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A B S T R A C T

This study investigates the energy efficiency of a double-glazing window (DGW) integrating a solid–solid phase
change material (SSPCM) with limited thickness, applied to the inner glass pane within the air gap. Numerical
model, validated against experimental data, is developed using a finite volume method in ANSYS Fluent. In this
model, the Discrete Ordinates (DO) model is applied to simulate radiation, while the enthalpy-porosity approach
is used to capture the solidification and melting processes in the phase change material. With this model, the
energy performance of the system is analyzed under various transient temperature values (10 to 30 ◦C) and
ranges (1 to 5 ◦C) during the coldest and hottest days of the year, as well as during cloudy and sunny days in
Montreal (Dfb), Vancouver (Cfb), and Miami (Aw). According to the obtained results in Montreal, the DGW-
SSPCM system consistently saves energy under summer sunny conditions, with optimal performance when the
SSPCM remains transparent. However, it incurs energy losses in cloudy days, where the energy lost is 2.3 times
greater than the energy saved in sunny days. In Vancouver, the system shows consistent energy savings,
particularly at Tc = 30 ◦C, with average savings of 20.5 kJ (23 %) under summer sunny conditions. The system is
most beneficial in Vancouver, where winter energy savings in cloudy days (50.6 kJ) are 7.1 times greater than
the losses in sunny days (7.1 kJ). In Miami, the system results in energy losses by 60 % and 5 % (at Tc = 30 ◦C)
under both summer sunny and cloudy conditions, respectively, indicating unsuitability for its climate. During
winter sunny conditions, all three cities experience energy losses, with Vancouver showing the lowest of 7.1 kJ
(3 %) and Montreal the highest of 64.4 kJ (19 %) at Tc = 30 ◦C. In winter cloudy conditions, the system saves
energy in all cities, with the highest savings in Miami of 54.5 kJ (26 %) at Tc = 30 ◦C. Overall, the SSPCM-DGW
system has proven to be beneficial in Vancouver across various conditions in terms of energy and visual per-
formance. These findings highlight the necessity of considering localized climate factors when designing and
implementing energy-efficient glazing systems. Finally, the SSPCM-DGW system has provided complete visual
clarity during office hours, making it more suitable for commercial buildings.

1. Introduction

Building envelopes serve as the critical interface between indoor and
outdoor environments, playing a significant role in mediating the con-
flicts between occupant comfort and the environmental impact of
buildings. Adaptive facades, an advanced component of building enve-
lopes, possess the ability to selectively transmit, filter, or block various
phenomena such as heat, mass, and light. This capability enables them
to regulate environmental conditions effectively, thereby enhancing
indoor environmental quality. Additionally, adaptive facades offer a
promising approach to reducing the energy consumption of buildings.

By optimizing the interaction between the interior and exterior envi-
ronments, adaptive facades contribute to improved indoor comfort and
energy efficiency, ultimately supporting the development of more sus-
tainable building practices. Among the opaque and transparent com-
ponents of building envelopes, fenestration systems (e.g., windows,
curtain walls, skylight devices) are identified as the primary source of
heat loss in building constructions. These systems are responsible for
approximately 60 % of the overall heat loss, significantly impacting the
thermal efficiency of buildings [1].
There are three general methods to increase the thermal performance

of glazing systems within buildings namely thermal resistance, solar
control, and thermal inertia. The thermal resistance can be improved
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using different techniques such as the use of inert gases within the air
gap of multi-glazing windows [2] as well as the use of materials with low
thermal conductivity such as hydrogel [3] and aerogel [4]. To imple-
ment the second technique, solar control, different methods are avail-
able in literature such as photovoltaic systems [5], thermochromic [6]
and thermotropic [7] materials, laminated coatings [8], low-e coatings
[9], switchable systems [10], and so forth. The last approach in thermal
performance enhancement of glazing systems, which is thermal inertia
improvement and is the focus of current study, can be addressed by
using thermal energy storage materials within the fenestration system
like phase change materials (PCMs). The use of PCMs in glazing systems
have been extensively reviewed in our recent research [11] showing a
promising method in enhancing the thermal performance of glazing
systems, however providing a satisfactory visual view has almost always
been challenging. These materials absorb and release heat through
phase change cycles, which can involve a solid-to-liquid transition,
referred to as solid–liquid phase change material (SLPCM), or a solid-to-
solid transition, known as solid–solid phase changematerial (SSPCM), as
of the application within glazing systems. The current study implements
the SSPCMs in glazing systems as they are advantageous compared to
SLPCMs by offering low subcooling phenomenon, less material degra-
dation, more consistent optical properties encapsulation-free imple-
mentation, no leakage, less phase-segregation, small volume variation,
and high thermal stability [12]. Unlike SLPCMs, SSPCMs can be directly
adhered to a surface or pane of a multi-glazing window with a specific
thickness, remaining solid throughout their phase transition. This
property allows the air or inert gas, which possesses low thermal con-
ductivity, to remain between the indoor and outdoor environments. This
arrangement is beneficial because SLPCM fills the air gap (connecting
indoor and outdoor environments), it decreases the thermal resistance of
the glazing system due to its higher thermal conductivity compared to
air. Encapsulating SLPCM can mitigate this issue, allowing it to perform
similarly to SSPCM by maintaining solid phase and preserving thermal
resistance. SSPCMs undergo a phase transition between opaque (semi-
crystalline) and transparent (amorphous) states, where only the soft
segments melt, supported by the hard segment (polymeric backbone)
with a significantly higher melting temperature. As a result, the SSPCM
remains solid during phase transition by melting and freezing the soft

segments, which are anchored by the hard segments. The phase transi-
tion process of SSPCMs has been comprehensively discussed and
analyzed in [13,14], and [11].
Despite the extensive literature on SLPCM applications in glazing

units, studies on SSPCMs in smart glazing are limited. Raj et al. [15]
conducted a review study discussing the applications of SSPCMs and
recent advancements in their thermophysical properties. This study
compiled a comprehensive list of organic, polymeric, organometallic,
and commercial SSPCMs, along with their thermophysical properties,
phase transition temperatures, melting temperatures, molecular char-
acteristics, and thermal behavior. These reviews serve as valuable re-
sources for researchers and practitioners interested in utilizing SSPCMs
in various applications. Another review study [12] focused on the mo-
lecular properties and thermal characteristics of SSPCMs for thermal
energy storage. They examined the relationship between molecular
structure, phase transition mechanisms, and thermal properties of the
four main categories of SSPCMs: polymeric, organic, organometallic,
and inorganic. The authors provided guidance on selecting appropriate
SSPCMs for various applications based on desired physical, thermal, and
mechanical properties, offering a comprehensive list within each main
category. Guldentops et al. [16] explored a building enclosure system
utilizing SSPCMs to passively regulate temperature in a south-facing
building in central Massachusetts, accounting for both summer and
winter climates. They developed a finite element model to analyze the
system’s energy performance, identifying optimized configurations for
each season. However, the study noted the need for refining the
extinction coefficients and transition temperatures of SSPCMs for
effective year-round operation. Gao et al. [13] integrated a thin SSPCM
layer into the interior side of a double-glazing window (DGW) and
performed a numerical analysis to evaluate annual energy savings. The
authors used EnergyPlus for the numerical study but had to develop an
equivalent model due to the software’s limitations in simulating latent
energy storage materials. The results showed that a 3 mm SSPCM layer
improved energy savings in warm, mixed, and cold climates, surpassing
the performance of low-emissivity windows. Ma et al. [17] assessed a
glazing system combining silica aerogel and SSPCM in a severe cold
region of China, focusing on both daylighting and energy performance.
EnergyPlus was used for energy analysis, and Radiance software for

Nomenclature

A Area (m2)
cp Specific heat (J/kgK)
d Optical thickness (m)
h Heat transfer coefficient (W/m2K)
hs Sensible enthalpy (J/kg)
H Enthalpy (J/kg)
ΔH Latent heat (J/kg)
I Radiation intensity (W/m2)
k Thermal Conductivity (W/mK)
L Latent heat of fusion (kJ/kg)
n refractive index
p Pressure (Pa)
qʹ́ Total heat flux (W/m2)
r→ Position vector (m)
s Sample thickness (path length) (m)
s→ Direction vector
s→ʹ Scattering direction vector
t Time (s)
T Temperature (◦C)
Tc Phase transition temperature (◦C)
ΔTc Phase transition temperature range (◦C)

v Velocity (m/s)
v→ Velocity vector (m/s)

