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� A new method is proposed to rapidly assess building envelope thermal performance.
� It was based on scaling analysis to design reduced-scale models of actual buildings.
� It was applied to PCM-composite envelopes than can reduce/delay building energy use.
� The new method requires less material, time, and space than previous studies.
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This study presents a convenient approach to rapidly assess the thermal performance of building envel-
opes containing phase change materials (PCMs) or other building materials. It establishes that the tran-
sient thermal behavior of full-scale building test structures featuring envelopes with PCMs can be
represented by a reduced-scale test cell conveniently placed inside an environmental chamber. Indeed,
PCM-composite envelopes have been considered for reducing and time-shifting the thermal load on
buildings thanks to the latent heat associated with reversible transition between liquid and solid phases.
First, a thermal model coupling outdoor, wall, and indoor temperatures and accounting for PCM latent
heat was developed. It was validated against experimental temperature measurements within a
reduced-scale test cell enclosure placed in an environmental chamber and subjected to a series of sinu-
soidal temperature cycles. Then, scaling analysis of the experimentally-validated thermal model was per-
formed. It identified eight dimensionless numbers governing the transient thermal behavior of building
structures with envelopes containing PCMs. The scaling analysis was validated using detailed numerical
simulations for different enclosure geometries and outside diurnal climate conditions. Finally, the
method was demonstrated on full-scale experiments reported in the literature. It can be used to assess
building envelope thermal performance by designing representative reduced-scale experiments without
requiring a significant amount of material, time, or space.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Residential and commercial buildings accounted for 41% of pri-
mary energy consumption in the United States in 2015 [1]. Heat-
ing, ventilation, and air-conditioning (HVAC) systems are
responsible for about half of the energy consumption in buildings
[1]. Composite building envelopes containing microencapsulated
phase change materials (PCMs) have received attention as a means
of reducing space heating/cooling energy consumption [2–5].
Indeed, PCMs store large amounts of thermal energy in the form
of latent heat associated with reversible liquid/solid phase
change(s). Such latent heat storage increases the thermal mass of
the building envelope. This can result in (i) a decrease in a build-
ing’s heating and cooling loads and (ii) a time-shift of a building’s
heating and cooling loads to take advantage of time-of-use (TOU)
electricity pricing. Such actions reduce energy costs for ratepayers
and capital costs for peaker plants operated by utilities [2–6].

Several experimental studies [7–12] have investigated the
effect of PCM embedded in cementitious building envelope mate-
rials on the thermal behavior of full-scale test enclosures subjected
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Nomenclature

Bi Biot number
cp specific heat, J/(kg K)
Cr heat capacity ratio
Fo Fourier number
h convective heat transfer coefficient, W/(m2 K)
hsf latent heat of fusion, kJ/kg
k thermal conductivity, W/(m K)
L wall thickness, m
q00 heat flux, W/m2

t time, s or h
TaðtÞ inside air temperature, �C
ToðtÞ outside/chamber temperature, �C
Twðx; tÞ wall temperature, �C
To;max; To;min maximum and minimum outside temperatures, �C
Tpc PCM melting temperature, �C
x spatial coordinate, m
w=c water/cement ratio

Greek symbols
a thermal diffusivity, m2/s

DTpc PCM melting temperature window, �C
/j volume fraction of material ‘‘j” in composite
q density, kg/m3

s oscillation period, h

Subscripts
a refers to air
c refers to core material in composite
c þ s refers to core–shell microcapsule
eff refers to effective properties
l refers to liquid phase
m refers to matrix material in composite
q refers to quartz
s refers to solid phase or shell material in composite

Superscripts
� refers to dimensionless quantity

B.A. Young et al. / Construction and Building Materials 162 (2018) 584–595 585
to natural outdoor climates, for example, in southern Spain [7] or
the continental United States [9]. These studies have demonstrated
the ability of PCMs to reduce the magnitude of interior tempera-
ture fluctuations and/or to decrease the amount of energy required
for space conditioning [7–10,12]. While insightful and comprehen-
sive, such experimental efforts are highly cost, time, and resource
intensive. For example, it is time-consuming to build such enclo-
sures and to collect data over periods of days or months.

To overcome such challenges without sacrificing the quality and
nature of insights obtained, the present study demonstrates how
scaling analysis can be used to extend the results of a reduced-
scale experimental test cell placed within an environmental cham-
ber to full-scale experimental enclosures analogous to real build-
ings. Such scaling analysis permits rapid, accurate parametric
investigations of the ability of PCMs or of other approaches to
reduce and delay space conditioning (HVAC) energy needs within
energy-efficient buildings.

2. Background

2.1. Previous experimental studies

Numerous experimental studies have been conducted to com-
pare the thermal behavior of test rooms with and without PCM-
composite envelopes. Cabeza et al. [7] constructed a pair of large
outdoor cubicles (2 m � 2 m � 3 m) with a conventional concrete
envelope or with a composite concrete envelope containing 5 wt
% microencapsulated PCM with a melting temperature around
26 �C in the south, west, and roof walls. The cubicles were sub-
jected to the climate of Puigverd de Lleida, Spain over a period of
three summer months. The authors found that the cubicle contain-
ing PCM featured smaller interior wall temperature fluctuations
and smaller inner wall heat flux (heat load). Castell et al. [8] per-
formed similar experiments on concrete and alveolar brick cubicles
with and without macroencapsulated PCM. Here, the authors
included an active cooling system within the cubicles. They found
that the inclusion of PCM decreased the cooling energy require-
ment by about 15% over a summer season.

