrophotometer and a dedi-
cated optical test bed, and found that the relevant differ-
ence in the spectral feature of PCM can be observed
when the PCM is in liquid and solid states. When the
PCM is in the solid state, the reflectivity of the glazing units
filled with PCM is far higher (up to thrice) than when it is
in the liquid state. The absorption coefficient of glazing
units filled with solid PCM is much higher than that of
the liquid PCM. The thickness of the PCM layer has a
major impact on the absorption coefficient and transmit-
tance, but has an insignificant impact on the reflectivity.
Goia et al. (2014a,b) developed a full-scale prototype of a
PCM glazing system and analyzed its thermal perfor-
mance. They found that the experimental results have high-
lighted a good ability of the PCM glazing units to store
solar energy and smooth and delay peak values of the total
heat flux. Gowreesunker et al. (2013) investigated the ther-
mal and optical performance of a PCM-glazed unit using
the T-history method and spectrophotometry principles,
and also used the optical constants (i.e., extinction
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coefficient and refractive index) to determine the optical
properties of the PCM layer.

Recent studies have shown that optical performance of
PCM in different phase state plays an important role in
the thermal mass of PCM glazing units (Goia et al.,
2012b, 2014a,b, 2015; Gowreesunker et al., 2013; Berthou
et al., 2015), and the characterization of the thermal mass
of the PCM layer affects considerably the thermal perfor-
mance of the PCM glazing units. In fact, the thermophys-
ical parameters of PCM play a key role in the phase state of
PCM, which thus have an impact on the optical perfor-
mance of PCM glazing units, and finally influence thermal
mass of PCM glazing units. In this study, thermal perfor-
mance parameters, such as density, specific heat capacity,
latent heat, thermal conductivity, and melting temperature,
of a PCM-filled double-glazing unit with different thermo-
physical parameters of PCM in Northeast China were
numerically investigated under the different effect on opti-
cal performance of PCM in solid and liquid phase states.
2. Physical and mathematical models

2.1. Geometric description

Fig. 1 shows the details of the modeling double-glazing
unit filled with PCM. It is evident from the figure that solar
energy reaching the glazing unit surface is partly transmit-
ted and partly reflected, and the remaining portion is
absorbed by the two glasses and the PCM layer. The heat
transfer process with the combination of thermal radiation
and convection takes place on the boundary of the exterior
and interior surfaces, respectively. The absorbed heat will
be transmitted inward and/or outward by the processes
of conduction, convection, and radiation exchange. For a
transparent layer, the effective transmittance as well as
ambient room
Solar  radiation

Solar  radiation
reflected

Thermal  radiation

Solar  radiation
transmitted

Thermal  radiation

Thermal  convectionThermal  convection

Conduction Conduction

Glass PCM

Fig. 1. Double-glazing unit filled with PCM.
the front and back reflectances are quantified as the conse-
quence of multiple reflections between the front and back
surfaces, plus the effects of absorption through the layer.
2.2. Governing equations and boundary conditions

Assumptions for the mathematical model are as follows:

(1) Heat transfer through the glazing unit is simplified to
one-dimensional unsteady heat transfer process.

(2) Convection within the PCM layer is neglected.
(3) Radiative exchange between the two glass surfaces

facing the cavity filled with PCM is neglected too.
The PCM of liquid and solid states is highly non-
transparent to the long-wave radiation.

(4) The glass and PCM are considered thermally homo-
geneous and isotropic media, and the thermal proper-
ties of the materials are independent of temperature.

(5) The scattering effect of PCM is omitted.

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

A one-dimensional unsteady energy equation for glass
regions is given as

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 speci-
fic heat (J/kg K) of glass, respectively; and £ is radiative
source term (W/m3).

The one-dimensional unsteady energy equation for
PCM region is given as
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Fig. 2. Layout of double-glazing unit filled with PCM.