Greek symbols
β Transparency fraction
μ Dynamic viscosity (Pa s)
ρ Density (kg/m3)
σa Absorption coefficient (1/m)
σs Scattering coefficient (1/m)
τ Transmittance
∅ Phase function
Ωʹ Solid angle

Subscripts
op Opaque
PCM Phase change material
ref Reference
tr Transparent

Acronyms
DGW Double-glazing window
PCM Phase change material
SLPCM solid–liquid phase change material
SSPCM solid–solid phase change material

H. Arasteh et al. Thermal Science and Engineering Progress 55 (2024) 102991 

2 



daylighting analysis. Similar to Gao et al. [13], due to software limita-
tions, an equivalent SSPCM model was employed. The study identified
transition temperature, latent heat, absorption coefficient, and refrac-
tive index as key parameters through sensitivity analysis. A 10 mm
thickness of silica aerogel was recommended to maximize energy sav-
ings while meeting daylighting standards in China. Their findings sug-
gested the viability of employing DGW-SSPCM in severe cold regions.
Wang et al. [14] developed an inverse model to derive expressions for
the extinction coefficient and refractive index of SSPCMs as a function of
temperature for the translucent phase, providing constant values for the
opaque and transparent phases. These optical properties were incorpo-
rated into the current study. Recently, Zhang et al. [18] conducted a
two-dimensional numerical parametric study using the finite volume
method to investigate the optical and thermal properties of a triple-
glazed window containing SSPCM in the inner air gap and silica aero-
gel in the outer air gap. The study simulated 24 h of severe cold weather
in a Chinese city. Sensitivity analysis indicated that the thermal effi-
ciency of the glazing system was significantly affected by the melting
temperature and latent heat of the PCM, with the absorption coefficient
and refractive index having minor effects. The optimal melting tem-
perature of the PCM was found to be 18 ◦C, resulting in a 15 % energy
saving rate.
Based on the aforementioned literature review, it is evident that

there are few studies investigating the energy performance of SSPCMs in
glazing systems using 3D modeling. The existing numerical models are
either using EnergyPlus that has some limitations in capturing the phase
transition phenomenon within the SSPCM, hence using an equivalent
model has been inevitable or 2D models that assess the SSPCM behavior
fully filled the air gap space of a triple-glazed window. Therefore, to
bridge this gap, the main objective of this study is to develop a 3D model

and use it to assess the energy performance of a DGW incorporating
SSPCMs. The idea of placing the SSPCM onto the interior pane between
the air gap has come up to keep the material’s temperature as high as
possible to yield an almost full transparent window throughout the
whole year. Following model validation, a parametric study was con-
ducted by varying the transient temperature and transient temperature
range of a south-facing DGW-SSPCM over a 24-hour real-time period.
The simulations were performed for sunny and cloudy days during the
coldest and hottest days of the year 2022 in Montreal, Vancouver, and
Miami.

2. Methodology

2.1. Geometrical details

In the current study the results of a double-glazing window inte-
grated with a solid–solid phase change material (DGW-SSPCM) is
compared to a reference double-glazing window (DGW-REF). The
SSPCM has been adhered to the interior pane of the DGW within the air
gap. Both DGW-REF and DGW-SSPCM consist of two panes, each
measuring 20 cm in length, 20 cm in width, and 4 mm in thickness. The
DGW-REF configuration features a 1.6 cm air gap, shown in Fig. 1a. In
contrast, the DGW-SSPCM configuration incorporates a 2 mm-thick
SSPCM layer on the interior pane, reducing the air gap to 1.4 cm, shown
in Fig. 1b.

2.2. Material perspective

In the current study, the glazing system is composed of two 4 mm
clear glass with an emissivity of 0.9 [19]. The thermophysical and

Fig.1. The 3D geometry of (a) DGW-REF and (b) DGW-SSPCM.

Table 1
Thermophysical properties of the used materials.

Density
(kg/
m3)

Specific heat (J/
kgK)

Thermal conductivity (W/
mK)

Absorption coefficient (1/
m)

Scattering coefficient (1/
m)

Refractive index Latent heat (kJ/
kg)

Air* 1.225 1006.43 0.0242 0 0 1 −

Glass [20] 140 840 1.3 19 0 1.5 −

SSPCM
[21]

1055 1630 0.36 33.80 (transparent)
25.73 (opaque)

0 (transparent)
119.02 (opaque)

1.11
(transparent)
5.33 (opaque)

110

*Properties at temperature range 10~30◦C[22].
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optical properties were obtained from [20]. The thermal energy storage
material (SSPCM) was chosen from [21]. The optical properties of the
SSPCM including refractive index as well as absorption and scattering
coefficients were derived from correlations developed by [14]. The
thermophysical properties of the materials employed in this study are
detailed in Table 1. Additionally, Table 2 lists the various phase change
temperatures and their respective ranges that were examined in this
research.
The optical thickness (d) of a substance, defined by Eq. (1), is a

common way to describe the extinction coefficient [22]. In this equa-
tion, s refers to the sample’s actual thickness, which is specified as 2 mm
for the SSPCM-DGW setups in this study.

d = (σa+σs)s (1)

In Equation (1), σa and σs represents the absorption and scattering
coefficients, respectively. This study assumes an isotropic scattering
coefficient. By applying Beer-Lambert’s law to non-gaseous materials,
Eq. (2) can be used to calculate the PCM transmittance [16]:

τPCM = 10− d (2)

where τPCM represents the transmittance of the PCM. First, the absorp-
tion coefficient is calculated using Eq. (3) [20]. This value is then
applied in Eq. (1) to determine the scattering coefficient.

σa = σs
[

τPCM,tr − τPCM,op

1 − τPCM,op
β+
1 − τPCM,tr

1 − τPCM,op

]

(3)

In Equations (1) to (3), τ and β represent the transmittance and
transparency fraction of the material, respectively. The subscripts PCM,
tr, and op represent the phase change material, transparent and opaque,
respectively. For the SSPCM, the refractive index and extinction coeffi-
cient are as follows: for the transparent phase, they are 1.11 and 25.73
m− 1, respectively, and for the opaque phase, they are 5.33 and 152.82
m− 1, respectively [14]. For the translucent phase, Eqs. (4) and (5) are
used to calculate the average optical properties as a function of the
transparency fraction, which replaces the term ’liquid fraction’ since
there is no liquid phase in SSPCM. The transparency fraction represents
the portion of the material in the transparent phase, with β being 0 for
fully opaque SSPCM and 1 for fully transparent SSPCM. When the
transparency fraction is 0, it indicates that the SSPCM temperature is at
or below the lower limit of the transient temperature range, known as
the opaqueus temperature (akin to liquidus temperature in SLPCM),
meaning the material is in the opaque phase. Conversely, a transparency
fraction of 1 indicates that the SSPCM temperature is at or above the
upper limit of the transient temperature range, known as the

transparentus temperature (akin to solidus temperature in SLPCM),
meaning the material is in the transparent phase. A transparency frac-
tion between 0 and 1 signifies that the SSPCM is in the translucent phase,
similar to the mushy zone in SLPCMs.

σa,cell = 33.8β+25.73(1 − β) (4)

σs,cell = 119.02(1 − β) (5)

2.3. Governing equations

To model the SSPCM, the enthalpy-porosity approach in FLUENT
was utilized, assigning a very high viscosity value to the SSPCM to
ensure nearly zero velocity within it. In this study, natural convection
effects within the air gap of the DGW were neglected for all configura-
tions (i.e., DGW-SSPCM and DGW-REF) to focus on evaluating the
feasibility and effectiveness of incorporating SSPCM into glazing sys-
tems. Using the climate in three cities with different climatic conditions
(i.e. Montreal, Vancouver, and Miami) as a case study under natural
conditions, this approach aims to determine whether energy savings can
be realized in a glazing system with SSPCM compared to one without it.
The governing equations for this study considering the Discrete Ordi-
nates (DO) model for radiation and a solidification/melting model for
SSPCM are as follows.