Zhang et al. [9] constructed two 1.83 m � 1.83 m � 1.22 m test
rooms featuring wooden frame walls without and with PCM fea-
turing a melting temperature window between 20 �C and 30 �C.
The PCM was macroencapsulated in copper tubes embedded in
the insulation layer of the wall. The test rooms were exposed to
summer conditions in Lawrence, Kansas, and the indoor tempera-
ture of the test rooms was controlled by an air conditioning sys-
tem. The authors found that the space cooling energy
requirement for a summer day was reduced by 8.6% for a wall with
10% PCM by weight and by 10.8% for a wall with 20% PCM by
weight.

Kuznik and Virgone [10] constructed an experimental setup
consisting of a large test room (3.1 m � 3.1 m � 2.5 m) adjacent
to a climatic chamber on one side. An array of heat lamps was also
used to simulate incident solar radiation. The outdoor temperature
and solar radiation flux corresponding to a summer, mid-season,
and a winter day were imposed at the outer surface of the test
room wall. The authors found that when the test room walls were
modified to include an additional 5 mm-thick wallboard layer with
60 wt% microencapsulated PCM with melting temperature around
20 �C, the amplitude of the indoor temperature oscillation was
reduced by 21–27% for all days simulated. They also found that
the maximum indoor temperature was reduced by up to 4 �C in
the summer.

Fang and Zhang [11] constructed three test cells with dimen-
sions 0.7 m � 0.7 m � 0.7 m. Each test cell had five ordinary gyp-
sum board walls and a ceiling wall containing either 0, 20, or 50
wt% of impregnated PCM with a melting temperature around 23
�C. The authors used a tungsten heat lamp placed at various verti-
cal distances above the top wall to simulate solar radiation. In the
experiments, the lamp was switched on and the resulting transient
change in the interior test cell temperature was recorded. The
maximum temperature attained by the interior air was reduced
by 5�C and 9 �C for wall panels containing 20 wt% and 50 wt% of
PCM, respectively. Note that the authors did not measure the
response of the test cells to periodic exterior temperature
fluctuations.

Overall, previous experimental studies of diurnal thermal
response of building enclosures with envelopes made of PCM-
composite walls have been limited to full-scale test rooms placed
in various actual or simulated outdoor climates. Unfortunately,
such experiments are time-consuming and resource-intensive to
build, operate, and optimize. The objective of the present study is
to demonstrate that a reduced-scale test cell subjected to faster



Fig. 1. (a) Photograph of the experimental test cell with dimensions of 45 cm � 45
cm � 45 cm. Five walls were made of 5.08 cm thick foam insulation while the
remaining face was made of a plain mortar or PCM-mortar composite wall panel
2.54 cm in thickness. Thermocouples were placed at three different lateral locations
on the inner and outer wall surfaces and at four different locations inside the test
cell. (b) Schematic of a test cell with a single PCM-composite wall and five insulated
walls placed inside an environmental test chamber. The wall has effective thermal
properties keff and ðqcpÞeff . Both the outer ðx ¼ 0Þ and inner ðx ¼ LÞ wall surfaces are
exposed to convection with the chamber and inside air, respectively.
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temperature fluctuations in a controlled environmental chamber
can be used in place of a full-scale outdoor setup.

2.2. Numerical modeling of PCM-composite walls

The microencapsulated PCM-composite wall material consid-
ered in this study was a heterogeneous composite material consist-
ing of spherical PCM (core–shell) microcapsules randomly
dispersed in a mortar matrix. Previously, we demonstrated that
the transient thermal response of such a composite is equivalent
to that of a homogeneous material with some effective thermal
properties [6,13,14]. The effective thermal conductivity keff of this
three-component system was accurately predicted by the Felske
model [15]. The effective volumetric heat capacity ðqcpÞeff was
given as the weighted sum of the individual components’ heat
capacity [6]. This approach significantly reduces the computational
effort needed to solve for the temperature distribution within the
wall, compared with that required to simulate a heterogeneous
material with 3D geometry. Additionally, one must also account
for the temperature-dependent specific heat cp;cðTÞ of the PCM. It
can be determined experimentally by differential scanning
calorimetry (DSC) [16]. Alternatively, the effective heat capacity
method can be used to approximate cp;cðTÞ as a simple piecewise
function of temperature [17] featuring a melting temperature win-
dow of width DTpc centered around the melting temperature Tpc

such that [17],

cp;cðTÞ ¼
cp;c;s for T < Tpc � DTpc=2

cp;c;s þ hsf
DTpc

for Tpc � DTpc=2 6 T 6 Tpc þ DTpc=2

cp;c;l for T > Tpc þ DTpc=2

8>><
>>:

ð1Þ
where cp;c;s and cp;c;l are the specific heats of the PCM in the solid and
liquid phases, respectively, while hsf is the latent heat of fusion (in J/
kg). The effective heat capacity method has been shown to provide
temperature predictions in PCM-composites similar to those
obtained using actual DSC data or a Gaussian-shaped approxima-
tion of cp;cðTÞ [18]. It also allows one to easily parametrize different
PCM properties such as hsf or DTpc .

3. Materials and methods

3.1. Experimental setup

Two concrete wall panels 45 cm in length and width and 2.54
cm in thickness were fabricated for this study, namely (i) a plain
mortar wall panel consisting of 45% cement paste and 55% quartz
inclusions by volume and (ii) a PCM-composite wall panel consist-
ing of 45% cement paste, 45% quartz, and 10% microencapsulated
PCM by volume (MPCM24D, Microtek Laboratories, Inc.). The
PCM microcapsules consisted of a paraffin-based core material
enclosed in a melamine-formaldehyde (MF) shell. The melting
temperature Tpc of the PCM was around 24 �C and the latent heat
of fusion was 160 kJ/kg [18].