D. Li et al. / Solar Energy 133 (2016) 207–220 211
qp

@H
@s

¼ kp
@2T
@x2

þ£; ð2Þ

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

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

H ¼
Z T

T ref

cP;pdT þ bQL ð3aÞ

b ¼ 0; T < T s ð3bÞ

b ¼ T � T s

T l � T s

; T s 6 T 6 T l ð3cÞ

b ¼ 1; T > T l; ð3dÞ

where Tref is the reference temperature (K); cP,p is specific
heat (J/kg K) of PCM; QL is the latent heat of PCM in
the whole phase change process (kJ/kg); b is the local liquid
fraction in the calculation region; and Ts and Tl are the
temperatures at which the phase of PCM starts to change
from solid to liquid (K) and completely changes to liquid
(K), respectively.

The radiative source term for each layer is given as
follows.

When the calculation node is in the glass 1 as shown in
Fig. 2,

£ ¼ Ag1I sol
Lg1

: ð4aÞ

When the calculation node is in the phase 1 of PCM
layer as shown in Fig. 2,

£ ¼ T g1Ap1I sol
Lp1

: ð4bÞ

When the calculation node is in the phase 2 of PCM
layer as shown in Fig. 2,

£ ¼ T g1T p1Ap2I sol
Lp2

: ð4cÞ

When the calculation node is in the glass 2 as shown in
Fig. 2,

£ ¼ T g1T p1T p2Ag2I sol
Lg2

; ð4dÞ

where Isol is solar radiation (W/m2); Tg1, Tp1, Tp2, and Tg2

are solar transmittances of glass 1 layer, phase 1 layer, phase
2 layer, and glass 2 layer, respectively;Ag1,Ap1,Ap2, andAg2

are solar absorptances of glass 1 layer, phase 1 layer, phase 2
layer, and glass 2 layer, respectively; and Lg1, Lp1, Lp2, and
Lg2 are the thicknesses (m) of glass 1 layer, phase 1 layer,
phase 2 layer, and glass 2 layer, respectively.

The transmittance and absorptance of the glass layer are
calculated as (Li et al., 2015)
T g1 ¼ ð1� q1Þð1� q2Þexpð�agLg1Þ
1� q1q2expð�2agLg1Þ ð5aÞ

Ag1 ¼ 1� q1 �
ð1� q1Þq2expð�2agLg1Þ
1� q1q2expð�2agLg1Þ � T g1 ð5bÞ

T g2 ¼ ð1� q1Þð1� q4Þexpð�agLg2Þ
1� q1q4expð�2agLg2Þ ð5cÞ

Ag2 ¼ 1� q4 �
ð1� q4Þq1expð�2agLg2Þ
1� q1q4expð�2agLg2Þ � T g2; ð5dÞ

where q1, q2, and q4 are the interface reflectance for the sur-
faces between air and glass, phase 1 of PCM and glass, and
phase 2 of PCM and glass, respectively, and ag is the extinc-
tion coefficient of glass material (m�1).

The transmittance and absorptance of the PCM layer
are calculated as (Li et al., 2015)

T p1 ¼ ð1� q2Þð1� q3Þexpð�ap1Lp1Þ
1� q2q3expð�2ap1Lp1Þ ð6aÞ

Ap1 ¼ 1� q2 �
ð1� q2Þq3expð�2ap1Lp1Þ
1� q2q3expð�2ap1Lp1Þ � T p1 ð6bÞ

T p2 ¼ ð1� q3Þð1� q4Þexpð�ap2Lp2Þ
1� q3q4expð�2ap2Lp2Þ ð6cÞ

Ap2 ¼ 1� q3 �
ð1� q3Þq4expð�2ap2Lp2Þ
1� q3q4expð�2ap2Lp2Þ � T p2; ð6dÞ

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

The interface reflectances are calculated based on Fres-
nel’s relations (Wang et al., 2013, 2014, 2015; Dai et al.,
2014) as

q1 ¼
ðng � 1Þ2
ðng þ 1Þ2 ð7aÞ

q2 ¼
ðng � np1Þ2
ðng þ np1Þ2

ð7bÞ

q3 ¼
ðnp1 � np2Þ2
ðnp1 þ np2Þ2

ð7cÞ

q4 ¼
ðng � np2Þ2
ðng þ np2Þ2

; ð7dÞ

where ng, np1, and np2 are the refractive indices of glass
material, phase 1 and phase 2 of PCM, respectively.