• Mass conservation equation [22]:

∂ρ
∂t +∇.(ρ v→) = 0 (6)

• Momentum conservation equation [22]:

∂
∂t (ρ v

→
)+∇.(ρ v→ v→) = − ∇p+∇.(μ∇ v→)+ Sm v→ (7)

In Equations (6) and (7), ρ, t, v→, p, and μ are density, time, velocity
vector, pressure, and dynamic viscosity, respectively. It is noteworthy to
mention that, the source term “Sm v→” should be added to the right-hand
side of Equation (7) according to the solidification/melting modeling. Sm
is defined as the negative of the porosity function (Am(β)), as described
by Brent et al. [23]. The porosity function is formulated in order to make
the momentum equations behave the Carman-Kozeny equations [24],
which are used to describe fluid flow in porous media. However, this
study employs an SSPCM, which lacks internal fluid flow, rendering the
source term ineffective in the momentum equations.

• Energy equation [22]:

∂
∂t (ρH)+∇.(ρ v→H) = ∇.(k∇T)+ Sh (8)

In Eq. (8), the enthalpy of the PCM, H, is calculated as the sum of the
sensible enthalpy, hs, and latent heat, ΔH as:

H = hs+ΔH (9)

where,

hs = hs,ref +
∫ T

Tref
cpdT (10)

In Eq. (9), the fractional latent heat of the PCM,ΔH, can be expressed
in terms of the PCM’s latent heat of fusion, L. Note that ΔH can vary
between 0 (opaque phase), L (transparent phase), and values between
0 and L when Topaqueus < T < Ttransparentus (translucent phase).

ΔH = βL (11)

In this study, the transparency fraction is calculated as following:

Table 2
List of studied scenarios in this study.

Summer cases Glazing system Winter cases Glazing system
0 DGW-REF 0 DGW-REF
1 Tc = 20◦C,ΔTc =

1◦C
1 Tc = 10◦C,ΔTc =

1◦C
2 Tc = 20◦C,ΔTc =

3◦C
2 Tc = 10◦C,ΔTc =

3◦C
3 Tc = 20◦C,ΔTc =

5◦C
3 Tc = 10◦C,ΔTc =

5◦C
4 Tc = 25◦C,ΔTc =

1◦C
4 Tc = 15◦C,ΔTc =

1◦C
5 Tc = 25◦C,ΔTc =

3◦C
5 Tc = 15◦C,ΔTc =

3◦C
6 Tc = 25◦C,ΔTc =

5◦C
6 Tc = 15◦C,ΔTc =

5◦C
7 Tc = 30◦C,ΔTc =

1◦C
7 Tc = 20◦C,ΔTc =

1◦C
8 Tc = 30◦C,ΔTc =

3◦C
8 Tc = 20◦C,ΔTc =

3◦C
9 Tc = 30◦C,ΔTc =

5◦C
9 Tc = 20◦C,ΔTc =

5◦C
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β =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

0ifT ≤ Topaqueus
1ifT ≥ Ttransparentus

T − Topaqueus
Ttransparentus − Topaqueus

ifTopaqueus < T < Ttransparentus

(12)

The term Sh in Eq. (8) denotes the volumetric heat source/sink
related to phase change, which is defined as:

Sh = −
∂(ρΔH)

∂t (13)

• Radiation equation:

In this study, the Discrete Ordinates (DO) model is adopted to
simulate radiation effects because it offers the most comprehensive

treatment of radiation in ANSYS FLUENT [22]. This model enables the
simulation of radiation scattering and absorption across various optical
thicknesses. By converting the radiation heat transfer equation into a
transport equation for radiation intensity and solving it across a finite
number of discrete solid angles [22], the DO model enhances precision.
However, the increased number of equations required by the DO model
slows down the simulation process.
The radiative transfer equation for an absorbing, emitting, and

scattering medium at position r→ in the direction s→ is [22]:

dI( r→, s→)

ds
+(σa+ σs)I( r→, s→) = an2

σT4
π +

σs
4π

∫ 4π

0
I( r→, s→ʹ

)∅( s→. s→ʹ
)dΩʹ

(14)

The DO model considers the radiative transfer equation in the
direction s→ as a field equation and is written as [22]:

Fig.2. Climate data for Montreal, Vancouver, and Miami in summer and winter: (a) Ambient temperature [26,27], (b) Wind speed [26,27], (c) Solar direct irra-
diation [22], and (d) Solar diffuse irradiation [22].
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∇.(I( r→, s→) s→)+(σa+σs)I( r→, s→)= an2
σT4

π +
σs
4π

∫ 4π

0
I( r→, s→ʹ

)∅( s→. s→ʹ
)dΩʹ

(15)

In Eqs. (14) and (15), I, n, r→, s→, s→ʹ. ∅, Ωʹ, and σ represent radiation
intensity, refractive index, position vector, direction vector, scattering
direction vector, phase function, solid angle, and the Stefan-Boltzmann
constant (5.67×10− 8 W/m2K4), respectively.

2.4. Weather conditions

The glazing system in this study represents a south-facing window
located in Montreal, Vancouver, and Miami. For Montreal, the co-
ordinates are 45.52◦N latitude and 73.42◦W longitude. The coldest and
hottest days selected for this study in Montreal are January 22nd and
July 21st, 2022. The time zone is GMT-5 during Eastern Standard Time
(EST) and GMT-4 during Eastern Daylight Time (EDT). Montreal’s
climate code based on the Köppen-Geiger classification [25] is Dfb,
representing a humid continental climate with warm summers and no
dry season. For Vancouver, the coordinates are 49.3◦N latitude and
123.12◦W longitude. The selected coldest and hottest days in Vancouver
are December 22nd and July 29th, 2022. The time zone is GMT-8 during
Pacific Standard Time (PST) and GMT-7 during Pacific Daylight Time
(PDT). Vancouver’s climate code based on the Köppen-Geiger classifi-
cation [25] is Cfb, representing a temperate oceanic climate with warm
summers and no dry season. For Miami, the coordinates are 25.76◦N
latitude and 80.19◦W longitude. The coldest and hottest days chosen for
this study in Miami are January 30th and August 18th, 2022. The time
zone is GMT-5 during Eastern Standard Time (EST) and GMT-4 during
Eastern Daylight Time (EDT). Miami’s climate code based on the
Köppen-Geiger classification [25] is Aw, representing a tropical savanna
climate with a distinct dry season in winter. All climatic conditions are
considered for both sunny and cloudy days on the hottest and coldest
days of the year. The ambient weather conditions include hourly wind
speed [26,27], hourly ambient temperature [26,27], hourly solar direct
irradiation [22], and hourly solar diffuse irradiation [22], for the coldest
and hottest days, as depicted in Fig. 2.

2.5. Initial and boundary conditions

The initial temperatures for all components of both the DGW-REF
and DGW-SSPCM configurations are set to 26 ◦C for summer and
24 ◦C for winter. The side surfaces (exterior top, bottom, front, and back)
of the window are treated as thermally insulated or adiabatic (i.e., no
energy transport on these sides). The interface between two material
layers is modeled using coupled thermal boundary conditions and semi-

transparent radiation boundary conditions, ensuring continuity of
temperature and heat flux across the real and shadow surfaces while
allowing incoming radiation to pass through the surface. In this study,
all material layers are assumed to be in perfect thermal contact. This
means that the thermal contact resistances at the interfaces of material
layers are set to zero. Mixed thermal boundary conditions, which
include both convection and radiation, are applied to the window’s in-
door and outdoor surfaces.
Therefore, it is necessary to determine parameters such as the heat

transfer coefficient, free stream temperature, external emissivity, and
external radiation temperature for these surfaces. Furthermore, to ac-
count for solar irradiation within the numerical domain, semi-
transparent boundary conditions are established. This necessitates
defining parameters like direct solar irradiation, diffuse solar irradia-
tion, and the beam direction vectors in the x, y, and z directions for both
indoor and outdoor surfaces. The emissivity of typical clear glass is set at
0.9 [28] for all boundaries. The sunshine factor is set to 1 to represent a
sunny day and to 0 for a cloudy day, which results in zero direct solar
irradiation.
For the window’s indoor surface thermal and radiation boundary

conditions, the heat transfer coefficient is set to 8.7 W/m2K [29]. The
free stream temperature and external radiation temperature are both set
to 26 ◦C in summer and 24 ◦C in winter. No solar irradiation is applied to
the indoor radiation boundary condition to obviously not model a direct
or diffuse solar irradiation to the indoor surface. In summary, the
boundary condition on the outdoor surface is heat flux with qh,outd. Also,
the boundary condition on the indoor surface is heat flux with qh,ind.
Both qh,outd and qh,ind account for heat transfer by convection, radiative
heat exchange between these surfaces and the the environment (sky
conditions, ground, adjacent constructions/buildings, wind speed, cloud
index, etc.). The detailed procedure for determining both qh,outd and qh,
ind are available in [30]. In this procedure, the hourly cloud index is 1.0
for overcast conditions and 0 for clear conditions.
For the window’s outdoor surface thermal and radiation boundary

conditions, all parameters except emissivity are imported into ANSYS
FLUENT using User Defined Functions (UDFs) written in C program-
ming, compatible with the FLUENT library, to simulate a full 24-hour
day. These UDFs utilize piecewise linear functions to incorporate the
hourly weather data. The hourly ambient temperature is used for the
free stream temperature in the thermal boundary condition. Addition-
ally, hourly values for direct and diffuse solar irradiations, as well as the
x, y, and z beam direction vectors, are set in the radiation boundary
conditions. The hourly heat transfer coefficient, which depends on wind
speed, and the hourly external radiation temperature or sky tempera-
ture, which depends on ambient temperature, are calculated using Eqs.
(16) and (17) [31].