The wall panels were fabricated using commercially available
Type I/II ordinary portland cement and deionized (DI) water. For
the PCM-composite panel, the desired microencapsulated PCM vol-
ume fraction /cþs ¼ 0:1 was achieved by measuring and adding the
appropriate mass based on the density of the PCM microcapsules
qcþs taken as 900 kg/m3 [19]. The mortars were prepared according
to ASTMC305 [20], and the water-to-cement (w/c) ratio on a mass
basis was 0.45. A commercial viscosity-modifying admixture (Mas-
terMatrix VMA 450, BASF Corporation) was added at 0.1% of the
total mortar mass to minimize segregation of inclusions and main-
tain a homogeneous distribution of PCM microcapsules and quartz
inclusions in the specimen. An acrylic plastic mold was used to fab-
ricate the wall panels with the desired dimensions. The wall panels
were allowed to cure in sealed conditions for 28 days.

Fig. 1a shows a photograph of the experimental cubic test cell of
length 45 cm. The base and four side walls of the cell were made of
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5.08 cm (2 inch) thick CertiFoam� insulation with an R-value of 1.8
(m2 K)/W (DiversiFoam Products, Inc.). The top wall was one of the
concrete wall panels previously described. A total of 10 thermo-
couples were placed at four different locations within the test cell
and at three different lateral locations on the inner and outer wall
surfaces. To ensure that the interior air was well-mixed and had
uniform temperature TaðtÞ, a small computer fan with a blade
diameter of 8 cm (EFX-08-12, SilenX Corporation) was placed
inside the test cell and powered at its maximum speed of 1400
� 210 rpm.

3.2. Experimental procedure

The test cell was placed in a programmable freeze–thaw envi-
ronmental chamber (TH024, Darwin Chambers Company) and sub-
jected to four different sinusoidal chamber temperature cycles of
period s = 1.5 h such that the chamber temperature ToðtÞ was,

ToðtÞ ¼ To;max � To;min

2

� �
sin

2pt
1:5

� �
þ To;max þ To;min

2
ð2Þ

where t is in hours, while To;min and To;max are the minimum and
maximum values of ToðtÞ. The four cycles were defined to explore
a wide range of outdoor temperature oscillations with respect to
the PCM melting temperature Tpc = 24 �C: (i) Cycle A with To;min =
5 �C, To;max = 20 �C, (ii) Cycle B with To;min = 15 �C, To;max = 40 �C, (iii)
Cycle C with To;min = 10 �C, To;max = 30 �C, and (iv) Cycle D with
To;min = 5 �C, To;max = 35 �C.

During each experiment, the temperature inside the test cell
TaðtÞ was recorded as a function of time. Additionally, the inner
and outer wall surface temperatures were also recorded. Each
experiment was run for at least 12 h in order to allow the system
to reach a periodic steady state and to collect data for several oscil-
lation periods. Experimental data from Cycle A was used to esti-
mate the convective heat transfer coefficients prevailing in the
environment chamber, as well as to verify periodic behavior of
the inside air temperature. The other three cycles (B-D) were used
to compare inside air temperature evolutions for test cells with
either a plain mortar or PCM-mortar composite wall.

4. Analysis

4.1. Schematic and assumptions

Fig. 1b shows a schematic of the test cell with inside air temper-
ature TaðtÞ with a PCM-mortar composite wall placed inside an
environmental chamber with temperature ToðtÞ along with the
associated coordinate system. The top mortar-based wall had
thickness L and effective thermal properties ðqcpÞeff ðTÞ and keff .
Convective heat transfer took place between the chamber air and
the exterior wall surface at x ¼ 0. Likewise, convective heat trans-
fer also took place between the inside air and the interior surface of
the wall at x ¼ L. Heat was conducted through the wall in the x-
direction, and the other walls of the cell were treated as perfectly
thermally insulated.

To make the problem mathematically tractable, the following
assumptions were made: (1) the inside air was assumed to be
well-mixed with uniform indoor temperature TaðtÞ, (2) heat gener-
ation within the test cell was ignored, (3) one-dimensional (1D)
heat conduction normal to the wall surfaces prevailed, (4) all mate-
rial properties were constant and isotropic except for the
temperature-dependent specific heat cp;cþsðTÞ of the PCM, (5) the
PCM specific heat in the solid and liquid phases was the same
(i.e., cp;cþs;s ¼ cp;cþs;l), and (6) all walls other than the mortar or
PCM-composite wall were assumed to be perfectly insulated. To
justify this final assumption, it was verified that the predicted
inside air temperature TaðtÞ did not differ by more than 0.2 �C
when heat transfer through the foam base and side walls was
accounted for.

4.2. Governing equations

The temperature in the composite wall Twðx; tÞwas governed by
the 1D transient heat diffusion equation [21],

@Tw

@t
¼ aeff ðTwÞ @

2Tw

@x2
ð3Þ

where aeff ðTÞ ¼ keff =ðqcpÞeff ðTÞ is the effective thermal diffusivity of
the wall. Additionally, the energy conservation equation for the
inside air can be expressed as,

ðqcpÞaVa
dTa

dt
¼ hiAw½TwðL; tÞ � TaðtÞ� ð4Þ

where Va is the volume of air in the test cell, Aw is the surface area of
the plain mortar or PCM-mortar wall and hi is the convective heat
transfer coefficient between the inner wall surface (x ¼ L) and the
inside air. Experimentally, these dimensions were Va ¼ 0:04m3;Aw

= 0.12 m2, and L = 2.54 cm.

