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This paper examines the annual energy and cost savings potential of adding microencapsulated phase
change material to the exterior concrete walls of an average-sized single family home in California cli-
mate zones 3 (San Francisco, CA) and 9 (Los Angeles, CA). The annual energy and cost savings were larger
for South- and West-facing walls than for other walls. They were also the largest when the phase change
temperature was near the desired indoor temperature. The addition of microencapsulated phase change
material to the building walls reduced the cooling load in summer substantially more than the heating
load in winter. This was attributed to the cold winter temperatures resulting in nearly unidirectional heat
flux on many days. The annual cooling load reduction in an average-sized single family home in San
Francisco and in Los Angeles ranged from 85% to 100% and from 53% to 82%, respectively, for phase
change material volume fraction ranging from 0.1 to 0.3. The corresponding annual electricity cost sav-
ings ranged from $36 to $42 in San Francisco and from $94 to $143 in Los Angeles. From an energy stand-
point, the best climate for using building materials containing uniformly distributed microencapsulated
phase change material would have outdoor temperature oscillations centered around the desired indoor
temperature for the entire year.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

In 2012, residential and commercial building operation repre-
sented about 29% of the total end-use energy consumed in
California [1]. About 17% and 40% of this energy was consumed
for space heating and air conditioning in commercial and residen-
tial buildings, respectively [2]. The demand of residential and com-
mercial buildings for electricity varies significantly during the day
[3]. To satisfy demand during peak hours, the utilities rely on
so-called ‘‘peaker plants,’’ which are costly to operate and typically
run on fossil fuel [4]. In addition, utility companies offer time of
use (TOU) electricity rate schedules to encourage ratepayers to
shift their electricity use to off-peak hours. In practice, the price
of electricity is lower during off-peak hours and higher during peak
hours. Pacific Gas and Electric (PG&E) and the Los Angeles
Department of Water and Power (LADWP) provide electricity with
TOU rate schedules to San Francisco and Los Angeles, respectively.
Together, they serve about 19 million residents or 50% of the
California population. To curb the energy consumption of the
building sector, the 2008 California long term energy efficiency
strategic plan established two major objectives: (1) all new resi-
dential buildings should be zero net energy (ZNE) by 2020 and
(2) all new commercial buildings by 2030 [5].

Minimizing the heat flow into and out of buildings is an impor-
tant step toward achieving ZNE buildings [6]. Concrete containing
microencapsulated phase change materials (PCMs) has been sug-
gested as an envelope material to increase the buildings’ thermal
inertia and thus their energy efficiency [7,8]. PCMs store energy
in the form of latent heat by reversibly changing phase between
solid and liquid states. As a result, adding PCM to building walls
reduces energy demand for heating and cooling and time-shifts
the maximum daily thermal load on the building [9]. This can help
ratepayers take advantage of TOU electricity rate schedules while
reducing the ecological footprint of buildings [10]. The cost savings
to the ratepayer depends both on the reduction and time-shift of
the thermal load and on the TOU schedule [11].

The aim of the present study is to evaluate the potential annual
energy and cost savings of adding microencapsulated PCM to the
concrete-based building envelope of an average-sized single family
home in California climate zones 3 (San Francisco, CA) and 9 (Los
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Nomenclature

a length of cubic unit cell, lm
AFUE annual fuel utilization efficiency
Aj area of wall with orientation ‘‘j’’, m2

CT ;CH;CC total, heating, and cooling cost, $
cp specific heat, J/kg K
D unit-conversion constant, J Wh/BTU kW h
Er relative energy reduction, %
HH q00L
� �

;HC q00L
� �

heating and cooling heaviside step functions
hi; ho indoor and outdoor convective heat transfer coefficient,

W=m2 K
hsf PCM latent heat of fusion, kJ/kg
k thermal conductivity, W/m K
L wall thickness, lm
Q energy, J
Q 00 energy flux, J/m2

q00s solar radiation heat flux incident on the outer wall sur-
face, W/m2

q00x ; q
00
y; q

00
z heat flux along the x-, y-, and z-directions, W/m2

RE electricity rate, $/kW h
RG gas rate, $/J
ST ; SH; SC total, heating, and cooling cost savings, $
SEER seasonal energy efficiency ratio, BTU/Wh
t time, s
T temperature, �C
Tin; T1; Tsky indoor, ambient, and sky temperatures, �C
VT total volume of exterior walls, m3

Greek symbols
a thermal diffusivity, m2/s
as outer wall surface solar absorptivity
DTpc phase change temperature window, �C
� outer wall surface emissivity
/ volume fraction
q density, kg/m3

r Stefan–Boltzmann constant, W=m2 K4

Subscripts
c refers to core material (PCM)
eff refers to effective properties
f refers to final conditions
i refers to initial conditions
j refers to wall orientation ‘‘j’’ where j ¼ N; S;E, or W
l refers to PCM liquid phase
L refers to values at x ¼ L
m refers to matrix (concrete)
N;E; S;W refers to North, South, East, and West wall orientations
o refers to values at x ¼ 0
s refers to PCM solid phase or shell
pc refers to phase change
T refers to total quantities
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Angeles, CA). The analysis was based on local annual weather data
and on actual TOU electricity pricing.

2. Background

2.1. Experiments

The thermal response of concrete walls containing PCMs has
been reviewed extensively [8,12–14]. In brief, most experimental
studies of walls or rooms exposed to outdoor conditions have
reported that adding PCM to building walls reduced the amplitude
of the temperature oscillations at the wall surface and time-shifted
the temperature peak. However, they did not quantify the corre-
sponding energy savings [13].