Fig.3. Transparency fraction of the DGW-SSPCM system in 7 days.
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ha = 5.62+3.9vwind (16)

Tsky = 0.0552T1.5air,o (17)

In Eq. (16), ha in W/m2K and vwind in m/s. Also, both Tsky and Tair,o in Eq.
(17) are in K.

2.5.1. Study of initial condition effects
As previously mentioned, the initial conditions were assumed for this

analysis. In this section, we examine the impact of these assumed initial
conditions on the results. To investigate the effect of the assumed initial
conditions on thermal performance, numerical simulations were con-
ducted over a period of 7 consecutive days. The thermal performance of
the glazing system at a specific location is influenced by hourly weather
data. By utilizing the hourly weather data for the simulation period (i.e.,
7 days), the variations in thermal performance over time are contingent
upon two primary factors: (a) the assumed values of the initial condi-
tions and (b) the temporal fluctuations in the weather data. To isolate
the influence of factor (b), the weather data from Day 1, where the
assumed initial conditions were applied, was replicated for the subse-
quent days. Consequently, any observed changes in thermal perfor-
mance over time can be attributed predominantly to the assumed initial
conditions. The case under study is for DGW-SSPCM in Montreal with
phase transition temperature (Tc) of 25 ◦C and phase transition tem-
perature range (ΔTc) of 1 ◦C, in which the SSPCM experiences a full
phase transition. Fig. 3 presents the transparency fraction of the DGW-
SSPCM system over 7 simulated days. The repeated cycle shows how
the transparency fraction stabilizes after the first day, demonstrating
that the assumed initial condition effects are effectively eliminated.
Fig. 4 illustrates the interior surface temperature of both the DGW-REF
and DGW-SSPCM systems over the same 7-day period. A comparison of

Fig.4. Interior surface temperature of the systems DGW-REF and DGW-SSPCM in 7 days.

Table 3
Thermal energy values for single summer design day duplicated 7 times.

Thermal energy
(kJ)

DGW-
REF

Deviation
(%)

DGW-
SSPCM

Deviation
(%)

Day 1 (Round 1) 99.6971 − 89.1331 −

Day 2 (Round 2) 99.4057 0.29 86.2118 3.28
Day 3 (Round 3) 99.4057 0 86.2118 0
Day 4 (Round 4) 99.4057 0 86.2118 0
Day 5 (Round 5) 99.4057 0 86.2118 0
Day 6 (Round 6) 99.4057 0 86.2118 0
Day 7 (Round 7) 99.4057 0 86.2118 0

Fig.5. Current numerical model results compared to the experimental
data [20].
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the curves shows that, after the first day, the temperature variations
become stable (i.e., the assumed initial conditions have no effect).
Table 3 provides the deviation percentage for both systems over the 7
simulated days, which is defined as: ((Thermal energy of current round
− Thermal energy of previous round) / Thermal energy of previous
round) × 100 %. The DGW-REF system exhibits a minor deviation of
0.29 % on Day 2, which becomes negligible for the remaining days,
indicating consistency after the second day. For the DGW-SSPCM sys-
tem, although the deviation on Day 2 is 3.28 %, this value is sufficiently
low to be considered negligible for the simulations, in order to reach a
precise solution with the minimum computational cost. The system
achieves 0 % deviation from Day 3 onward.

3. Numerical procedure

3.1. Model description

The commercial CFD code ANSYS FLUENT (version 2022 R1) is used,
employing the SIMPLE algorithm for velocity–pressure coupling. Design
Modeler and Ansys Meshing were utilized to generate the geometry and
grid, respectively. For the discretization of pressure, momentum, and
energy, a second-order upwind scheme is applied, while the DO model
and transient formulation use a first-order upwind and first-order im-
plicit scheme, respectively. The convergence criteria were set to be less
than 10-6, 10-6, 10-6, 10-6, 10-9, and 10-9 for mass conservation, x-ve-
locity, y-velocity, z-velocity, energy and DO-intensity, respectively.

3.2. Model validation

In this research, the model traditionally used for SLPCMs has been
adapted for SSPCMs through the solidification/melting model. The key
difference is that SSPCMs do not exhibit natural convection because they
do not have a liquid phase when melting. By disregarding the gravity
effect and accounting for the high viscosity of the SLPCM’s liquid phase,
its behavior can be approximated to that of an SSPCM.

To validate the numerical model that includes the Discrete Ordinates
(DO) model and the solidification/melting model in glazing systems,
transient numerical results over a simulation period of 12,000 s were
compared with experimental data from Gowreesunkera et al. [20]
concerning the transmittance of PCM-filled glazing units over time. In
their study, the researchers developed an experimental setup to measure
the changes in radiation effects within the mushy phase, which is not
possible with a spectrophotometer alone. This setup provided a realistic
depiction of the radiation behavior in a PCM-glazed system. The entire
setup was placed in an environmental chamber with controlled air
temperature. A 150 W metal halide lamp emitting diffuse neutral white
light was used as the light source. The regular double glazing measured
20 cm by 20 cm with a total thickness of 24 mm, consisting of 4 mm
glass, a 16 mm air cavity, and another 4 mm glass layer. In the PCM-
filled glazing configuration, the air cavity was replaced with RT27.
The irradiation level and initial PCM/air temperature were set to 950
W/m2 and 13 ◦C, respectively.
In this study, the experimental data by Gowreesunker et al. [20] was

used to validate the present model. This data is provided in Fig. 5a by the
black-dashed curve. Due to the uncertainties in the measurements, the
upper and lower error limits are also provided in this figure by dashed-
gray curves. In this figure, the overall transmittance was defined by the
ratio of radiation flux between the front and back faces. As shown in
Fig. 5a, the transmittance values from the simulation, shown by the red
curve, are in close agreement with the experimental data, with varia-
tions staying within the margin of error. Additionally, the observed
transmittance trends exhibit similarity between the simulation results
and the experimental data. However, in this figure, it is visible that in
some areas the simulation results and experimental data do not match
well. It can be attributed to the enthalpy-porosity model, which assumes
a linear relationship between temperature and the liquid fraction within
the phase change temperature range. This model treats the mushy zone
as a porous medium, with the porosity linearly dependent on the local

Table 4
Grid sensitivity analysis.

Case Number of elements qʹ́ (W/m2) Error (%)

1 288,923 15.47104 ​
2 158,661 15.5293 0.376595
3 82,369 15.58556 0.740245
4 27,440 15.71381 1.569181
5 11,025 15.8746 2.608495
6 4050 16.1296 4.25671

Fig.6. The generated grid in this study: (a) the entire domain and (b) a zoomed-in view.

Table 5
Time-step sensitivity analysis.

Case Time step size qʹ́ (W/m2) Error (%)

1 10 sec 15.73079 ​
2 30 sec 15.72085 0.06315
3 1 min 15.70591 0.15812
4 2.5 min 15.66088 0.44443
5 5 min 15.58556 0.92319
6 10 min 15.43214 1.89849
7 20 min 15.11929 3.88729
8 30 min 14.82675 5.74694
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temperature. This assumption simplifies the modeling of melting and
solidification, creating discrepancies between numerical results and
experimental data, especially when a non-linear jump is observed in the
experimental results. As the numerical results are in agreement with the
experimental data being within ± 10 % as shown in Fig. 5b, the nu-
merical model is validated and can be reliably used in this study.