4.3. Initial and boundary conditions

The inside air and the wall were assumed to have an initial uni-
form temperature Ti at t = 0, i.e.,

Twðx;0Þ ¼ Tað0Þ ¼ Ti: ð5Þ
Additionally, two convective heat flux boundary conditions for

solving Eq. (3) were imposed at the inner (x ¼ L) and outer
(x ¼ 0) wall surfaces so that

� keff
@Tw

@x
ð0; tÞ ¼ ho ToðtÞ � Twð0; tÞ½ � and

� keff
@Tw

@x
ðL; tÞ ¼ hi TwðL; tÞ � TaðtÞ½ �: ð6Þ

Note that the governing Eqs. (3) and (4) are coupled by virtue of
the fact that the convective heat flux at the inner wall surface
(x ¼ L) is dependent on both the inner wall surface temperature
TwðL; tÞ and the inside air temperature TaðtÞ.

4.4. Constitutive relationships

Table 1 summarizes the density q and specific heat cp of cement
paste, quartz, microencapsulated PCM (MPCM24D), and air used in
the simulations. The effective volumetric heat capacity of the com-
posite wall panel was predicted by a volume-weighted average as,

ðqcpÞeff ðTÞ ¼ /cþsðqcpÞcþsðTÞ þ /qðqcpÞq þ ð1� /cþs � /qÞðqcpÞm
ð7Þ

where the subscripts c þ s; q, and m refer to microencapsulated
PCM, quartz, and cement paste, respectively. Fig. 2 plots the exper-
imentally measured specific heat cp;cþsðTÞ of MPCM24D PCM micro-
capsules as a function of temperature for a ramp rate of 1�C/min,
previously reported in [18]. Based on these measurements, the
latent heat of fusion hsf of the PCM was determined to be 160 kJ/
kg. The multitude of peaks in the DSC curves can be attributed to
the presence of impurities (i.e., constituents with different molecu-
lar weights) within the commercial PCM [18]. Note that cp;cþsðTÞ dif-
fers slightly depending on whether the sample is heated or cooled.
Here, the data from the heating curve was used in Eq. (7) to simu-
late the experiments. Finally, the effective thermal conductivity keff
of the mortar and PCM-composite wall panels was obtained from
experimental measurements using the guarded hot-plate method



Table 1
Density q and specific heat cp of cement paste, quartz, MPCM24D, and air.

Material Subscript q (kg/m3) cp (J/(kg K)) Ref.

Cement paste m 1965 1530 [28]
Quartz q 2650 745 [21]
MPCM24D c + s 900 cp;cþsðTÞ [18]
Air a 1.2 1005 [21]
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Fig. 2. Specific heat cp;cþsðTÞ of MPCM24D PCMmicrocapsules measured by DSC as a
function of temperature with a temperature ramp rate of 1 �C/min [18]. The data
from the heating curve was used to determine ðqcpÞeff ðTÞ for numerical simulations
of the test cell experiments.
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[14]. Here, keff was taken as 1.77 ± 0.27 W/(m K) for the plain mor-
tar wall panel and as 1.46 ± 0.22 W/(m K) for the composite wall
panel with 10 vol% of PCM where the experimental uncertainty rep-
resents one standard deviation [14].

4.5. Method of solution

The governing Eqs. (3) and (4) were solved along with the cor-
responding boundary and initial conditions using an explicit finite
difference method. Convergence criteria was defined such that the
inside air and wall temperature spatiotemporal evolutions differed
by no more than 1% when the nodal spacing Dx or the time step Dt
was reduced by a factor of 2. A numerically converged solution was
achieved using a nodal spacing Dx = 2.5 mm and a time step Dt = 5
s. The finite element code used to solve the transient heat diffusion
equation in the wall with phase change was validated against an
exact solution of the Stefan problem for transient 1D heat conduc-
tion through a paraffin slab [13,22].

4.6. Scaling analysis

In order to non-dimensionalize the coupled governing Eqs. (3)
and (4), the following dimensionless variables were introduced,
x� ¼ x
L
; t� ¼ Fo ¼ aeff ;st

L2
; T�

wðx�; t�Þ ¼
Twðx; tÞ � To;min

To;max � To;min
;

T�
aðt�Þ ¼

TaðtÞ � To;min

To;max � To;min
: ð8Þ
Here, aeff ;s is the effective thermal diffusivity of the wall based
on the PCM solid phase specific heat cp;cþs;s. Substituting Eqs. (8)
into Eq. (3) yields,

1
a�
eff ðT�

wÞ
@T�

w

@t�
¼ @2T�

w

@x�2
: ð9Þ

The dimensionless thermal diffusivity a�
eff ðT�Þ can be expressed

based on the effective heat capacity method and assuming
cp;cþs;s ¼ cp;cþs;l [Assumption (5)] as,

1
a�
eff ðT�Þ ¼

ðqcpÞeff ðTÞ
ðqcpÞeff ;s

¼
1 for T� < T�

pc � DT�
pc=2

1þ /cþsh
�
sf

DT�pc
for T�

pc � DT�
pc=2 6 T� 6 T�

pc þ DT�
pc=2

1 for T� > T�
pc þ DT�

pc=2

8>><
>>:

ð10Þ

where the dimensionless PCM melting temperature T�
pc and melting

temperature window DT�
pc are defined as

T�
pc ¼

Tpc � To;min

To;max � To;min
and DT�

pc ¼
DTpc

To;max � To;min
: ð11Þ

Here, the dimensionless latent heat of fusion h�
sf is defined as

h�
sf ¼

qcþshsf

ðqcpÞeff ;sðTo;max � To;minÞ : ð12Þ

Additionally, the boundary conditions at the outer (x� ¼ 0) and
inner (x� ¼ 1) wall surfaces given by Eq. (6) can be rewritten in
dimensionless form as,

@T�
w

@x�
ð0; t�Þ ¼ �Bio½T�

oðt�Þ � T�
wð0; t�Þ� and

@T�
w

@x�
ð1; t�Þ ¼ �Bii½T�

wð1; t�Þ � T�
aðt�Þ� ð13Þ

where Bio ¼ ho=ðLkeff Þ and Bii ¼ hi=ðLkeff Þ are the Biot numbers asso-
ciated with the outside and inside convective thermal resistances,
respectively.