The mathematical boundary conditions for the calcula-
tion domain are given as follows.

In the exterior surface, the outer glass is exposed to solar
radiation and the boundary condition at x = 0 is given as

�kg
@T
@x

¼ qrad þ houtðT out � T a;outÞ; ð8Þ

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

qrad ¼ qrad;air þ qrad;sky þ qrad;ground; ð9Þ
where qrad,air, qrad,sky, and qrad,ground are radiative heat
fluxes for exchange with air, sky, and ground (W/m2),
respectively.

The radiation heat fluxes qrad,air, qrad,sky, and qrad,ground
are respectively given by (Goia et al., 2012a)

qrad;sky ¼ erF skybðT 4
out � T 4

skyÞ ð10aÞ
qrad;air ¼ erFskyð1� bÞðT 4

out � T 4
a;outÞ ð10bÞ

qrad;ground ¼ erF groundðT 4
out � T 4

a;outÞ; ð10cÞ
where e is the surface emissivity of glass, r is the Stefan–
Boltzmann constant, Fsky is the view factor between the
glazing unit and the sky dome, Fground is the view factor
between the glazing unit and the surrounding surfaces,
and all the surfaces are assumed to be at the same temper-
ature, b is a factor that splits the heat exchange with the sky
dome between sky and air radiation, Tsky is the sky temper-
ature (K), and Fsky, Fground, b, and Tsky are established by
Goia et al. (2012a) as follows:

F sky ¼ 1þ cos h
2

ð11aÞ

F ground ¼ 1� cos h
2

ð11bÞ

b ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ cos h

2

r
ð11cÞ

T sky ¼ 0:0552T 1:5
a;out; ð11dÞ

where h is the angle between the glazing unit and the
ground, for example, h = 90� for a vertical glazing unit.

In the inner surface of internal glass near to indoor envi-
ronment, the boundary condition at x = x3 is given as
(Ismail et al., 2008)

�kg
@T
@x

¼ hinðT in � T a;inÞ � erðT 4
in � T 4

a;inÞ; ð12Þ

where hin, Tin, and Ta,in are the convective heat transfer
coefficient of the inner surface of internal glass (W/
m2 K), temperature of the inner surface of internal glass
(K), and indoor air temperature (K), respectively.

In the coupled surface between outer glass and PCM,
when PCM is solid or liquid, the boundary condition at
x = x1 is given as (Ismail et al., 2008)

�kg
@T g

@x
þ Ig!p ¼ �kp

@T p

@x
; ð13aÞ

where Ig?p is radiative heat flux of coupled surface between
outer glass and PCM (W/m2) and Tg and Tp are tempera-
tures (K) of the coupled surface of outer glass and PCM,
respectively.

In the coupled surface between outer glass and PCM,
when the first liquid layer of the PCM near the internal face
of the external glass sheet is formed, the boundary condi-
tion at x = x1 is given as (Ismail et al., 2008)

�kg
@T g

@x
þ Ig!p ¼ �kp

@T p

@x
þ qpH

dSðtÞ
dt

; ð13bÞ

where S(t) is the thickness (m) of liquid PCM.
In the liquid–solid interface in the PCM region where

the phase change occurs, the boundary condition at
x = x1 + S(t) is given as (Ismail et al., 2008)

�kp;l
@T p;l

@x
þ Ip;l!p;s ¼ �kp;s

@T p;s

@x
þ qpH

dSðtÞ
dt

; ð14Þ

where Ip,l?p,s is the radiative heat flux of liquid–solid inter-
face in the PCM region (W/m2); Tp,l and Tp,s are the tem-
peratures (K) of liquid PCM near to liquid–solid interface
and solid PCM near to liquid–solid interface, respectively;
kp,l and kp,s are the thermal conductivities of liquid PCM
near to liquid–solid interface and solid PCM near to liq-
uid–solid interface (W/m K), respectively.