3.3. Grid sensitivity

To determine the optimal grid size for a mesh-independent solution,
various grid sizes, from fine to coarse, were generated over the numer-
ical domain of a DGW-SSPCM. The mean total heat flux over a 24-hour
period, as described in Eq. (18), on the interior surface of the inner glass
pane was used as the criterion for assessing grid independence. The
results are presented in Table 4. According to this table, a grid size with
82,369 elements was found to be approximately optimal, as its relative
error is less than 1 %. Therefore, this grid size was used in the study. For
the grid size with 82,369 elements used in this study, the grid generated
in the computational domain is displayed in Fig. 6, including both an
overview of the entire domain and a zoomed-in view.

qʹ́ =
1
t

∫ t

0
qʹ́dt (18)

3.4. Time step sensitivity

The aim of the time step sensitivity analysis is to identify the largest
time step size that maintains accuracy. Following the same method as in
the previous section, the average total heat flux over a 24-hour period on
the interior surface of the inner glass pane was used to determine the

optimal time step size, aiming to minimize CPU time. Table 5 presents
the results for various time step sizes. It indicates that a time step size of
5 min results in a relative error of less than 1% and is appropriate for use
in the simulations.

4. Results and discussion

Numerical simulations are performed for the scenarios outlined in
Table 2. These simulations span a 24-hour real-time period, covering
both sunny and cloudy days during the coldest and hottest days of 2022
in Montreal, Vancouver, and Miami. The parametric study is conducted
to analyze the effects of various parameters, including phase transition
temperature (Tc) and phase transition temperature range (ΔTc), as well
as four climatic conditions (summer sunny, summer cloudy, winter
sunny, and winter cloudy), on transparency fraction, interior surface
temperature, total heat flux on the interior surface, and the glazing
system’s energy savings.

4.1. Transparency fraction

This section analyzes the variations in the transparency fraction of
the SSPCM, defined in Eq. (12), for the scenarios outlined in Table 2
during summer and winter, focusing on the hottest and coldest sunny
and cloudy days.
Fig. 7 illustrates the variations of the transparency fraction of the

SSPCM in summer sunny days in the three studied cities for all cases.
According to this figure, the transparency fraction displays distinct
diurnal patterns across all locations, influenced by phase transition
temperature (Tc) and phase transition temperature range (ΔTc). The
transparency fraction increases from 0 to 1 as the temperature rises,

Fig.7. SSPCM’s transparency fraction variations in summer sunny conditions for (a) Montreal, (b)Vancouver, (c) and Miami.
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indicating the SSPCM is storing heat using its high latent heat thermal
energy storage. Conversely, it decreases from 1 to 0 as the temperature
falls, releasing stored heat to the surroundings. In Montreal, Fig. 7a, the
transparency fraction increases sharply in the morning, peaking around
noon, and decreases towards the evening. Notably, at Tc = 20 ◦C, the
transparency fraction remains at 1 throughout the day, providing
continuous visual clarity. Conversely, at Tc = 30 ◦C, the transparency
fraction stays at 0, indicating the SSPCM remains opaque. At Tc = 25 ◦C
the SSPCM has undergone a full phase transition in which smaller ΔTc
values result in sharper transitions, while larger ΔTc values delay this
transition. However, it is important to note that when the SSPCM does
not experience a full phase transition, the glazing system cannot benefit
from its high latent thermal storage capability. Vancouver, Fig. 7b, ex-
hibits a different pattern. At Tc = 20 ◦C, although the SSPCM remains
transparent throughout the day, it reaches the translucent phase at night
for ΔTc = 3◦C and ΔTc = 5◦C. Similarly, at Tc = 30 ◦C, the SSPCM also
undergoes partial phase transitions, becoming translucent during the
warmest part of the day and returning to an opaque state in the evening.
This partial phase transition behavior limits the full utilization of the
SSPCM’s latent heat storage capability. In the meanwhile, the full phase
transition is achieved at Tc = 25 ◦C, being transparent during the office
hours. The transparency fraction in Miami, Fig. 7c, is similar to Mon-
treal. The SSPCM stays transparent and opaque throughout the day at Tc
= 20 ◦C and Tc = 30 ◦C, respectively, and goes a full transition at Tc =
25 ◦C by staying transparent during the office hours. However, the
SSPCM experiences more prolonged periods of partial transparency,
likely due to higher ambient temperatures. Larger ΔTc values (e.g., 5 ◦C)
result in more gradual changes in transparency, while smaller ΔTc
values (e.g., 1 ◦C) cause sharper transitions. This is evident across all
locations, with ΔTc = 1◦C curves showing the steepest transitions.

Overall, Montreal and Vancouver exhibit similar trends with slight
variations in transition timings and transparency duration, attributed to
climatic differences. Three cities benefit from SSPCM’s transparency
aligning with office hours, enhancing the utility of SSPCM in commercial
buildings. Miami’s higher average temperatures lead to more sustained
periods of partial transparency, reflecting the SSPCM’s behavior under
consistently warmer conditions. This partial transparency is less critical
for visual clarity during office hours but may still provide adequate
daylighting for residential buildings.
Fig. 8 explores the behavior of the SSPCM’s transparency fraction in

summer cloudy conditions for Montreal, Vancouver, and Miami. In
Montreal and Vancouver, Fig. 8a and 8b, the full phase transition of the
SSPCM does not occur for all scenarios due to the lack of direct solar
irradiation, while it occurs in Miami according to higher ambient tem-
peratures. In three cities, only at Tc = 25 ◦C partial phase transition of
the SSPCM occurs, indicating the impact of cloud cover on the SSPCM’s
performance. The SSPCM’s performance in cloudy conditions is char-
acterized by less distinct and lower peaks in transparency fraction
compared to sunny conditions, as seen in Fig. 7. The reduced solar
heating on cloudy days limits the SSPCM’s ability to fully transition,
thereby impacting its heat storage and release capabilities. Higher ΔTc
values result in more extensive phase transitions of the SSPCM, but these
transitions occur more abruptly compared to those with lower ΔTc
values. The intermediate Tc value of 25 ◦C provides a better balance,
ensuring some level of transparency during office hours, enhancing both
visual comfort and energy efficiency.
Fig. 9 illustrates the variations of the transparency fraction of the

SSPCM in winter sunny conditions for the three studied cities. In Mon-
treal, Fig. 9a, the transparency fraction shows significant changes
throughout the day. At Tc = 10 ◦C, the transparency fraction drops

Fig.8. SSPCM’s transparency fraction variations in summer cloudy conditions for (a) Montreal, (b)Vancouver, (c) and Miami.
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during the night partially (more reduction in higher ΔTc) and SSPCM
falls into translucent phase and by the appearance of the sun it returns
back to the opaque phase. At Tc = 20 ◦C, a partial phase transition from
transparent to translucent is visible and SSPCM doesn’t go under a full
phase transition. For Tc = 20 ◦C, the full phase transition is visible and
ΔTc has little impact on the transparency fraction. The SSPCM stays
transparent during the office hours and opaque in the rest of the day,
making it suitable for commercial buildings. In Vancouver, Fig. 9b, the
transparency fraction also varies throughout the day but with distinct
patterns for different Tc values. At Tc = 10 ◦C, the transparency fraction
remains close to 1 for most of the day, indicating consistent trans-
parency. Due to warmer winters in Vancouver compared to Montreal,
the SSPCM stays translucent and transparent for Tc = 20 ◦C and Tc =
15 ◦C, during the night and stays transparent during the day. This in-
dicates that Vancouver’s climate may allow for a more stable trans-
parency fraction with intermediate Tc values, balancing visual clarity
and thermal storage. Due to even warmer winters in Miami, Fig. 9c, the
transparency fraction demonstrates highest values throughout the day
for Tc = 10 ◦C and Tc = 15 ◦C, maintaining constant transparency. For Tc
= 20 ◦C, the full phase transitioning of the SSPCM provides the high
latent thermal storage to the glazing system by staying opaque at night
and transparent during the night, making it effective for maintaining
visual clarity while utilizing the SSPCM’s thermal storage capabilities.
Overall, in winter sunny conditions, the SSPCM shows effective heat
storage and release patterns across all three cities, with notable trans-
parency peaks during midday. Proposing a system that offers a balanced
approach, ensuring transparency during key daylight hours while
leveraging the SSPCM’s thermal storage potential differs from city to
city as Tc = 15 ◦C yields such a system in Montreal, but it is Tc = 20 ◦C in
Vancouver and Miami. This behavior highlights the importance of