Moreover, the energy conservation Eq. (4) for the inside tem-
perature TaðtÞ can be non-dimensionalized by substituting the
appropriate dimensionless variables of Eq. (8) to yield,

dT�
a

dt�
¼ BiiCr½T�

wð1; t�Þ � T�
aðt�Þ�: ð14Þ

Note that the product of dimensionless numbers Bii and Cr on
the right side of Eq. (14) is defined as,

BiiCr ¼ hiL
keff

� � ðqcpÞeff ;sAwL

ðqcpÞaVa

� �
ð15Þ

where Cr represents the ratio of the total heat capacity of the wall to
that of the inside air.

Additionally, the sinusoidal outside temperature variation can
be rewritten in dimensionless form by introducing a dimensionless
oscillation period s� ¼ saeff=L

2 representing the ratio of the oscilla-
tion period s to the characteristic time for heat difffusion through
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Fig. 3. (a) Experimentally measured chamber temperature ToðtÞ and inside air
temperature TaðtÞ as functions of time t for a test cell with a plain mortar wall
subjected to chamber temperature Cycle A. (b) Superimposed plots of ToðtÞ and
TaðtÞ for the 5th, 7th, and 9th oscillation periods.
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the wall L2=aeff . Then, the dimensionless outside temperature
T�
oðt�Þ can be expressed as,

T�
oðt�Þ ¼

ToðtÞ � To;min

To;max � To;min
¼ 0:5 1þ sin

2pt�

s�

� �� �
: ð16Þ

In summary, the seven dimensionless numbers
Bii;Bio;Cr ; s�; T�

pc;DT
�
pc , and h�

sf govern the behavior of Twðx; tÞ and
TaðtÞ. In practice, given two enclosures with different geometries
and PCM phase change properties subjected to different sinusoidal
outside temperature fluctuations, the transient dimensionless wall
and inside air temperatures T�

wðx�; t�Þ and T�
aðt�Þ will be identical

provided that the dimensionless numbers Bii;Bio;Cr ; s�; T�
pc;DT

�
pc ,

and h�
sf are identical.

This scaling analysis can be easily extended to situations when
(i) solar radiation is incident on one or more faces of the envelope
and (ii) heat is transferred through more than one wall.
5. Results and discussion

5.1. Verification of periodic steady-state

Fig. 3a plots the inside air temperature TaðtÞ experimentally
measured as a function of time during Cycle A with a 1.5-h period
for a test cell with a plain mortar wall panel. It also plots the
imposed chamber temperature ToðtÞ as a function of time. In addi-
tion, Fig. 3b plots the 5th, 7th, and 9th periods of TaðtÞ and ToðtÞ for
a test cell with a plain mortar wall. It is evident that the three
cycles are superimposed on the same plot, establishing that the
temperature TaðtÞ inside the test cell behaved periodically with
the same frequency as that of ToðtÞ after 5 cycles. Then, the system
had reached a periodic steady-state and the effect of the initial
conditions vanished. Thus, for the remainder of this study, only a
single oscillation period after the fifth cycle is considered.

5.2. Convective heat transfer coefficient estimation

In order to validate numerical predictions against experimen-
tal measurements, the model should use the convective heat
transfer coefficients hi and ho prevailing experimentally. These
parameters were estimated by finding the values of hi and ho

that minimized the sum-of-squared error d between the experi-
mentally measured and numerically predicted inside air temper-
ature over a single oscillation period, for a test cell subjected to
Cycle A and with a plain mortar wall. The sum-of-squared error d
can be expressed as,

d ¼
XN
k¼1

ðTa;expðtkÞ � Ta;numðtkÞÞ2 ð17Þ

where Ta;exp and Ta;num are the inside air temperatures experimen-
tally measured and numerically predicted at discrete times tk,
respectively. Here, N represents the number of time steps consid-
ered in a cycle. The resulting values for hi and ho that minimize d
for Cycle A were found to be 13 W/(m2 K) and 20W/(m2 K),
respectively.

5.3. Comparison between experiments and numerical simulations

Fig. 4 plots the experimentally measured and numerically pre-
dicted inside air temperature TaðtÞ and imposed outside tempera-
ture ToðtÞ for the test cell with either a plain mortar or a PCM-
mortar composite wall over one oscillation period for (a-b) Cycle
B, (c-d) Cycle C, and (e-f) Cycle D. Here, the experimentally mea-
sured minimum and maximum values of ToðtÞ were used as inputs
to the numerical model. For all cycles, these values were about
0.6�C larger than the input values to the chamber temperature con-
troller. Fig. 4 shows that, for Cycle B, the presence of PCM in the
wall panel did not reduce the amplitude of the inside air tempera-
ture oscillations. Also, the presence of PCM did not delay the inside
air temperature in reaching its maximum. Indeed, the outside tem-
perature oscillated between 15 and 40 �C for Cycle B, while PCM
melting/freezing took place between around 17 and 25 �C
(Fig. 2). In these conditions, the temperature in most of the PCM-
mortar wall remained above the melting temperature window.
Thus, most of the PCM in the wall remained liquid. As a result,
the increased thermal mass of the PCM wall during phase change
was not exploited during this cycle.