Castellón et al. [7] constructed outdoor cubicles in Lleida, Spain
made with (i) plain brick, (ii) plain brick with polyurethane insula-
tion and 1.9 mass% macroencapsulated PCM with a melting tem-
perature of 27 �C, (iii) alveolar brick, and (iv) alveolar brick
containing 3.3 mass% macroencapsulated PCM with a melting tem-
perature of 25 �C. The cubicles were equipped with a heat pump to
maintain an indoor temperature of 24 �C. Their electricity con-
sumption over the course of a summer week was reduced by up
to 15% and 17% by adding PCM to the plain and alveolar brick cubi-
cles, respectively. However, as acknowledged by the authors, the
performance could be further improved by optimizing the PCM
melting temperature. Such optimization would be costly and time
consuming to perform experimentally. Moreover, it remains
unclear whether these conclusions would be valid in other parts
of the world with different climates. Rigorous numerical simula-
tions can address these issues by assessing the effects of the cli-
mate conditions and of design parameters of PCM-composite
walls such as the melting temperature and the PCM volume frac-
tion on the thermal load of buildings in a rapid, systematic, and
rational way.
2.2. Numerical simulations

Few studies have numerically investigated the transient ther-
mal behavior of composite walls containing PCMs subjected to
realistic boundary conditions based on weather data over an entire
year [15–18]. In these studies, the inner wall surface was subjected
to convective heat transfer to a constant indoor temperature
[15–17] or to a temperature computed based on an energy balance
of the indoor space [18]. The outer wall surface was subjected to both
convective and radiative heat transfer with outdoor temperature and
solar radiation heat flux from weather data over an entire year.

Kissock and Limas [15] solved the transient 1D heat diffusion
equation in a 30.4 cm thick South-facing multilayer wall in
Dayton, OH consisting of an insulation layer sandwiched between
two concrete layers imbibed with 10 mass% paraffin PCM. The wall
effective specific heat was determined by a weighted average of
the concrete specific heat and the temperature-dependent PCM
specific heat. The authors centered the phase change peak of the
PCM specific heat curve at the desired indoor temperature. The
maximum and annual cooling loads were reduced by 19% and
13%, respectively. On the other hand, the maximum and annual
heating loads were reduced by only 11% and 1%, respectively.
Note that directly imbibing concrete with PCM is neither realistic
nor durable as the PCM reacts chemically with the cement which
contains a pore-fluid with high pH (pH > 13) [19]. Thus, PCM
should be encapsulated or contained [8,19].

Similarly, Mathieu-Potvin and Gosselin [16] simulated 1D heat
transfer through a 10 cm thick South-facing wall in Quebec City,
Canada comprised of polystyrene insulation with a single 0.5 cm
thick pure PCM layer located near its center. They showed that
the annual thermal energy flux through the PCM composite wall
was minimized when the phase change temperature was near the
desired indoor temperature. The PCM composite wall reduced the
annual thermal load by about 7% compared with a slab of pure



376 A.M. Thiele et al. / Energy Conversion and Management 103 (2015) 374–386
polystyrene insulation of identical thickness. Here also, the PCM
composite wall was found to reduce the cooling load in the summer
substantially more than the heating load in the winter. Finally, the
authors stated that there was no opportunity to optimize the
energy reduction using a PCM layer if the wall heat flux was unidi-
rectional, such as in Quebec City during the heating season (winter).

Zwanzig et al. [17] simulated a four-wall building in
Minneapolis, MN, Louisville, KY, or Miami, FL consisting of
15.3 cm thick walls and a 12.4 cm thick flat ceiling of conventional
multilayer construction. The walls and ceiling each contained a
1.3 cm thick layer of gypsum wallboard impregnated with
25 vol.% paraffin PCM featuring a phase change temperature win-
dow between 25 and 27.5 �C. The effective density and specific heat
of the PCM wallboard layers were both determined by a weighted
average using the mass fractions of PCM and gypsum. The effective
thermal conductivity was determined using the Maxwell Garnett
effective medium approximation (EMA) for inclusions in a continu-
ous matrix. Adding PCM to the walls and ceiling reduced the ther-
mal load on the building more during the cooling season
(summer) than during the heating season (winter). The energy flux
reduction through PCM composite walls depended on wall
orientation due to differences in incident solar radiation heat flux.

Diaconu and Cruceru [18] simulated a building in Bechar,
Algeria consisting of four multilayer walls each with a polystyrene
insulation layer sandwiched between two PCM-wallboards. Each
PCM-wallboard layer was assumed to be homogeneous with some
arbitrarily chosen effective thermal properties. The authors found
that the annual total cooling and heating loads were reduced by
up to 1% and 13%, respectively, when the phase change tempera-
ture of PCM within the outer and inner layers was near the desired
indoor temperature. However, the conclusions contradict those of
other studies [15–17] who reported that the cooling energy savings
was larger than the heating energy savings. We speculate that this
discrepancy was due to the fact that climate conditions in Algeria
resulted in a unidirectional wall heat flux during a large portion
of the summer but not during the winter.

Few studies have evaluated the cost benefit of adding PCMs to
residential building envelopes [20,21]. Chan [20] found that adding
a shape stabilized PCM (SSPCM) layer to the West-facing wall of a
residential flat in Hong Kong reduced the summer cooling load by
2.9%. Based on the material and installation cost, the author con-
cluded that the payback period was excessively long, assuming a
flat electricity rate. Here also, the small cooling load reduction
may be due to unidirectional heat flux, since the outdoor temper-
ature in Hong Kong often remains above 28 �C for the entire day in
the summer [20].

Overall, the literature reported contradictory conclusions when
comparing the energy saving potential of PCM composite walls
during the winter and summer seasons. Moreover, the studies con-
cerning PCM composite walls subjected to actual weather condi-
tions either (i) neglected to account for the effects of PCM on the
effective thermal conductivity and/or on the density of the com-
posite walls [15], (ii) used EMAs that have not been validated
[17], or (iii) the source or value of the effective thermal conductiv-
ity, effective density, and effective specific heat were not disclosed
[18]. Most of the literature did not report the annual outdoor tem-
perature used and/or the computed inner wall surface heat flux
data which is important to understand the energy savings of
PCM-composite walls. Finally, previous studies have not coupled
the time shift of the heat transfer rate with a TOU electricity rate
schedule to determine the associated cost savings.