In the coupled surface between internal glass and PCM,
when PCM is solid or liquid, the boundary condition at
x = x2 is given as (Ismail et al., 2008)

�kp
@T p

@x
þ Ip!g ¼ �kg

@T g

@x
; ð15aÞ

where Ip?g is the radiative heat flux (W/m2) of coupled sur-
face between internal glass and PCM, respectively.

In the coupled surface between internal glass and PCM,
when the first liquid layer of the PCM near to the internal
glass sheet is formed, the boundary condition at x = x2 is
given as (Ismail et al., 2008)

�kp
@T p

@x
þ Ip!g þ qpH

dSðtÞ
dt

¼ �kg
@T g

@x
: ð15bÞ

Temperature time lag and temperature decrement factor
are important parameters to analyze the thermal perfor-
mance of the double-glazing unit. Temperature time lag
is the phase difference of the temperature waves on the inte-
rior surfaces of the double-glazing unit, which is calculated
by Eq. (16a). Temperature decrement factor is the ratio of
the temperature waves on the interior surfaces of the ampli-
tude of the double-glazing unit, which can be calculated by
Eq. (16b). If the temperature time lag is high and tempera-
ture decrement factor is low, it means that the impact of the
outdoor environment on the indoor thermal environment is
small and the thermal performance of double-glazing unit
is satisfactory (Li et al., 2014; Zhong et al., 2015):

ug ¼ sg;max � sa;max ð16aÞ
f g ¼

T g;max � T g;min

T a;max � T a;min

; ð16bÞ

where ug is the temperature time lag of the double-glazing
unit compared with the outdoor air, sg,max is the time of the
interior surface maximum temperature of the double-
glazing unit, sa,max is the time of the maximum temperature
in the outdoor temperature wave, fg is the temperature
decrement factor of the double-glazing unit compared with
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the outdoors air, Tg,max and Tg,min are the maximum and
minimum temperature on the interior surface of the
double-glazing unit in the temperature waves, respectively,
and Ta,max and Ta,min are the maximum and minimum tem-
perature on the outdoor temperature wave, respectively.
2.3. Method of solution and validation of numerical

procedure

The equations together with the boundary conditions
are solved by using an explicit finite difference scheme as
the procedure of reference (Goia et al., 2012a,b). PCM
region is divided into 12 equally spaced increments. Each
glass sheet is also divided into six equally spaced
increments.

The numerical procedure is validated with the
experimental parameters in the literature (Zhong et al.,
2015). The outdoor air temperature, solar radiation
intensity, and temperature on the interior surfaces of the
PCM-filled double-glazing unit can be found as shown in
Figs. 6–8 in Ref. Zhong et al. (2015). The thermophysical
properties of materials can be found from Table 2 in Ref.
Zhong et al. (2015). The extinction coefficient and refrac-
tive index of glass are 19 m�1 and 1.5 (Gowreesunker
et al., 2013), respectively. The emissivity of the glass is
0.88 (Ismail et al., 2008). The refractive index of PCM is
1.3, and the extinction coefficients of solid and liquid
PCMs are 50 and 40 m�1, respectively (Gowreesunker
et al., 2013). The initial temperature of the domain is
23 �C. The simulation was kept running until the solution
becomes periodic, which needs 2 days to attain the periodic
condition. The comparison of heat flux (without transmit-
ted solar energy) and temperature on the interior surfaces
of the PCM-filled double-glazing units between numerical
results obtained in this study and the literature (Zhong
et al., 2015) is shown in Fig. 3.

As shown in Fig. 3, the numerical and the literature
results have different characteristics in different time.
Before 7:00, the difference between numerical and the
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Fig. 3. Comparison of heat flux and temperature on the interior surfaces of th
et al., 2015) (a: heat flux; b: temperature).
literature results is huge, and the reason is that the effect
of initial temperature in the double-glazing units filled with
PCM in the experiment is not omitted when heat conduc-
tion plays an important role in the heat transfer process;
however, this effect is omitted in the calculation, because
the calculation method could reach the rational periodic
condition. In the time region 7:00–11:00, the numerical
results agree well with those of the literature, and the rea-
son is that the effect of initial temperature in the double-
glazing units filled with PCM in the experiment can be
eliminated after running 7 h, and both phase change of
PCM and radiation transfer play an important role in this
heat transfer process. However, in the time region 11:00–
14:00, the difference between numerical and literature
results is also high, because radiation transfer plays an
important role in this heat transfer process when the phase
of PCM is liquid in this time region. The exact optical
parameters of PCM, which lead to a large numerical error,
cannot be obtained. In the time region 14:00–22:00, the
numerical results are in good agreement with those of the
literature, because both phase change of PCM and radia-
tion transfer play an important role in this heat transfer
process.
3. Results and discussion