selecting appropriate Tc values based on specific climatic conditions to
optimize the performance of SSPCMs in double glazing systems.
Fig. 10 depicts the changes in the transparency fraction of the SSPCM

under winter cloudy conditions for the three examined cities. the
SSPCM’s performance in winter cloudy conditions is characterized by
lower and less distinct peaks in transparency fraction compared to sunny
conditions, as seen in Figs. 7 and 9. The reduced solar heating due to the
absence of direct solar irradiation on cloudy days limits the full phase
change transition of SSPCM, thereby impacting its heat storage and
release capabilities. In Montreal, Fig. 10a, The SSPCM experiences small
phase transitions, particularly at Tc = 10 ◦C and higher ΔTc values. In
Vancouver, Fig. 10b, at Tc = 15 ◦C, the SSPCM stays in the translucent
phase all day long, with lower ΔTc values showing higher transparency
fraction fluctuations. In Miami, Fig. 10c, the transparency fraction
demonstrates a pattern of partial transparency with peaks occurring
later in the day. At Tc = 20 ◦C, the transparency fraction shows partial
phase transitions, which are stronger with higher ΔTc values, but re-
mains mostly opaque throughout the day. The comparison between
sunny and cloudy conditions underscores the need to consider weather
variability in the application of SSPCMs for energy efficiency and visual
comfort.

4.2. Interior surface temperature

This section discusses the simulation results pertaining to the vari-
ations in the interior surface temperature of the glazing system during
the hottest summer and coldest winter days under both sunny and
cloudy sky conditions.
Fig. 11 illustrates the variations of the interior surface temperature of

the double-glazed window equipped with SSPCM in summer sunny

Fig.9. SSPCM’s transparency fraction variations in winter sunny conditions for (a) Montreal, (b)Vancouver, (c) and Miami.
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conditions for the three studied cities. The interior surface temperature
is crucial for maintaining thermal comfort, with lower temperatures
preferred in summer. In Montreal, Fig. 11a, the use of SSPCM at Tc =
25 ◦C and ΔTc = 5◦C has reduced the interior surface temperature by
nearly 2 ◦C at the peak cooling load demand. This reduction is achieved
by utilizing the SSPCM’s capability to store direct solar irradiation,
preventing it from entering the building. According to Fig. 11a, only at
Tc = 25 ◦C does the SSPCM undergo phase transition, which results in a
different temperature trend in Fig. 11a compared to the other two Tc
values. At Tc = 25 ◦C, lower temperatures are achieved, thus providing
better thermal comfort. During the day, the SSPCM absorbs solar heat,
utilizing its high latent heat thermal storage capability, which is evident
as the interior surface temperature is lower (leading to energy savings
during peak load hours). At night, the stored heat is released, resulting in
higher interior surface temperatures. Additionally, lower ΔTc values
cause lower interior surface temperatures with sharper gradients. In
Vancouver, the use of SSPCM has also reduced the interior surface
temperature by around 0.8 ◦C at Tc = 30 ◦C and ΔTc = 1◦C at the peak
cooling load demand, which is less than the reduction observed in
Montreal. This is due to the faster phase transition of the SSPCM caused
by higher ambient temperatures. The interior surface temperature
reduction in Miami is almost similar to Vancouver, due to the rapid
phase transition of the SSPCM due to higher ambient temperatures.
Consequently, the current setup of DGW-SSPCM is more beneficial for
thermal comfort under Montreal’s summer sunny climatic conditions. In
addition, the importance of selecting appropriate Tc and ΔTc values
based on specific climatic conditions to optimize the performance of
SSPCMs in double glazing systems for improved thermal comfort in
summer is evident.
Fig. 12 displays the variations of the interior surface temperature of

the studied scenarios in summer cloudy conditions for the three studied
cities. In Montreal, Fig. 12a, the SSPCM with Tc = 25 ◦C and ΔTc = 1◦C
shows nearly a 1 ◦C reduction in the interior surface temperature during
the peak load hour. The SSPCM stores heat during the day, providing
thermal comfort during peak hours, and releases it at the start of the
evening, thereby smoothing temperature fluctuations. Similarly, in
Vancouver, Fig. 12b, the SSPCM with Tc = 25 ◦C and ΔTc = 1◦C also
reduces the interior surface temperature, though the reduction is less
pronounced than in Montreal. The SSPCM effectively stores heat during
the day and releases it in the evening, helping to smooth out tempera-
ture variations and improve thermal comfort. In Miami, Fig. 12c, the
SSPCM with Tc = 25 ◦C and ΔTc = 1◦C significantly reduces the interior
surface temperature and smooths out fluctuations. The impact is more
pronounced due to the warmer climate, with the SSPCM storing more
heat during the day and releasing it in the evening, maintaining lower
interior surface temperatures and enhancing thermal comfort during
peak load hours. Similar to summer sunny climatic conditions, in sum-
mer cloudy conditions, the DGW-SSPCM has been more advantageous in
Montreal for improving thermal comfort compared to the other two
cities. The ability of the SSPCM to effectively store and release heat,
thereby moderating the interior surface temperature, underscores its
potential for enhancing thermal comfort and reducing cooling loads in
buildings.
Fig. 13 displays the variations of the interior surface temperature of

the DGW-SSPCM in winter sunny conditions for the three studied cities.
The interior surface temperature is crucial for maintaining thermal
comfort, with higher temperatures preferred in winter. In Montreal
Fig. 13a, the SSPCM blocks a significant amount of solar heat during the
day, creating a noticeable difference between the interior surface tem-
peratures of DGW-SSPCM and DGW-REF. At Tc = 15 ◦C, the stored heat

Fig.10. SSPCM’s transparency fraction variations in winter cloudy conditions for (a) Montreal, (b) Vancouver, (c) and Miami.
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is released to the interior at the start of the evening, enhancing the
interior surface temperature and improving thermal comfort during
these hours when heating demand is higher, as the SSPCM undergoes a
full phase transition at this temperature. In Vancouver Fig. 13b, a similar
pattern occurs for the interior surface temperature, but with a smaller
temperature reduction for DGW-SSPCM compared to DGW-REF during
the day and a noticeable temperature increase at the start of the evening
at Tc = 20 ◦C. In Miami, Fig. 13c, the released heat is more significant,
causing the interior surface temperature to increase from the start of the
evening until midnight due to the warmer winters in Miami.
Fig. 14 shows the interior surface temperature distribution for the

studied cases in winter cloudy conditions for the three cities. In Montreal
and Vancouver, Fig. 14a and 14b, due to the lack of direct solar irradi-
ation, the presence of SSPCM appears to worsen the interior surface
temperature. This is because of the system’s lower thermal resistance
and the absence of thermal inertia utilization, which prevents effective
heat retention and release. Without sufficient solar energy, the SSPCM
cannot undergo a full phase change cycle, thereby diminishing its ability
to regulate the interior temperature effectively. However, in Miami
Fig. 14c, the situation is different. There has been enough ambient heat
to cause the SSPCM to store heat during the day through a full phase
change cycle. As the ambient temperature drops, the SSPCM releases the
stored heat to the surroundings at the start of the evening and continues
until midnight. This results in a higher interior surface temperature,
contributing to improved thermal comfort during the cooler evening and
night hours. The warmer winters in Miami provide a more conducive
environment for the SSPCM to function optimally, highlighting the
importance of ambient conditions for the effective performance of
SSPCM in enhancing thermal comfort.

4.3. Energy performance

To quantify the energy savings or losses of the DGW-SSPCM system
compared to the DGW-REF case, we use Eq. (20), which builds on Eq.
(19) where thermal energy is defined. In Eq. (19), q́ʹrepresents the mean
total heat flux on the interior surface of the inner pane of the DGW, as
defined in Eq. (18). This parameter can be either positive or negative,
depending on the direction of the heat flux: positive for heat flux from
inside to outside and negative for the opposite direction. Energy savings
are achieved when the absolute negative value is lower (indicating less
total heat flux entering the building) and when the positive value is
lower (indicating less total heat flux escaping from the building).