2.3. Effective properties of three-component composites

Recently, we simulated time-dependent 3D heat transfer in
three-component composite materials consisting of monodisperse
or polydisperse microcapsules of PCM ordered or randomly dis-
tributed in a continuous matrix [9,22]. We showed that the tempo-
ral evolution of temperature and heat flux predicted within a
homogeneous material with appropriate effective thermal proper-
ties agreed very well with that within a heterogeneous material
with discrete core, shell, and matrix materials. The effective ther-
mal conductivity keff was accurately predicted by the Felske model
expressed as [23],

keff ¼
2kmð1�/c�/sÞ 3þ2 /s

/c
þ /skc

/c ks

� �
þð1þ2/cþ2/sÞ 3þ /s

/c

� �
kcþ2/sks

/c

h i

ð2þ/cþ/sÞ 3þ2/s
/c
þ /skc

/c ks

� �
þð1�/c�/sÞ 3þ /s

/c

� �
kc
km
þ2 /sks

/ckm

h i
ð1Þ

where kc; ks, and km are the thermal conductivities of the core, shell,
and matrix, respectively, while /c and /s are the core and shell vol-
ume fractions. The effective volumetric heat capacity ðqcpÞeff ðTÞwas
given by [9],

ðqcpÞeff ðTÞ ¼ /cðqcpÞcðTÞ þ /sðqcpÞs þ ð1� /c � /sÞðqcpÞm ð2Þ

where ðqcpÞcðTÞ; ðqcpÞs, and ðqcpÞm are the volumetric heat
capacities of the core, shell, and matrix materials, respectively.
According to the heat capacity method for simulating phase change,
the volumetric heat capacity of the PCM ðqcpÞcðTÞ was defined as a
step function in terms of temperature with a rectangular peak of (i)
width DTpc centered around the phase change temperature denoted
by Tpc and (ii) surface area equal to the PCM latent heat of fusion hsf

[9]. Thus, the effective volumetric heat capacity was also
temperature-dependent and expressed as [9],

ðqcpÞeff ðTÞ¼

ðqcpÞeff ;s for T < Tpc�DTpc=2

ðqcpÞeff ;sþ/c
qc;shsf

DTpc
for Tpc�DTpc=26 T 6 TpcþDTpc=2

ðqcpÞeff ;l for T > TpcþDTpc=2

8>><
>>:

ð3Þ

where ðqcpÞeff ;s and ðqcpÞeff ;l are the effective volumetric heat
capacity of the microencapsulated PCM-concrete wall when the
PCM is solid and liquid, respectively. The heat capacity method
(Eq. (3)) for simulating phase change was previously validated
against the exact solution for the one-dimensional Stefan problem
[9]. If the PCM is unmelted, then ðqcpÞeff ;s ¼ /cðqcpÞc;s þ /sðqcpÞs
þð1� /c � /sÞðqcpÞm where ðqcpÞc;s is the volumetric heat capacity
of solid PCM. It was assumed to be equal to the effective volumetric
heat capacity of the composite with fully melted PCM, i.e.,
ðqcpÞeff ;s ¼ ðqcpÞeff ;l, as suggested from commercial organic PCM
[24]. Note that this simplifying assumption has been widely used
in the literature [18,25,26]. Here, Tpc;DTpc , and hsf represent the
phase change temperature, temperature window, and latent heat
of fusion, respectively. Note that the heat capacity method is an ide-
alized representation of the PCM specific heat. In reality, PCMs exhi-
bit superheating and subcooling during melting and freezing,
respectively, delaying phase change and causing hysteresis in the
ðqcpÞcðTÞ vs. T plots. Eqs. (1)–(3) indicate that the effective thermal
conductivity and effective volumetric heat capacity are indepen-
dent of core and shell diameters, microcapsule spatial arrangement,
and polydispersity, as established numerically [22].

The present study aims to use numerical simulations of a homo-
geneous wall with appropriate effective thermal properties sub-
jected to realistic boundary conditions from weather data to
evaluate the energy and cost saving associated with the use of
microencapsulated PCM-concrete walls in a single family home
in San Francisco and Los Angeles. First, the impact of wall orienta-
tion was elucidated. Second, the phase change temperature Tpc was
varied to maximize energy and cost savings for a single family
home in each climate. The heating, cooling, and total energy reduc-
tions and cost savings were compared both on a monthly and on an



Fig. 1. Schematic of a homogeneous wall of thickness L with effective thermal
conductivity keff and effective volumetric heat capacity ðqcpÞeff , representative of
microencapsulated PCM-concrete. The wall was subjected to convection at the
inside surface ðx ¼ LÞ and to both convection and solar radiation heat flux at the
outside surface ðx ¼ 0Þ.
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annual basis. Finally, cost savings based on the noted TOU electric-
ity rate schedules were discussed.
Table 1
Density q, specific heat capacity cp , and thermal conductivity k of PCM, high density
polyethylene (HDPE), and concrete.

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

PCM c 860 2590 0.21 [24]
HDPE s 930 2250 0.49 [31]
Concrete m 2300 880 1.4 [30]
3. Analysis

3.1. Schematic and assumptions

Fig. 1 illustrates a microencapsulated PCM-concrete wall
element of thickness L ¼ 10 cm with effective thermal conductivity
keff and effective volumetric heat capacity ðqcpÞeff ðTÞ given by
Eqs. (1) and (3), respectively. The wall was subjected to convective
heat transfer at the inside surface and to both convective and
radiative heat transfer at the outside surface. The latter consisted
of (i) diffuse and collimated solar radiation, (ii) radiation exchange
with the sky, and (iii) solar radiation diffusely reflected by grass
around the building. The variation of the solar radiation heat flux
incident on the North, South, East, or West wall was also
considered.

The home energy efficient design (HEED) software [27] compli-
ant with the California Energy Commission procedures [28] was
used to generate a reference simulation home that met California
building code based on the average floor area of a single-family
home of 240 m2 (2600 ft2) [29]. HEED determined the North and
South wall areas to be 39.4 and 37.5 m2, respectively, and both
the East and West wall areas to be 27.9 m2. These dimensions were
used consistently in the present study. Note that the analysis did
not account for the presence of windows or doors for the sake of
simplicity.