In this modeling work, thicknesses of the glass and PCM
are 6 and 12 mm, respectively, and h = 0. The measured
average hourly variations of the ambient air temperature
and total radiation on June 22 in Daqing are shown in
Fig. 4. The values of hout and hin are 7.75 and 7.43
W/m2 K (Li et al., 2014), respectively. The indoor air
temperature is 26 �C. The thermophysical properties
of the materials are listed in Table 1. The extinction coeffi-
cient and refractive index of glass are 19 m�1 and 1.5
(Gowreesunker et al., 2013), respectively. The emissivity
of the glass is 0.88 (Li et al., 2014). The refractive index
of liquid and solid PCMs is 1.3, and the extinction
coefficients of the solid and liquid PCMs are 30 and
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5 m�1, respectively. The initial temperature of the domain
is 20 �C.
3.1. Effect of density

For investigating the effect of density of PCM on energy
performance of glazing units containing PCM, the
Table 1
Thermophysical properties of materials.

Material Melting temperature (�C) Density (kg/m3) Thermal conduc

Glass – 2500 0.96
PCM 27–29 850 0.21
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Fig. 5. Simulation results of the interior surface on double-glazed units with d
solar transmittance).
conditions of five types of density of PCM, 0.5qp = 425,
qp = 850, 1.5qp = 1275, 2qp = 1700, and 3qp = 2550
kg/m3, are investigated, while keeping the remaining
parameters unchanged as in Table 1.

Fig. 5 illustrates simulation results of the interior sur-
faces on double-glazed units with different density of
PCM. As shown in Fig. 5(a), when the density of PCM is
425, 850, 1275, 1700, or 2550 kg/m3, the temperature time
lag and temperature decrement factor become 8 min and
1.00, 17 min and 1.00, 43 min and 0.98, 74 min and 0.94,
and 75 min and 0.80, respectively. These results show that
with the density of PCM increasing, the temperature time
lag increases and the temperature decrement factor
decreases; however, the effect of density of PCM on the
temperature decrement factor is weak. From Fig. 5(b), it
can be seen that with the density of PCM increasing, the
transmitted energy of the interior surface on double-
glazed units increases before 3:00 and after 20:00, but it
decreases in the time range 3:00–20:00. The reason is that
the solar energy plays a key role in the attribution of total
transmitted energy in the double-glazed units as shown in
tivity (W/m K) Specific heat capacity (J/kg K) Latent heat (kJ/kg)
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Fig. 5(c). With the density of PCM increasing, the stored
solar energy of PCM increases, which results in the higher
temperature before 3:00 and after 20:00 and lower temper-
ature in the time range 3:00–20:00 as indicated in Fig. 5(a).

It is found from Fig. 5(d) that with the density of PCM
increasing, the time when the PCM starts to melt is
delayed, and the time range of liquid PCM decreases,
which shows that the solar energy entering into room
decreases with density of PCM increasing. For example,
the initial melting time and the time range of liquid PCM
with the density of PCM 425 and 2550 kg/m3 are 9:03
and 366 min and 12:55 and 141 min, respectively. The
above analysis indicates that choosing the rational density
of PCM is an effective method to improve the thermal per-
formance of double-glazed units filled with PCM; however,
the time range of liquid PCM is much narrow when the
density of PCM is beyond 1275 kg/m3, which shows that
the solar transmittance of double-glazed units filled with
PCM is poor.