On the other hand, Figs. 4c–f show a significant reduction in the
amplitude of TaðtÞ for Cycles C and D when using a PCM-mortar
composite wall panel compared with a plain mortar wall panel.
Additionally, TaðtÞ reached its maximum at a later time for the
PCM wall panel. This amplitude reduction and phase shift were
due to melting and solidification of the PCM embedded in the wall.
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Fig. 4. Experimentally measured and numerically predicted inside air temperature TaðtÞ for test cells with either a plain mortar or PCM-mortar wall subjected to chamber
temperature ToðtÞ corresponding to (a-b) Cycle B, (c-d) Cycle C, and (e-f) Cycle D.
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In fact, ToðtÞ oscillated between 10 �C and 30 �C and between 5 �C
and 35 �C for Cycles C and D, respectively, encompassing the
PCM phase change temperature window of 17–25 �C.
Moreover, Fig. 4 shows good agreement between experimental
measurements and numerical predictions. However, the effect of
the PCM in delaying the maximum inside air temperature was



Table 2
Cases used for numerical validation of the scaling analysis. Case 1 corresponds to the experimental test cell subjected to chamber temperature Cycle C, while the other cases
correspond to various full-scale enclosures. The values of the dimensionless numbers were, in all cases, Bio = 0.592, Bii = 0.278, Cr = 126, s� = 5.07, T�

pc = 0.7, h�
sf = 2.99, and DT�

pc =
0.5.

Case Type L (m) Aw (m2) Va (m3) To;min (�C) To;max (�C) ho (W/(m2 K)) hi (W/(m2 K)) Tpc (�C) DTpc (�C) hsf (kJ/kg) s (h)

1 Small-scale 0.025 0.16 0.064 10 30 34 16 24 10 160 1.5
2 Large-scale #1 0.102 30 48 10 30 8.5 4 24 10 160 24
3 0.102 30 48 0 10 8.5 4 7 5 80 24
4 0.102 30 48 20 45 8.5 4 37.5 12.5 200 24

5 Large-scale #2 0.102 20 32 20 45 8.5 4 37.5 12.5 200 24
6 0.102 20 32 5 25 8.5 4 19 10 160 24
7 0.102 20 32 30 40 8.5 4 37 5 80 24

8 Medium-scale 0.072 10 11.31 15 35 12.02 5.66 29 10 160 12
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Fig. 5. Wall temperature Twðx; tÞ as a function of the spatial distance x for Cases 1–8 summarized in Table 2 shown at (a) t ¼ s=4 and (b) t ¼ 3s=4. Also shown is the
dimensionless wall temperature T�

wðx�; t�Þ as a function of the dimensionless distance x� for (c). t� ¼ s�=4 and (d) t� ¼ 3s�=4.
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more pronounced in the numerical simulations than in the exper-
iments. This discrepancy could be partially attributed to uncer-
tainty in the material thermophysical properties used in the
numerical model. In addition, both convective heat transfer coeffi-
cients hi and ho were treated as constants, while this may not be
satisfied experimentally. Overall, Fig. 4 establishes that the numer-
ical model could predict the thermal behavior of the test cells, with
some minor discrepancies.
5.4. Scaling analysis

This section presents numerical validation of the scaling analy-
sis. Here, the wall material considered was the composite PCM-
mortar wall with 10 vol% PCM. For the purpose of scaling analysis
and for parameterizing the problem, the temperature-dependent
specific heat cp;cþsðTÞ of the microencapsulated PCM was estimated
using the effective heat capacity method [Eq. (1)]. The PCM specific
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Fig. 6. (a) Inside temperature TaðtÞ as function of time t along with (b) dimension-
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heat outside the phase change temperature window was taken as
cp;cþs;s ¼ cp;cþs;l = 1900 J/(kg K) [23]. Table 2 outlines several cases
considering various values of (i) test cell dimensions, (ii) outside
minimum To;min and maximum To;max temperatures, (iii) oscillation
period s, (iv) convective heat transfer coefficients ho and hi, (v)
PCM melting temperature Tpc , (vi) PCM melting temperature win-
dow DTpc , and (vii) latent heat of fusion hsf . The values of the seven
dimensionless numbers governing the temperatures in the wall
and in the test cell were identical in all cases and equal to
Bio = 0.592, Bii = 0.278, Cr = 126, s� = 5.07, T�

pc = 0.7, DT�
pc = 0.5, and

h�
sf = 2.99. The geometry of Case 1 corresponds to the reduced-

scale experimental test cell presented previously and subjected
to chamber temperature Cycle C with a period s of 1.5 h. Cases
2–4 and Cases 5–7 represent two large-scale enclosures with
different dimensions and a period s of 24 h corresponding to actual
outdoor diurnal cycles. Finally, Case 8 represents a medium-scale
enclosure with a period of 12 h. The maximum To;max and minimum
To;min outside temperatures were chosen to represent different
climates. For example, Cases 3 and 4 correspond to a cold winter
day and a hot summer day, respectively.

5.4.1. Wall temperature profiles
Figs. 5a and 5b plot the wall temperature Twðx; tÞ as a function

of the distance x from the outer wall surface ranging from 0 to
0.102 m at time (a) t ¼ s=4 and (b) t ¼ 3s=4 for Cases 1–8 (Table 2).
As expected, the temperature profiles at both times varied signifi-
cantly among cases due to the differences in wall thickness, con-
vective heat transfer coefficients, and outside temperatures.
Figs. 5c and d plot the corresponding dimensionless wall tempera-
ture T�

wðx�; t�Þ as a function of the dimensionless distance x� ¼ x=L
ranging from 0 to 1 at dimensionless time t� equals to s�/4 and
3s�/4, respectively. It is evident that all the dimensionless temper-
ature profiles at both times were identical for the eight cases con-
sidered. Similar results were obtained at any other time during the
cycle. These results establish the validity of the scaling analysis for
the wall temperature Twðx; tÞ.

5.4.2. Inside air temperature
Fig. 6a plots the inside air temperature TaðtÞ as a function of

time t ranging from 0 to 24 h for Cases 1–8 (Table 2). Here also,
TaðtÞ varied significantly among cases due to the significant differ-
ences in dimensions, period s, outdoor temperature ToðtÞ, and PCM
properties. Fig. 6b plots the dimensionless inside temperature
T�
aðt�Þ as a function of the dimensionless time t� ranging from 0

to 5.07 corresponding to a single oscillation period. Once again,
the dimensionless inside temperatures T�

aðtÞ collapsed on a single
line for all cases considered.