To make the problem mathematically tractable, the
following assumptions were made: (1) the microencapsulated
PCM-concrete wall had isotropic and constant thermal properties
except for the temperature-dependent effective specific heat (Eq.
(3)), (2) the specific heat of the PCM was the same for the solid
and liquid phases, i.e., ðqcpÞc;s ¼ ðqcpÞc;l so that ðqcpÞeff ;s ¼ ðqcpÞeff ;l,
(3) there was no heat generation in the wall, (4) the outer wall
surfaces were treated as gray and diffuse, and (5) weekends and
holidays had the same TOU electricity rate schedules as weekdays.

3.2. Governing equations

Under the above assumptions, the local wall temperature Tðx; tÞ
at any time t and location x was governed by the one-dimensional
(1D) transient heat conduction equation [30],
@T
@t
¼ aeff ðTÞ

@T
@x

ð4Þ

where aeff ðTÞ ¼ keff =ðqcpÞeff ðTÞ is the effective thermal diffusivity of
the microencapsulated PCM-concrete wall. The effective thermal
conductivity keff and effective volumetric heat capacity ðqcpÞeff ðTÞ
were determined using Eqs. (1)–(3) described in Section 2.3 and val-
idated using detailed numerical simulations as previously discussed
[9,22].

3.3. Initial and boundary conditions

The initial temperature was assumed to be uniform throughout
the material and equal to Ti, i.e.,

Tðx;0Þ ¼ Ti: ð5Þ

Convective heat transfer was imposed at the interior wall surface
ðx ¼ LÞ with a constant indoor temperature Tin maintained by the
heating, ventilation, and air-conditioning (HVAC) system so that
[16],

�keff
@T
@x
ðL; tÞ ¼ hi½TðL; tÞ � Tin� ð6Þ

where hi is the mixed convective heat transfer coefficient account-
ing for both forced and natural convections. Combined convective
and radiative heat transfer was imposed at the exterior wall surface
(x ¼ 0) such that [16,18],

�keff
@T
@x
ð0; tÞ ¼ ho½Tð0; tÞ � T1ðtÞ� þ asq00s ðtÞ � �r Tð0; tÞ4 � T4

sky

h i

ð7Þ

where ho is the outdoor convective heat transfer coefficient, T1ðtÞ
and Tsky respectively represent the outdoor and average sky temper-
atures, q00s ðtÞ is the solar radiation heat flux at time t, and r is the

Stefan–Boltzmann constant (i.e., r ¼ 5:67� 10�8 W=m2 K4). In
addition, as and � are the total hemispherical solar absorptivity
and emissivity of the outdoor wall surface, respectively. They
typically differ since solar radiation is concentrated in the visible
and near infrared while the outer wall surface emits radiation in
the mid-infrared [30].

3.4. Constitutive relationships

The density, thermal conductivity, and specific heat of the PCM,
shell, and matrix corresponded to those of a commercial organic
PCM (PureTemp 20 by Entropy Solutions Inc., Plymouth, MN)
[24], high density polyethylene (HDPE) [31], and concrete [30],
respectively. Table 1 summarizes the thermophysical properties
of these materials used to predict the effective thermal properties
of the wall keff and ðqcpÞeff according to Eqs. (1)–(3). In order to iso-
late the thermal effect of the PCM volume fraction /c , the shell vol-
ume fraction /s was kept constant and equal to 0.08. The volume
fraction of core with respect to shell material, defined as
/c=s ¼ /c=ð/c þ /sÞ, ranged from about 55% to 79%, within a realis-
tic range of microencapsulated PCMs [32]. In practice, this can be
achieved by adjusting the inner and outer microcapsule diameters
from about 9 to 13 lm and from about 11 to 14 lm, respectively.
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The phase change temperature window DTpc and the latent heat of
fusion hsf of the PCM were taken to be 3 �C and 180 kJ/kg, respec-
tively. The resulting effective thermal conductivity keff decreased
and the effective volumetric heat capacity qcpðTÞeff increased
nearly linearly with PCM volume fraction /c increasing from 0.0
to 0.3. Thus, both the thermal resistance and the sensible heat stor-
age capacity of the composite wall increased with the addition of
PCM. Commercial microencapsulated PCMs are available with a
wide variety of phase change temperatures but similar thermal
properties. Indeed, the phase change temperature of paraffin
PCMs can be adjusted by blending constituents with different
alkane chain lengths [33]. In order to select the optimum material
and elucidate the effects of phase change temperature Tpc on the
annual energy and cost savings associated with PCM-concrete
walls, it was treated as a parameter ranging from 10 to 25 �C.

The indoor heat transfer coefficient hi was taken to be
8 W=m2 K. This value was consistent with experimental measure-
ments for mixed forced and natural convections on a vertical wall
reported by Awbi and Hatton [34]. The outdoor heat transfer coef-
ficient ho was taken as 20 W=m2 K, based on previous numerical
simulations of walls exposed to outdoor weather conditions
[26,35]. These values of indoor hi and outdoor ho heat transfer coef-
ficients were very similar to those recommended by ISO standard
6946 of 7.7 and 25 W=m2 K, respectively [36]. The total hemispher-
ical solar absorptivity as and emissivity � of the outer wall surface
were taken as 0.26 and 0.9, respectively corresponding to the typ-
ical values of white paint [30]. Finally, the average sky temperature
Tsky was taken as 2 �C throughout the year [30].