E = q́ʹ× t× A (19)

ΔE = Efinal − Eref (20)

This section analyzes the thermal energy performance of the pro-
posed glazing system under various sky conditions in three cities:
Montreal, Vancouver, and Miami. Table 6 summarizes all the thermal
energy values in all the cases outlined in Table 2.
Fig. 15 displays the thermal energy in all studied scenarios, under

summer sunny conditions in Montreal, Vancouver, and Miami. In
addition, the thermal energy for all studied scenarios is listed in Table 6
for the three analyzed cities under sunny summer climatic conditions. In
Montreal, the DGW-SSPCM system achieved energy savings in all cases
compared to the DGW-REF system, primarily due to the significant solar
energy blockage by the SSPCM, which utilizes its latent thermal storage
capacity. As mentioned earlier, negative values represent the total
thermal energy entering the building, hence the smaller the absolute
value, the greater the energy savings. The energy savings for cases 1 to 9

Fig.11. SSPCM’s interior surface temperature variations in summer sunny conditions for (a) Montreal, (b)Vancouver, (c) and Miami.
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compared to DGW-REF system are 10.4, 10.4, 10.4, 6.0, 7.2, 9.5, 17.4,
17.4, and 17.4 kJ, respectively. The highest energy savings are observed
in the cases 7, 8, and 9 (Tc = 30 ◦C), due to the SSPCM remaining opaque
throughout the entire day. However, considering the poor visual view of
the glazing system in these cases, they are not suitable for fenestration
systems. Considering both energy savings and visual clarity, cases 1 to 3
(Tc = 20 ◦C) are optimal, as the SSPCM remains in the transparent phase
throughout the entire day, providing both energy efficiency and a clear
visual view. In cases 4, 5, and 6, the SSPCM undergoes a full phase
transition. The lower energy savings of these cases compared to cases 1,
2, and 3, which remained transparent throughout the entire day, can be
attributed to the latent thermal heat being released into the indoor
environment at night by the SSPCM, due to the latent heat storage
during the day. In Vancouver, a similar trend in the behavior of the
SSPCM-DGW is observed across scenarios 1 to 9. All cases show energy
savings for the DGW-SSPCM system compared to the DGW-REF system,
with cases 7, 8, and 9 demonstrating the highest energy savings. The
energy savings for cases 1 to 9 compared to DGW-REF system are 17.4,
17.2, 15.8, 9.7, 10.9, 11.9, 21.2, 20.7 and 20.5 kJ, respectively.
Comparing the energy savings in the two cities, the energy performance
of the SSPCM-DGW system is more beneficial in Vancouver. In Miami,
the trend is completely different from the other two cities, as all sce-
narios result in an energy loss for the DGW-SSPCM system compared to
the DGW-REF system. This is due to the higher ambient temperatures
under summer sunny conditions in Miami compared to Montreal and
Vancouver. The energy loss for cases 1 to 9 compared to DGW-REF
system are 12.2, 12.2, 12.2, 15.1, 14.0, 12.6, 5.0, 5.0, and 5.1 kJ,
respectively. The lowest energy losses are observed in cases 7, 8, and 9,
where the SSPCM remains transparent throughout the entire day.
Fig. 16 illustrates the thermal energy in all studied cases, under

summer cloudy conditions in the three studied cities. In Miami and
Montreal, the SSPCM-DGW system show energy losses in all cases, due
to hot ambient temperatures in summer cloudy conditions and the ab-
sent of direct solar irradiation. In Montreal, the energy loss for cases 1 to
9 compared to DGW-REF system are 45.1, 45.1, 45.1, 48.4, 47.4, 45.4,
39.7, 39.7, 39.7, and 39.7 kJ, respectively. In Miami, the energy loss for
cases 1 to 9 compared to DGW-REF system are 33.6, 33.6, 33.6, 36.3,
35.0, 33.3, 27.5, 27.5, and 27.5 kJ, respectively. For both cities, the
lowest energy losses are attributed to the cases 7, 8, and 9 (Tc = 30 ◦C),
where the SSPCM remains transparent throughout the entire day. The
system’s behavior in Vancouver differs due to lower ambient tempera-
tures during summer cloudy conditions compared to the other two cities.
In Vancouver, the thermal energy values are positive, with lower values
indicating energy savings by preventing the escape of air-conditioned air
from the building. In Vancouver, the energy savings for cases 1 to 9
compared to DGW-REF system are 16.7, 16.9, 18.3, 23.2, 22.4, 21.6,
15.7, 15.7, and 15.7 kJ, respectively. The highest energy savings
attributed to the cases 4, 5, and 6 in which the SSPCM undergoes a
partial phase transition during the day. In addition, although among the
three cases, case 4 with the lowest ΔTc results in higher energy savings,
the difference is not significant. It can be inferred that the impact of the
SSPCM’s Tc on the energy savings of the glazing system is more signif-
icant than the effect of its ΔTc.
According to Figs. 15 and 16, in Vancouver, energy savings are ob-

tained using the SSPCM-DGW system on both sunny and cloudy days.
Hence, using this glazing system would enhance thermal energy per-
formance in Vancouver during summer, while maintaining visual
clarity. In Montreal, energy savings are achieved on sunny days, while
energy losses occur on cloudy days. Comparing the amounts of energy
saved and lost for the case with the highest energy saving, it is evident

Fig.12. SSPCM’s interior surface temperature variations in summer cloudy conditions for (a) Montreal, (b)Vancouver, (c) and Miami.
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that the energy lost on a cloudy day is more (almost 2.3 times) than the
energy saved on a sunny day. In Miami, using the proposed SSPCM-DGW
system results in energy losses during summer on both cloudy and sunny
days. Therefore, having a 2 mm SSPCM attached to the inner pane of a
DGW in Miami would not be beneficial in terms of energy savings.
Fig. 17 shows the thermal energy for all the cases studied under

winter sunny conditions in the three cities analyzed. This figure in-
dicates an energy loss in all cases under these conditions. The energy loss
for cases 1 to 9 compared to the DGW-REF system are 87.4, 86.6, 85.2,
66.5, 66.3, 66.5, 64.4, 64.4, and 64.5 kJ for Montreal; 23.9, 23.9, 23.9,
18.7, 16.1, 15.5, 7.2, 7.1, and 7.1 kJ for Vancouver; and 71.8, 71.8, 71.8,
71.8, 71.8, 71.8, 61.4, 61.7, and 62.9 kJ for Miami. The energy losses
across all cities under winter sunny conditions suggest that the blockage
of direct solar irradiation during the day by the SSPCM has been greater
than the heat released into the indoor environment at night, resulting in
a net energy loss. The lowest energy loss is observed in cases 7, 8, and 9
(Tc = 20 ◦C), where the SSPCM undergoes a phase transition, releasing
the heat stored during the day into the indoor environment at night, and
also stays transparent for a longer period during the day. Furthermore, it
is observable that although the effect of ΔTc on the glazing energy
performance is not significant, higher values result in less energy loss
due to the SSPCM’s longer charging and discharging times. It is also
evident that energy losses in Vancouver are less than in the other two
cities. The winter ambient temperature in Vancouver remains between
those of the other two cities. This highlights the fact that designing an
appropriate glazing system incorporating thermal energy storage ma-
terials needs to be considered case by case, due to the substantial
number of dependent parameters affecting the energy performance and
visual aspects of the fenestration system.
Under winter cloudy conditions, the behavior of the fenestration

system differs, resulting in energy savings in all three cities, as shown in
Fig. 18. In the absence of direct solar irradiation, the SSPCM not only
releases the stored heat during the day into the indoor environment at
night but also it acts as an insulator, retaining the warmed air within the
building. The energy savings for cases 1 to 9 compared to the DGW-REF
system are as follows: 10.9, 11.9, 13.7, 39.0, 39.1, 38.5, 39.3, 39.3, and
39.2 kJ for Montreal; 30.0, 30.0, 30.0, 37.2, 39.9, 40.4, 50.6, 50.6, and
50.5 kJ for Vancouver; and 42.8, 42.8, 42.8, 42.8, 42.8, 42.8, 54.9, 54.4,
and 53.0 kJ for Miami. It is visible that the cases 7, 8, and 9 (Tc = 20 ◦C)
yields the highest energy savings due to the phase transition of the
SSPCM through the day. The highest energy savings are attributed to
Miami, followed by Vancouver, and then Montreal. days. Comparing the
amounts of energy saved and lost for the case with the highest energy
saving, it is evident that in Montreal and Miami, the energy lost on a
sunny day is almost 1.7 and 1.2 times, respectively, greater than the
energy saved on a cloudy day. In contrast, in Vancouver, the energy
saved on a cloudy day is almost 7.1 times greater than the energy lost on
a sunny day. Consequently, the use of the proposed SSPCM-DGW in
winter is undoubtedly beneficial in Vancouver in terms of energy
savings.