Figs. 5 and 6 establish that scaling analysis of the
experimentally-validated thermal model identified the seven
dimensionless numbers governing the spatiotemporal behavior of
Twðx; tÞ and TaðtÞ. They indicate that the reduced-scale experimen-
tal test cell (Case 1) with a diurnal period of 1.5 h can be used to
experimentally simulate the thermal behavior of large-scale enclo-
sures (Cases 2–7 subjected to various daily outdoor temperature
cycles.

5.5. Application to a real full-scale experimental setup

For illustration purposes, this section applies scaling analysis to
two full-scale experimental outdoor 2 m � 2 m � 3 m cubicles
with 12 cm-thick concrete walls constructed by Cabeza et al. [7].
In one cubicle, the north and east walls were made of plain con-
crete while the ceiling, south, and west walls were made of con-
crete with 5 wt% microencapsulated PCM. The PCM was reported
to have latent heat hsf = 110 kJ/kg and melting temperature Tpc =
26 �C [7]. The other cubicle was a reference structure for which
all walls and ceiling were made of plain concrete. The cubicles
were subjected to the outdoor environment of Lleida, Spain in
the summer of 2005. Fig. 7a plots the outdoor temperature ToðtÞ
and horizontal solar radiation flux q00

s;5ðtÞ as recorded during the
experiment on June 6th, 2005 [7]. Here, the minimum and maxi-
mum outdoor temperatures were To;min � 11 �C and To;max � 30 �C.

Moreover, in simulating the experimental structures, the
dimensionless energy conservation equation for the inside air
given by Eq. (14) was modified to account for heat transfer through
all four side walls and the ceiling such that,

dT�
a

dt�
¼

X5
j¼1

Bii;jCr;j½T�
w;jð1; t�Þ � T�

aðt�Þ� ð18Þ

where the subscript j refers to the four walls and ceiling. Because
the walls and ceiling had different compositions and boundary con-
ditions, the dimensionless heat diffusion Eq. (9) for the wall temper-
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Fig. 7. (a) Outdoor temperature ToðtÞ and horizontal solar radiation flux q00
s;5ðtÞ corresponding to June 6th, 2005 in Lleida, Spain, measured by Cabeza et al. [7] during their

experimental study of full-scale test cells with and without PCM-composite walls and (b) higher-frequency ToðtÞ and q00
s;5ðtÞ used as inputs to the reduced-scale numerical

model. (c) South-wall temperature Tw;4ðL; tÞ and (d) dimensionless south-wall temperature T�
w;4ð1; t�Þmeasured experimentally and predicted numerically using the reduced-

scale model of the experimental structures.

Table 3
Thermal conductivity k, density q, and specific heat cp used in numerical simulation of experiments conducted on full-scale cubicles by Cabeza et al. [7].

Material Subscript k (W/(m K)) q (kg/m3) cp (J/(kg K)) Ref.

Concrete m 1.4 2300 880 [21]
PCM c 0.21 900 1900 [23]
Melamine-formate (MF) s 0.42 1500 1670 [29]

Table 4
Parameters corresponding to the experimental cubicles studied by Cabeza et al. [7] and those corresponding to a reduced-scale model with identical dimensionless numbers
Bio;j;Bii;j;Cr;j; sj ; T�

pc ;DT
�
pc ; h

�
sf , and q00�

s;j ðt�Þ.

Type L (m) Width (m) Depth (m) Height (m) ho (W/(m2 K)) hi (W/(m2 K)) s (hr)

Experimental [7] 0.12 2 2 3 10 7.7 24
Reduced-scale 0.03 0.5 0.5 0.75 40 30.8 1.5
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atures T�
w;jðx�; t�Þ was solved for each wall separately. In addition,

the boundary condition at each outer wall surface, given by Eq.
(13), was modified to include the effect of the incident solar radia-
tion flux q00

s;jðtÞ, i.e.,

@T�
w;j

@x�
ð0; t�Þ ¼ �Bio;j½T�

oðt�Þ � T�
w;jð0; t�Þ� � asq00�

s;jðt�Þ ð19Þ

where the dimensionless solar radiation flux q00�
s;jðt�Þ was defined as,
q00�
s;jðt�Þ ¼

q00
s;jðtÞLj

keff ;jðTo;max � To;minÞ : ð20Þ

Here, incident solar radiation was ignored except on the ceiling
(j = 5) and south wall (j = 4), i.e., q00

s;jðtÞ = 0 for j 2 f1;2;3g. The fol-
lowing relationship was used to estimate the solar radiation flux
on the south wall q00

s;4ðtÞ using the experimentally measured solar
radiation flux on the horizontal ceiling q00

s;5ðtÞ [24],
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q00
s;4ðtÞ

q00
s;5ðtÞ

¼ cos heðtÞ cosð180	 � haðtÞÞ
sin heðtÞ ð21Þ

where heðtÞ and haðtÞ are the elevation and azimuthal angles of the
sun, respectively. They depend on the time of day, the geographic
latitude U ¼ 41	N, and the day number d (= 157 for June 6th).