The outdoor temperature T1ðtÞ and solar radiation heat flux
q00s ðtÞ used in Eq. (7) were obtained from Climate Consultant soft-
ware [37] for North-, South-, East-, and West-facing vertical walls
for a typical year in California climate zones 3 (San Francisco) and 9
(Los Angeles) in 1 h increments. Fig. 2a and b plot the outdoor tem-
perature T1ðtÞ as a function of time over the entire year in San
Francisco and in Los Angeles, respectively. The average outdoor
temperature is notably lower in San Francisco, particularly during
the summer months. Similarly, Fig. 2c and d plot the total solar
radiation heat flux q00s ðtÞ incident on South-facing vertical wall as
a function of time over the entire year in San Francisco and in
Los Angeles, respectively.
3.5. Data processing

3.5.1. Energy savings
The relative energy reduction and the cost savings were used to

evaluate the performance of microencapsulated PCM-concrete
walls compared with that of plain concrete walls. First, the relative
energy flux reduction E00r;j for a wall of orientation j was defined as

the relative difference between the total thermal energy flux Q 00m;j
(in J/m2) transferred through a plain concrete wall (both inward
and outward) and that through a microencapsulated
PCM-concrete wall Q 00j , for the same outdoor conditions and dura-
tion, expressed as,

E00r;j ¼
Q 00m;j � Q 00j

Q 00m;j
: ð8Þ

Here, Q 00m;j and Q 00j for a wall of orientation j were defined as,

Q 00m;j ¼
Z tf

ti

q00L;m;jðtÞ
��� ���dt and Q 00j ¼

Z tf

ti

q00L;jðtÞ
��� ���dt ð9Þ

where ti and tf are the initial and final times of interest (e.g.,
1 month or 1 year).
The conductive heat fluxes (in W/m2) at the inner surface
located at x ¼ L for a plain concrete wall q00L;m;j and for a microencap-
sulated PCM-concrete wall q00L;j of orientation j were given by
Fourier’s law as,

q00L;m;jðtÞ ¼ �km
@Tm

@x
ðL; tÞ and q00L;jðtÞ ¼ �keff

@T
@x
ðL; tÞ: ð10Þ

The absolute values of q00L;m;jðtÞ and q00L;jðtÞ in Eq. (9) were considered
to account for the fact that there is an energy cost associated with
maintaining the indoor temperature at Tin, regardless of the direc-
tion of the heat flux across the wall.

Similarly, the relative energy reduction Er through all four ver-
tical walls of the home was defined as the relative difference
between the total thermal energy Q m transferred through the walls
made of plain concrete and through those made of microencapsu-
lated PCM-concrete Q and was expressed as,

Er ¼
Q m � Q

Qm
: ð11Þ

The total thermal energy Qm through all four plain concrete walls
and that through all four microencapsulated PCM-concrete walls
Q of the home were given by,

Qm ¼
X

j¼N;S;E;W

Q 00m;jAj and Q ¼
X

j¼N;S;E;W

Q 00j Aj ð12Þ

where Aj is the surface area (in m2) of the wall of orientation j.
Finally, the relative heating and cooling energy reductions,

denoted by Er;H and Er;C , for an entire home were expressed as,

Er;H ¼
Q H;m � QH

QH;m
and Er;C ¼

Q C;m � Q C

Q C;m
: ð13Þ

The total heating load QH;m (in J) on a house with plain concrete
walls or with microencapsulated PCM-concrete walls QH were
defined as,

QH;m ¼
X

j¼N;S;E;W

Q 00H;m;jAj and QH ¼
X

j¼N;S;E;W

Q 00H;jAj ð14Þ

Here Q 00H;m;j and Q 00H;j are the heating energy fluxes through plain con-
crete and through microencapsulated PCM-concrete walls with ori-
entation j and were expressed as,

Q 00H;m;j ¼
Z tf

ti

HH q00L;m;j
� �

q00L;m;jðtÞ
��� ���dt and

Q 00H;j ¼
Z tf

ti

HH q00L;j
� �

q00L;jðtÞ
��� ���dt ð15Þ

where HH q00L
� �

is a Heaviside step function for heating q00L < 0
� �

given
by,

HH q00L
� �

¼
1 if q00L 6 0
0 if q00L > 0

�
: ð16Þ

Lastly, the total cooling load QC;m and QC (in J) on a home with plain
concrete and microencapsulated PCM-concrete walls were respec-
tively defined as,

QC;m ¼
X

j¼N;S;E;W

Q 00C;m;jAj and Q C ¼
X

j¼N;S;E;W

Q 00C;jAj: ð17Þ

Here, Q 00C;m;j and Q 00C;j are the associated cooling energy fluxes
expressed as,

Q 00C;m;j ¼
Z tf

ti

HC q00L;m;j
� �

q00L;m;jðtÞ
��� ���dt and

Q 00C;j ¼
Z tf

ti

HC q00L;j
� �

q00L;jðtÞ
��� ���dt ð18Þ
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Fig. 2. (a) and (b) Outdoor temperature T1ðtÞ and (c) and (d) solar radiation heat flux q00s ðtÞ incident upon a South-facing vertical wall as functions of time throughout the year
in San Francisco and in Los Angeles, respectively. These data were used as boundary conditions in the present study.
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where HC q00L
� �

is a Heaviside step function for cooling q00L > 0
� �

given
by,

HC q00L
� �

¼
0 if q00L 6 0
1 if q00L > 0

�
: ð19Þ

Note that the contributions to the thermal load from the roof or
ceiling were assumed to be the same for the reference home with
either concrete walls or microencapsulated PCM-concrete walls.
Thus, they were not accounted for in the expressions of Er; Er;H ,
and Er;C .

3.5.2. Cost savings
In order to determine the heating cost savings, the heating loads

Q H;m and QH through the four walls were decomposed into off-peak
and peak loads in the winter denoted by subscripts op and p.
Similarly, the cooling loads QC;m and Q C were divided into
off-peak, partial-peak, and peak loads denoted by subscripts
op; pp, and p, in the summer, respectively. These TOU loads were
isolated by adjusting ti and tf in Eq. (18) according to the summer
or winter electricity rate schedules as defined by PG&E in San
Francisco and by LADWP in Los Angeles.