5. Conclusion

This study focuses on evaluating the energy efficiency of a double-
glazing system that integrates a solid–solid phase change material
(SSPCM) with limited thickness, applied to the inner glass pane within
the air gap. The SSPCM is preferred due to its superior properties
compared to traditional liquid–solid phase change materials in glazing
applications. Numerical simulations were conducted using a model
developed with the finite volume method in ANSYS FLUENT. The

Fig.13. SSPCM’s interior surface temperature variations in winter sunny conditions for (a) Montreal, (b) Vancouver, (c) and Miami.
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accuracy of this model was confirmed by comparing its predictions with
experimental data, which showed a high level of agreement. The model
was then used to explore various transient temperature values and
ranges within the proposed glazing system to determine its energy
performance under both the coldest and hottest days of the year, as well
as during cloudy and sunny days in Montreal (Dfb), Vancouver (Cfb),
and Miami (Aw). A 2 mm thickness of SSPCM was utilized, with tran-
sient temperature values between 15 ◦C and 30 ◦C and transient tem-
perature ranges between 1 ◦C and 5 ◦C. The findings reveal significant
differences in energy savings across the three cities, emphasizing the
importance of localized climate conditions in assessing the efficacy of
energy-saving technologies. The obtained results are as follows:

• In Montreal under summer sunny conditions, the SSPCM-DGW sys-
tem demonstrates consistent energy savings compared to the DGW-

REF system. The most notable savings are achieved in cases where
the SSPCM remains opaque throughout the day with Tc = 20 ◦C,
although these configurations compromise visual clarity. Optimal
results are observed in cases where the SSPCM remains transparent,
balancing energy efficiency and visual clarity. However, under
summer cloudy conditions, the system results in energy losses, with
the energy lost on cloudy days being approximately 2.3 times greater
than the energy saved on sunny days. The effect of transient tem-
perature ranges of 1, 2, and 3 ◦C on thermal energy is subtle across all
scenarios but becomes more pronounced when the SSPCM undergoes
a phase transition at Tc = 25 ◦C.

• Vancouver shows a similar trend with energy savings in all scenarios
under summer sunny conditions. Under these climatic conditions,
the highest thermal energy savings for the DGW-SSPCM system are
observed at Tc = 30 ◦C, averaging 20.5 kJ (23 %) for the three

Fig.14. SSPCM’s interior surface temperature variations in winter cloudy conditions for (a) Montreal, (b) Vancouver, (c) and Miami.

Table 6
Thermal energy values (in kJ) for all studied scenarios across the three cities.

Climatic condition City Case 0 Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8 Case 9

Summer sunny Montreal − 99.7 − 89.3 − 89.3 − 89.3 − 93.7 − 92.5 − 90.2 − 82.3 − 82.3 − 82.3
Vancouver − 90.1 − 72.7 − 73.0 − 74.4 − 80.4 − 79.2 − 78.3 − 69.0 − 69.4 − 69.6
Miami − 93.2 − 105.4 − 105.4 − 105.4 − 108.3 − 107.2 − 105.8 − 98.1 − 98.1 − 98.3

Summer cloudy Montreal − 11.2 − 56.2 − 56.2 − 56.2 − 59.6 − 58.5 − 56.6 − 50.9 − 50.9 − 50.9
Vancouver 43.3 26.6 26.3 25.0 20.1 20.9 21.7 27.6 27.6 27.6
Miami − 46.1 − 79.6 − 79.6 − 79.6 − 82.3 − 81.0 − 79.3 − 73.6 − 73.6 − 73.6

Winter sunny Montreal 342.1 429.6 428.8 427.3 408.6 408.4 408.7 406.5 406.6 406.6
Vancouver 228.8 252.7 252.7 252.7 247.5 244.9 244.3 235.9 235.9 235.9
Miami –22.9 48.9 48.9 48.9 48.9 48.9 48.8 38.5 38.8 39.9

Winter cloudy Montreal 559.0 548.1 547.1 545.3 519.9 519.9 520.5 519.7 519.7 519.8
Vancouver 408.2 378.2 378.2 378.2 370.9 368.2 367.7 357.6 357.6 357.6
Miami 209.6 166.8 166.8 166.8 166.8 166.8 166.7 154.7 155.2 156.6
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transient temperature ranges of 1, 2, and 3 ◦C in relation to the DGW-
REF system. The energy performance is particularly enhanced under
both sunny and cloudy days, making the SSPCM-DGW system highly
beneficial for summer use while maintaining visual clarity. Under
winter conditions, Vancouver benefits the most from the SSPCM-
DGW system, with the energy saved on cloudy days (50.6 kJ)
being almost 7.1 times greater than the energy lost on sunny days
(7.1 kJ), highlighting the system’s suitability for this city’s moderate
climate.

• In Miami, the SSPCM-DGW system results in energy losses by 60 %
and 5 % (at Tc = 30 ◦C) under both summer sunny and cloudy
conditions, respectively, due to the high ambient temperatures. The

energy losses observed indicate that the SSPCM-DGW system is not
suitable for Miami’s climate during the summer.

• During winter sunny conditions, all three cities experience energy
losses with the SSPCM-DGW system, as the blockage of direct solar
irradiation by the SSPCM surpasses the heat released into the indoor
environment at night. The lowest energy losses are observed in cases
where the SSPCM undergoes a phase transition and remains trans-
parent for a longer period during the day. Notably, Vancouver ex-
hibits the lowest energy loss among the three cities of 7.1 kJ (3 %),
which can be attributed to its moderate winter temperatures, while
Montreal shows the highest energy loss of 64.4 kJ (19 %) at Tc =
30 ◦C.

Fig.15. The thermal energy in all studied scenarios under summer sunny conditions in Montreal, Vancouver, and Miami.

Fig.16. The thermal energy in all studied scenarios under summer cloudy conditions in Montreal, Vancouver, and Miami.
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• Under winter cloudy conditions, the SSPCM-DGW system yields en-
ergy savings in all three cities by acting as an insulator and releasing
stored heat at night. The highest energy savings are observed in
Miami (54.5 kJ, 26 %), followed by Vancouver (50.6 kJ, 12 %), and
Montreal (39.3 kJ, 7 %). In Montreal and Miami, the energy lost on a
sunny day is significantly higher than the energy saved on a cloudy
day, while in Vancouver, the energy saved on a cloudy day far ex-
ceeds the energy lost on a sunny day.

• In all cases, the transient temperature of the SSPCM has a more
pronounced impact on the energy savings of the glazing system than
the transient temperature range.

Lastly, the SSPCM-DGW system proves to be beneficial in Vancouver
across various conditions in terms of energy performance. For Montreal
and Miami, the system’s effectiveness is limited due to the respective
weather conditions that lead to higher energy losses. These results un-
derscore the necessity of considering localized climate factors when
designing and implementing energy-efficient glazing systems. Consid-
ering the significant importance of providing a proper visual view, the
SSPCM-DGW system offers complete visual clarity during office hours
when undergoing a full phase transition, making it more suitable for
commercial buildings.
For future research directions, several tasks could be considered.

First, conducting experimental studies to validate the use of SSPCMs in

Fig.17. The thermal energy in all studied scenarios under winter sunny conditions in Montreal, Vancouver, and Miami.

Fig.18. The thermal energy in all studied scenarios under winter cloudy conditions in Montreal, Vancouver, and Miami.
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glazing systems is crucial, particularly due to the current lack of
experimental data in this domain. Additionally, simulating the system
over consecutive days would provide a more comprehensive under-
standing of its long-term energy performance. Expanding the simula-
tions to encompass various days throughout the year, coupled with the
use of machine learning and optimization methods, could further refine
the predictive modeling of the system’s energy performance and optical
properties across different climates and time periods. Furthermore,
integrating ANSYS Fluent with EnergyPlus could enhance the accuracy
of the simulations while reducing computational costs, enabling a more
efficient evaluation of the system over extended periods. Last but not the
least, conducting experimental studies to obtain more precise thermo-
physical and optical properties of SSPCMs would lead to more accurate
modeling and optimization of these materials in building envelope ap-
plications, ultimately contributing to the development of more energy-
efficient glazing systems.
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