3.2. Effect of thermal conductivity

For investigating the effect of thermal conductivity of
PCM on energy performance of glazing units containing
PCM, the conditions of five types of thermal conductivity
of PCM, 0.1kp = 0.021, kp = 0.21, 10kp = 2.1,
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Fig. 6. Simulation results of the interior surface on double-glazed units with d
solar energy; d: solar transmittance).
100kp = 21, and 200kp = 42 W/m K are investigated, while
keeping the remaining parameters unchanged as in Table 1.

Fig. 6 shows simulation results of the interior surfaces
on double-glazed units with different thermal conductivity
of PCM. As shown in Fig. 6(a), when the thermal conduc-
tivity of PCM is 0.021 W/m K, the temperature time lag
and temperature decrement factor are �75 min and 0.90,
respectively; when the thermal conductivity of PCM is
0.21 W/m K, 17 min and 1.00, respectively; when the ther-
mal conductivity of PCM is 2.1 W/m K, 21 min and 1.11,
respectively; when the thermal conductivity of PCM is
21 W/m K, 22 min and 1.13, respectively; when the thermal
conductivity of PCM is 42 W/m K, the temperature time
lag and temperature decrement factor are nearly the same
as that for the thermal conductivity 21 W/m K, respec-
tively. These results show that when the thermal conductiv-
ity of PCM is <2.1 W/m K, with the thermal conductivity
of PCM increasing, the temperature time lag increases,
and the temperature decrement factor decreases; however,
when the thermal conductivity of PCM is beyond 2.1
W/m K, the effect of thermal conductivity of PCM on the
temperature decrement factor is clearly very weak. From
Fig. 6(b) and (c), it can be observed that the effect of ther-
mal conductivity of PCM on the total transmitted and
solar energy of the interior surface on double-glazed units
is also weak when the thermal conductivity of PCM is
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beyond 0.21 W/m K. The reason is that solar radiation
plays an important role in heat transfer of the double-
glazed units filled with PCM.

It can be seen from Fig. 6(d) that with the thermal con-
ductivity of PCM increasing, the initial melting time is
delayed, and the time range of liquid PCM increases; how-
ever, the thermal conductivity of PCM on the initial melt-
ing time and the time range of liquid PCM is very weak
when the thermal conductivity of PCM is beyond 2.1 W/
m K. For example, the initial melting time and the time
range of liquid PCM with the thermal conductivities of
PCM 0.021 and 2.1 W/m K are 9:06 and 229 min and
10:29 and 362 min, respectively. The above analysis indi-
cates that increasing the thermal conductivity of PCM is
not an effective method to improve the thermal perfor-
mance of double-glazed units filled with PCM when the
thermal conductivity of PCM is beyond 2.1 W/m K.
3.3. Effect of specific heat capacity

For investigating the effect of specific heat capacity of
PCM on energy performance of glazing units containing
PCM, the conditions of five types of specific heat capacity
of PCM, 0.1cp,p = 223, cp,p = 2230, 2cp,p = 4460, 5cp,
p = 11,150, and 10cp,p = 22,300 J/kg K, are investigated,
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Fig. 7. Simulation results of the interior surface on double-glazed units with d
solar energy; d: solar transmittance).
while keeping the remaining parameters unchanged as in
Table 1.

Fig. 7 illustrates simulation results of the interior sur-
faces on double-glazed units with different specific heat
capacity of PCM. As shown in Fig. 7(a), when the specific
heat capacity of PCM is 223, 2230, 4460, 11,150, or
22,300 J/kg K, the temperature time lag and temperature
decrement factor are 5 min and 1.01, 17 min and 1.00,
35 min and 0.98, 70 min and 0.90, and 101 min and 0.76,
respectively. These results show that with the specific heat
capacity of PCM increasing, the temperature time lag
increases, and the temperature decrement factor decreases;
however, the effect of specific heat capacity of PCM on the
temperature decrement factor is weak when the specific
heat capacity of PCM is <4460 J/kg K. From Fig. 7
(b) and (c), it can be seen that the effect of specific heat
capacity of PCM on the total transmitted and solar energy
of the interior surface on double-glazed units is also weak
when the specific heat capacity of PCM is <4460 J/kg K.