An HVAC system was assumed to operate throughout the year
with a tight constraint on the indoor temperature Tin such that it
was constant and equal to 20 �C. Note, however that, in practice,
the HVAC system would not activate until the room heated or
cooled to a temperature outside a set comfort range, often called
the temperature deadband. Thus, the heating and cooling energy
requirements reported in the present study are overestimated.
The seasonal energy efficiency ratio (SEER) is defined as the ratio
of the total thermal energy removed from a space (in BTU) by an
AC system to the electrical energy consumed over the same time
period (in Wh) [38]. On the other hand, the annual fuel utilization
efficiency (AFUE) is defined as the ratio of annual heat output by a
furnace or boiler to the corresponding fossil fuel energy consumed
[38]. In the present study, the current minimum value of SEER of
13 BTU/Wh set by the U.S. Department of Energy was used [38].
The average value of AFUE of 81 for modern furnaces and boilers
was also used [38]. These values of SEER and AFUE were necessary
in order to relate the cooling and heating loads to the correspond-
ing electricity and gas consumption and to determine the
associated costs.

The cost savings over a given time period, denoted by SH; SC , and
ST , were defined as the differences between the heating, cooling,
and total costs (in $) CH;m;CC;m, and CT;m when walls were made
of plain concrete and CH;CC , and CT when they were made of
microencapsulated PCM-concrete. They were expressed as,

SH ¼ CH;m � CH; SC ¼ CC;m � CC ; and ST ¼ SH þ SC : ð20Þ

Here, the heating and cooling costs CH and CC were given by,

CH ¼
1

AFUE
Q HRG and

CC ¼
1

D � SEER
ðQ CREÞop þ ðQCREÞpp þ ðQ CREÞp
h i

ð21Þ

where D ¼ 1:055� 106 J Wh/BTU kWh is a unit-conversion con-
stant, RG is the gas cost used for heating (in $/J), and RE is the elec-
tricity rate used for cooling (in $/kW h). Eqs. (20) and (21) were
applied both on a monthly and on an annual basis as well as both
for individual walls and for all the walls in a home. Additionally,
the cost savings through an individual wall with orientation j per
unit wall area was given by S00T;j ¼ STj

=Aj.
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3.6. Method of solution

The governing Eq. (4) along with the initial and boundary con-
ditions given by Eqs. (5)–(7) were solved using finite element
methods on unstructured grids. To account for the uncertainty in
the initial conditions throughout the wall, the simulation time
period was extended two days before January 1st. Extending the
simulation period by an additional day resulted in less than 1%
relative difference in temperature and heat flux predictions on
January 1st. Numerical convergence was considered to be reached
when the maximum relative difference in the predicted inner wall
surface heat flux q00Lðx; tÞ was less than 1% when reducing the mesh
size or time step by a factor of 2. In practice, converged solutions
were obtained by imposing a time step of 400 s and minimum
mesh size and maximum growth rate to be 500 lm and 1.35,
respectively. The number of finite elements needed to obtain a
converged solution was 3233.

4. Results and discussion

4.1. Inner surface heat flux

Fig. 3 plots the inner surface heat flux q00L;S(t) as a function of
time over one year for a South-facing wall located either in
San Francisco (left) or in Los Angeles (right) with thermal
properties corresponding to a plain concrete wall or to a concrete
wall containing microencapsulated PCM with volume fraction /c

ranging from 0.1 to 0.3. The phase change temperature Tpc was
taken to be equal to the desired indoor temperature Tin ¼ 20 �C.
Fig. 3 shows that adding microencapsulated PCM to the concrete
wall decreased the amplitude of the inner surface heat flux q00L;SðtÞ
throughout the year. The amplitude of the positive heat flux q00L;S
into the building requiring cooling was reduced substantially more
than that of the heat flux out of the building (i.e., q00L;SðtÞ < 0),
requiring heating. Furthermore, the total thermal load was
reduced much more during summer months when the tempera-
ture oscillations were centered closer to the desired indoor
temperature Tin. This can be attributed to the fact that q00L;S was
nearly unidirectional during the heating season (winter) in both
cities but not during the cooling season (summer), as previously
discussed. These results support recent findings that the energy
reduction potential decreased as the difference between the
time-averaged outdoor temperature and the desired indoor
temperature Tin increased. Such situations are encountered in
extremely hot or cold climates [9,16].

Fig. 4a–d plot the inner surface heat flux q00L;m;SðtÞ and the
corresponding electricity rate REðtÞ as functions of time over the
course of one day for South-facing concrete walls located either
in San Francisco or in Los Angeles on January 31st and on July
12th. The shaded areas below and above the line q00L;m;S ¼ 0 W/m2

respectively represent the daily heating Q 00H;m;S and cooling energy

fluxes Q 00C;m;S required to maintain a constant indoor temperature
Tin. The figures illustrate a general trend that buildings in Los
Angeles require more cooling than those in San Francisco in both
winter and summer due to the warmer climate (Fig. 2). They also
show that the electricity providers in both cities divide the day into
two and three pricing periods during the winter and summer,
respectively. Summer pricing is applied from May to October in
San Francisco and from June to September in Los Angeles.
Moreover, the ratio of peak to off-peak electricity rates and the
length of the peak period are larger in San Francisco than in Los
Angeles. Fig. 4a presents the situation of unidirectional heat flux
(heat loss) in San Francisco on January 31st.
4.2. Effect of wall orientation

Fig. 5a and b plot the annual relative energy flux reduction E00r;j
achieved for the North-, South-, East-, and West-facing microen-
capsulated PCM-concrete walls as a function of PCM volume frac-
tion /c ranging from 0 to 0.3 in San Francisco and in Los Angeles,
respectively. Here also, the phase change temperature Tpc was
taken to be equal to the desired indoor temperature Tin of 20 �C.
First, it is evident that for every wall orientation, the annual energy
flux reduction E00r;j increased with increasing PCM volume fraction
/c. It was the largest for the West- and South-facing walls in San
Francisco and Los Angeles, respectively, each reaching up to about
22% and 38%. This can be attributed to the fact that the solar radi-
ation heat flux q00s ðtÞ incident on the South- and West-facing walls
resulted in oscillations in the inner wall surface temperature TLðtÞ
centered closer to Tin than those at the East- and North-facing
walls.