Table 3 summarizes the thermophysical properties of the con-
crete, shell, and PCM used in the simulations. The PCM melting
temperature window DTpc was taken as 8 �C based on experimen-
tal measurements of similar PCMs [18]. Note that the shell material
used experimentally was not specified. In the simulation the shell
was assumed to be made of melamine-formate (MF), as used com-
mercially [19]. The effective thermal conductivity keff of the PCM-
composite walls was estimated using the Felske model [15] while
the effective volumetric heat capacity ðqcpÞeff was again deter-
mined using a volume-weighted average. The composition of the
PCM microcapsules was assumed to be such that /c=ð/c þ /sÞ =
0.85. Based on the density qc = 900 kg/m3 given in Table 3 and
the wt% reported in Ref. [7], the core and shell volume fractions
were estimated as /c = 0.102 and /s = 0.018. The indoor convective
heat transfer coefficient hi was taken as 7.7 W/(m2 K) based on the
ISO standard [25]. The outdoor convective heat transfer coefficient
ho was estimated using the correlation developed by Defraeye et al.
[26] for a leeward exterior building wall given by,

ho ¼ 2:27U0:83
1 ð22Þ

where U1 is the wind speed (in m/s) and ho is in W/(m2 K). Here, U1
was taken as 6 m/s based on the average value for a summer in the
region of Lleida [27], resulting in ho = 10.0 W/(m2 K). Note that the
actual value of ho prevailing experimentally would vary with time
based on the speed and direction of the wind. The wind speed
reported by Cabeza et al. [7] on a different day fluctuated between
0 and 20 m/s, but featured an average value of less than 10 m/s.
Finally, the total hemispherical solar absorptivity of the wall sur-
faces as was taken as 0.6 corresponding to unpainted concrete [21].

Table 4 summarizes the dimensions, convective heat transfer
coefficients ho and hi, and oscillation period s corresponding to
the experimental setup used in Ref. [7] as well as those for the
equivalent reduced-scale model. The dimensions of the reduced-
scale model were chosen such that the dimensionless numbers
Bii;j;Bio;j, and Cr;j for each wall were identical to those estimated
for the outdoor building structures. Specifically, the Biot numbers
for the PCM-composite side walls (j 2 f3;4g) and ceiling (j ¼ 5)
were Bii;36j65 = 0.76 and Bio;36j65 = 0.99. They were of the same
order of magnitude as those reported for our experimental
apparatus discussed previously in Section 3. Likewise, the values
of Cr;36j64 ¼ 99:5 for the PCM-composite side walls and
Cr;5 ¼ 66:4 for the ceiling were similar in magnitude to Cr = 126
for our test cell. The plain concrete walls (j 2 f1;2g) had
Bii;16j62 ¼ 0:66;Bio;16j62 ¼ 0:85, and Cr;16j62 ¼ 100:7. On the
other hand, the values of Tpc;DTpc , and hsf ; To;min, and To;max were
the same for the reduced-scale model as for the full-scale experi-
ment, and such that T�

pc = 0.79, DT�
pc = 0.42, and h�

sf = 2.6 in both
cases. Finally, the dimensionless period s� based on the thermal
diffusivity of the PCM-composite walls was equal to 3.64 in both
cases.

The measured outdoor temperature ToðtÞ and solar irradiation
q00
s;5ðtÞ in the full-scale setup of Ref. [7] were scaled to have an oscil-

lation period s = 1.5 h in the reduced-scale model, as illustrated in
Fig. 7b. Additionally, the magnitude of the imposed solar radiation
flux on both the roof and south wall was scaled such that the
dimensionless radiation flux q00�

s;jðt�Þ given by Eq. (20) was identical
for both cases. These scaled profiles were used as the boundary
conditions for the reduced-scale model.
Fig. 7c plots the interior (i.e., x = L) south-wall temperature
Tw;4ðL; tÞ as a function of time t ranging from 0 to 24 h measured
experimentally [7] and predicted numerically using the previously
described reduced-scale model for structures with and without
PCM-composite walls. Additionally, Fig. 7d plots the corresponding
dimensionless interior (x� = 1) south-wall surface temperature
T�
w;4ð1; t�Þ as a function of dimensionless time t� over one oscilla-

tion period. It shows good agreement between the values of
T�
w;4ð1; t�Þ measured experimentally and those predicted numeri-

cally. The underprediction of the maximum value of T�
w;4ð1; t�Þ

can be attributed to uncertainty in (i) the wall material properties,
(ii) the experimental outdoor convective heat transfer coefficient
ho, and (iii) a possible underprediction of the south wall solar radi-
ation flux. However, the effect of PCM in reducing the magnitude of
the inner south-wall temperature fluctuation was accurately cap-
tured by the scaled model.

These results illustrate the ability of scaling analysis to repre-
sent the thermal behavior of a realistic full-scale structure with a
reduced-scale model. Therefore, rather than constructing a full-
scale structure to evaluate the thermal performance of various
building envelope materials, including those containing PCM, one
could simply determine the eight dimensionless numbers govern-
ing the thermal behavior of the building envelope, and then design
a reduced-scale model with identical dimensionless numbers to be
conveniently tested in a laboratory environmental chamber.
6. Conclusion

This study presented an approach to experimentally evaluate
the performance of PCM-composite building envelope materials
without requiring a significant amount of time, material, or space.
First, a transient thermal model accounting for the thermal cou-
pling between PCM-composite wall and inside air temperatures
of an enclosure was outlined. Then, the thermal model was vali-
dated against experimental temperature measurements on a
reduced-scale test cell subjected to sinusoidal outdoor tempera-
ture oscillations. Scaling analysis of coupled energy conservation
equations and their boundary conditions was developed and iden-
tified seven (eight if accounting for incident solar radiation) rele-
vant dimensionless numbers governing the thermal behavior of
the test cell including melting and solidification of the PCM. This
scaling analysis was validated with a previously developed numer-
ical simulation tool. The application of the scaling analysis to
experimental results from a full-scale outdoor structure [7] was
then illustrated. The results demonstrated that a full-scale enclo-
sure exposed to a realistic outdoor climate can be represented by
a reduced-scale test cell in an environmental chamber.
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