It is found from Fig. 7(d) that with the specific heat
capacity of PCM increasing, the initial melting time is
delayed, and the time range of liquid PCM changes
slightly; however, the specific heat capacity of PCM on
the initial melting time and the time range of liquid PCM
is very weak when the specific heat capacity of PCM is
<4460 J/kg K. For example, the initial melting time and
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the time range of liquid PCM with specific heat capacities
of PCM 223, 4460, and 22,300 J/kg K are 9:50 and
315 min, 10:03 and 328 min, and 11:19 and 314 min,
respectively. The above analysis indicates that increasing
the specific heat capacity of PCM is not an effective method
to improve the thermal performance of double-glazed units
filled with PCM when the specific heat capacity of PCM is
<4460 J/kg K.
3.4. Effect of latent heat

For investigating the effect of latent heat of PCM on
energy performance of glazing units containing PCM, the
conditions of five types of latent heat of PCM,
0.1QL = 20.5, QL = 205, 2QL = 410, 5QL = 1025, and
10QLcp,p = 2050 kJ/kg, are investigated, while keeping the
remaining parameters unchanged as in Table 1.

Fig. 8 shows simulation results of the interior surfaces
on double-glazed units with different latent heats of
PCM. As shown in Fig. 8(a), when the latent heat of
PCM is 20.5, 205, 410, 1025, or 2050 kJ/kg, the tempera-
ture time lag and temperature decrement factor are
14 min and 1.00, 17 min and 1.00, 60 min and 0.97,
151 min and 0.46, and 156 min and 0.08, respectively.
These results show that with the latent heat of PCM
increasing, the temperature time lag increases, and the tem-
perature decrement factor decreases; however, the effect of
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Fig. 8. Simulation results of the interior surface on double-glazed units with diff
d: solar transmittance).
the latent heat of PCM on the temperature decrement fac-
tor is weak when the latent heat of PCM is <4100 kJ/kg. It
is also observed from Fig. 8(a) that the temperature of the
interior surface on double-glazed units changes slightly
when the latent heat of PCM is >2050 kJ/kg, and the lar-
gest temperature difference in a whole day is only 0.83 �C.

From Fig. 8(b) and (c), it can be seen that the effect of
latent heat of PCM on the total transmitted and solar
energy of the interior surface on double-glazed units is also
weak when the latent heat of PCM is beyond 1025 kJ/kg. It
is found from Fig. 8(d) that with the latent heat of PCM
increasing, the initial melting time is delayed, and the time
range of liquid PCM is narrower; however, when the latent
heat of PCM is beyond 1025 kJ/kg, the PCM is not melt-
ing, which results in lower values of solar transmittance
of the double-glazed unit. For example, the initial melting
time and the time range of liquid PCM with the latent heat
of PCM 20.5 and 410 kJ/kg are 8:12 and 403 min and 11:18
and 234 min, respectively. The above analysis indicates that
increasing the latent heat of PCM is an effective method to
improve the thermal performance of double-glazed units
filled with PCM when the latent heat is <410 kJ/kg.
3.5. Effect of melting temperature

The conditions of five types of melting temperature,
297–299, 300–302, 304–306, 307–309, and 309–311 K, are
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investigated, while keeping the remaining parameters
unchanged as in Table 1.

Fig. 9 illustrates the simulation results of the interior
surfaces on double-glazed units with different melting tem-
peratures of PCM. As shown in Fig. 9(a), when the melting
temperature of PCM is 297–299, 300–302, 304–306, 307–
309, and 309–311 K, the temperature time lag and temper-
ature decrement factor are 13 min and 1.00, 17 min and
1.00, 6 min and 1.16, 68 min and 1.27, and 28 min and
1.35, respectively. These results show that with the melting
temperature of PCM increasing, the temperature decre-
ment factor increases; however, the effect of the melting
temperature of PCM on the temperature time lag is not
regular, and the temperature decrement factor is >1.1 when
the melting temperature of PCM is beyond 304–306 K.
From Fig. 9(b) and (c), it can be seen that the effect of
melting temperature of PCM on the total transmitted and
solar energy of the interior surface on double-glazed units
is also weak when the melting temperature of PCM is
>307–309 K, and the total transmitted and solar energy
of the interior surface on double-glazed units decrease with
the melting temperature of PCM increasing when the
melting temperature of PCM is <304–306 K.