Fig. 5c and d plot the annual cost savings per unit surface area S00T;j
of microencapsulated PCM-concrete wall (in $/m2 and in $/ft2) with
different orientations corresponding to the energy savings pre-
sented in Fig. 5a and b. The annual cost savings per unit wall surface
area S00T;j increased with increasing PCM volume fraction /c . It
approached a plateau as /c increased above 15% in San Francisco
for all four orientations considered. Here also, the West- and
South- facings walls featured the largest cost savings S00T;j in both cli-
mates. However, the annual cost saving for the West-facing wall
S00T;W was nearly equivalent to that for the South-facing wall S00T;S in
Los Angeles, while it was larger by 30% in San Francisco.

Overall, Fig. 5a–d establish that the wall orientation had a sub-
stantial impact on the energy and cost savings associated with
microencapsulated PCM-concrete walls in both San Francisco and
Los Angeles. They also suggest that it may be more energy- and
cost-effective to add microencapsulated PCM only to the West-
and South-facing walls of a building envelope. Finally, adding
PCM beyond /c of 0.1–0.2 in San Francisco would not make sense
from a cost saving point of view although it was beneficial from an
energy saving standpoint. Indeed, adding 10–20 vol.% microencap-
sulated PCM to the concrete walls time-shifted the maximum inner
wall surface heat flux q00L;jðtÞ to a partial- or off-peak time of day
with a cheaper electricity rate. Beyond this point, further increas-
ing the time-shift by adding microencapsulated PCM resulted in
proportionally less cost savings because the maximum energy con-
sumption already occurred during the cheapest electricity rate per-
iod. This effect was much more pronounced in San Francisco since
the ratio of peak to off-peak electricity rates was much larger than
that in Los Angeles (Fig. 4).
4.3. Effect of phase change temperature

Fig. 6a and b respectively plot the relative energy reduction Er

and the associated cost savings ST for the typical single family
home considered for each month of the year in San Francisco
achieved by adding 10 vol.% of PCM. Five different values of phase
change temperature Tpc were considered, namely, 10, 19, 20, 21,
and 25 �C. The results indicate that both Er and ST were maximized
for Tpc ¼ 19 �C. The monthly energy reduction ranged from about
6% to 17% throughout the year. The associated cost savings ranged
from $0.1/month in the winter to $9/month in September. In fact,
Er and ST were the smallest and were nearly independent of Tpc

between November and March. This can be attributed to the fact
that the inner wall surface heat flux was unidirectional

q00L;jðtÞ < 0
� �

for most of this period, as previously discussed

(Fig. 3). Throughout the year, Er and ST were almost equivalent
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Fig. 3. Inner surface heat flux q00L;SðtÞ as a function of time over one year for a South-facing plain concrete wall or for a microencapsulated PCM-concrete wall with PCM volume
fraction /c ranging from 0.1 to 0.3 in San Francisco or in Los Angeles.
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and equal to 6% for Tpc ¼ 10 and 25 �C. This can be explained by the
fact that the PCM remained liquid or solid on most days since the
outdoor and the wall temperatures typically remained above 10 �C
and below 25 �C (Fig. 2a), respectively. Then, the 6% energy reduc-
tion corresponding to Tpc of 10 and 25 �C can be attributed to the
thermal insulating effects of adding the microencapsulated PCM,
i.e., keff < km.

Similarly, Fig. 6c and d respectively plot Er and ST for the same
typical home in Los Angeles, for each month of the year, for
/c ¼ 0:1 and for Tpc ranging from 10 to 25 �C. They show that Er

and ST reached a maximum in the summer months when the phase
change temperature Tpc was equal to the desired indoor tempera-
ture Tin of 20 �C. However, both Er and ST were slightly larger for
Tpc ¼ 19 �C during the rest of the year. For Tpc ¼ 20 �C, the relative
energy reduction Er ranged from 6% to 42% while the cost savings
ST varied from $0.3 to $21/month throughout the year. Here also, Er

and ST were smaller and remained constant from October to May
for Tpc ¼ 10 and 25 �C. Then, the PCM did not completely change
phase on most days and only the thermal insulating effects of
the PCM microcapsules had an effect on the thermal load. Finally,
the monthly cost savings was generally much larger in Los
Angeles than in San Francisco. Note that the cost saving potential
was limited by the cost of gas and electricity for heating and
cooling the home under consideration.

4.4. Effect of season

Fig. 6a and c show that Er was the largest during the summer
months from June through September in both San Francisco and
Los Angeles. This was due to the fact that the monthly
time-averaged outdoor temperature T1ðtÞ in the summer months
was 17 �C in San Francisco and 22 �C in Los Angeles. It was the
closest to the desired indoor temperature Tin ¼ 20 �C during these
months.

Fig. 6b and d indicate that the cost savings ST also reached a
maximum during the summer months and was small in the winter
months. In fact, the monthly cost savings in San Francisco was neg-
ligible between November and April. This was due to the fact that
cooling was achieved by consuming electricity whose cost was
based on summer TOU schedules featuring a large ratio of peak
to off-peak electricity rates. By contrast, during the winter months,
the heating load reduction was small and gas, sold based on a flat
rate, was inexpensive.