It is found from Fig. 9(d) that with the melting
temperature of PCM increasing, the initial melting time is
delayed, and the time range of liquid PCM is narrower;
however, when the melting temperature of PCM is
>307–309 K, the PCM does not melt, which results in
lower values of solar transmittance of the double-glazed
units. For example, the initial melting time and the time
range of liquid PCM with the melting temperatures of
PCM 297–299 and 304–306 K are 8:34 and 487 min and
11:56 and 0 min, respectively. These results show that the
PCM is only partly melting when the melting temperature
of PCM is 304–306 K. The above analysis indicates that
controlling the melting temperature of PCM is an effective
method to improve the thermal performance of double-
glazed units filled with PCM, and which should be matched
not only with between indoor and outdoor temperatures,
but also with solar transmittance of double-glazed units.
For example, the melting temperature of PCM 297–
299 K is relatively matched with the environmental condi-
tions of Daqing.

4. Conclusions

In this study, thermal performance of a PCM-filled
double-glazing unit with different thermophysical parame-
ters of PCM in Northeast China was investigated numeri-
cally. With the aim to investigate the thermal behavior of
a PCM-filled double-glazing unit, the influences of density,
specific heat capacity, latent heat, thermal conductivity,
melting temperature of PCM were also studied. The
following conclusions can be drawn:
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(1) Choosing rational density of PCM is an effective
method to improve the thermal performance of
double-glazed units filled with PCM; however, the
solar transmittance of double-glazed units is very
poor when the density of PCM is >1275 kg/m3. With
the density of PCM increasing, the temperature time
lag increases, the temperature decrement factor and
the time range of liquid PCM decrease, and the initial
melting time is delayed; however, the effect of density
of PCM on the temperature decrement factor is weak.

(2) Increasing the thermal conductivity of PCM is not an
effective method to enhance the thermal performance
of double-glazed units filled with PCM when the ther-
mal conductivity of PCM is >2.1 W/m K. With the
thermal conductivity of PCM increasing, when
the thermal conductivity of PCM is <2.1 W/m K, the
temperature time lag and the time range of liquid
PCM increase and the temperature decrement factor
decreases; however, when the thermal conductivity of
PCM is >2.1 W/m K, the effect of thermal conductiv-
ity of PCM is clearly weak.

(3) Increasing the specific heat capacity of PCM is not an
effective method to enhance the thermal performance
of double-glazed units filled with PCM when the
specific heat capacity of PCM is <4460 J/kg K. With
the specific heat capacity of PCM increasing, the tem-
perature time lag increases, the temperature decre-
ment factor decreases, the initial melting time is
delayed, and the time range of liquid PCM changes
slightly; however, the effect of specific heat capacity
of PCM is weak when the specific heat capacity of
PCM is <4460 J/kg K.

(4) Increasing the latent heat of PCM is an effective
method to enhance the thermal performance of
double-glazed units filled with PCM when the latent
heat is <410 kJ/kg. With the latent heat of PCM
increasing, the temperature time lag increases and
the temperature decrement factor decreases; however,
the effect of latent heat of PCM on the temperature
decrement factor is weak when the latent heat of
PCM is <410 kJ/kg. With the latent heat of PCM
increasing, the initial melting time is delayed and
the time range of liquid PCM is narrower; however,
when the latent heat of PCM is >1025 kJ/kg, the
PCM does not melt.

(5) Controlling the melting temperature of PCM is an
effective method to improve the thermal performance
of double-glazed units filled with PCM, and which
should be matched with not only between indoor
and outdoor temperature, but also solar transmit-
tance of double-glazed units. With the melting tem-
perature of PCM increasing, the temperature
decrement factor increases; however, the effect of
the melting temperature of PCM on the temperature
time lag is not regular. With the melting temperature
of PCM increasing, the initial melting time is delayed,
and the time range of liquid PCM is narrower. The
melting temperature range of PCM 297–299 K is
relatively matched with the environmental conditions
of Daqing.
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