Fig. 7a and b respectively compare Er and ST between San
Francisco and Los Angeles for each month of the year for a
PCM volume fraction /c ¼ 0:2. Here, Tpc was taken as 19 and
20 �C in San Francisco and in Los Angeles, respectively. The rel-
ative energy reduction Er reached up to 23% and 62% and ST

reached up to $11 and $29/month in San Francisco and in Los
Angeles, respectively. In addition, the monthly cost savings
remained very small during the winter months in both cities.
To put these numbers in perspective, the average monthly
electricity bill over all residential customers in San Francisco
and in Los Angeles between 1990 and 2005 was about $70
and $50/month, respectively [39]. Thus, adding 20 vol.% of
microencapsulated PCM to the concrete walls of a single family
home in Los Angeles resulted in up to �60% cost savings in the
summer months.
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Fig. 5. Relative energy flux reduction E00r;j for North-, South-, East-, and West-facing walls (a) in San Francisco and (b) in Los Angeles, and corresponding cost savings per unit
wall surface area S00T;j (c) in San Francisco and (d) in Los Angeles, as functions of PCM volume fraction /c ranging from 0 to 0.3.
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Table 2
Annual heating, cooling, and total relative energy reduction Er and cost savings ST for an av
fractions /c . Here, hsf ¼ 180 kJ/kg, DTpc ¼ 3 �C, and Tpc ¼ 19 �C in San Francisco and Tpc ¼

/c ¼ 0:1

Annual relative energy reduction (%)
San Francisco
Er;H 7.5
Er;C 85.1
Er 8.8
Er (PCM: S, W) 5.1

Los Angeles
Er;H 12.5
Er;C 52.5
Er 17.3
Er (PCM: S, W) 10.3

Annual cost savings ($)
San Francisco (annual electricity cost: $840)
SH $1
SC $36
ST $37
ST (PCM: S, W) $31

Los Angeles (annual electricity cost: $600)
SH $1
SC $94
ST $95
ST (PCM: S,W) $60
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4.5. Annual energy and cost savings

Table 2 shows the annual relative energy reduction for heating
Er;H , cooling Er;C , and total Er thermal loads on a typical single fam-
ily home in San Francisco and Los Angeles. PCM volume fraction /c

equal to 0.1, 0.2, and 0.3 was included either within all four walls
of the home or strictly within the South- and West-facing walls as
designated by ‘‘(PCM: S,W).’’ The annual cooling load was reduced
by more than 98% in San Francisco and 73% in Los Angeles for /c

above 0.2. However, the reduction in the annual heating load
was comparatively small. The total annual relative energy reduc-
tion ranged from 9% to 18% in San Francisco and from 17% to
32% in Los Angeles as /c increased from 0.1 to 0.3. The comparative
potential of a PCM-composite wall to reduce the heating or cooling
loads individually depends on the climate. Overall, the best climate
to reduce heat transfer by adding PCM to building walls is one in
which the daily average outdoor temperature remains relatively
close to the desired indoor temperature throughout the year, as
in Los Angeles. Then, the heat flux through the inner surface of
the walls changes direction during the day so that the PCM melts
during the day and solidifies at night. Additionally, the total rela-
tive energy reduction Er achieved by adding microencapsulated
PCM only to the South- and West-facing walls of the home was sig-
nificant but was only slightly more than half that achieved by
including it within all four walls.

Table 2 also shows the annual cost savings ST associated with
the reduction in the heating, cooling, and total thermal loads in
San Francisco and in Los Angeles for /c ranging from 0.1 to 0.3.
In both cities, the annual cost savings consisted almost entirely
of cooling cost savings in the form of electricity savings. Overall
the total annual cost savings ST ranged from $37 to $44 in San
Francisco and from $95 to $145 in Los Angeles as /c increased from
0.1 to 0.3. Between 1990 and 2005, the average annual electricity
cost for residential customers in San Francisco and Los Angeles
was about $840 and $600, respectively [39]. Thus, the annual cost
savings incurred by adding 20 vol.% microencapsulated PCM to
concrete walls represented about 5% and 22% of the annual elec-
tricity expenditures in San Francisco and Los Angeles, respectively.
Interestingly, the total annual cost savings ST achieved by including
erage single family home in San Francisco and Los Angeles for different PCM volume
20 �C in Los Angeles.

/c ¼ 0:2 /c ¼ 0:3

12.0 17.0
98.3 99.6
13.4 18.3
7.5 9.8

19.4 24.8
73.1 81.5
25.8 31.6
15.2 18.1

$2 $2
$41 $42
$43 $44
$36 $37

$1 $1
$130 $143
$131 $145
$83 $91
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microencapsulated PCM only within the South- and West-facing
walls was only slightly smaller than that for four walls in San
Francisco. This can be attributed to the very small annual cost sav-
ings for the North- and East-facing walls (Fig. 5c) in San Francisco.
On the other hand, annual cost savings ST were substantially smal-
ler in Los Angeles when microencapsulated PCM was included only
within the South- and West-facing walls. This suggests that the
financial benefit of PCM-composite walls may be maximized in
certain climates by careful and creative design choices such as
the location of the PCM within the building envelope. In order to
explore cost savings further, the material and implementation
costs of PCM should be considered along with any incentive
policies in order to assess the payback period for different
PCM-composite building envelope designs.

5. Conclusion

This study demonstrated that adding miroencapsulated PCM to
the exterior concrete walls of an average-sized single family
residence can lead to significant annual energy savings both in
San Francisco and in Los Angeles. Overall, the annual cooling load
reduction ranged from 85% to 100% and from 53% to 82% in San
Francisco and in Los Angeles, respectively, as the PCM volume frac-
tion increased from 0.1 to 0.3. The corresponding annual electricity
cost savings ranged from $36 to $42 in San Francisco and from $94
to $143 in Los Angeles. The present study also establishes that the
location of PCM within the building envelope is an important
design choice, particularly from a financial standpoint. Several
important design guidelines for the PCM-composite wall system
were obtained:

1. The annual energy reduction and cost savings were dependent
on wall orientation, and were the largest for the South- and
West-facing walls in the climates considered.

2. The annual energy and cost savings were maximized when the
phase change temperature was near the desired indoor
temperature.

3. Microencapsulated PCM reduces heat transfer through concrete
walls the most in climates where the outdoor temperature
oscillates around the desired indoor temperature.

4. Adding microencapsulated PCM to the building envelop can
significantly reduce the need for cooling in the hotter months
in the climates considered.

5. The effects of microencapsulated PCM on the energy needs for
heating and the associated cost savings were small.

Future studies could assess creative design strategies for
incorporating PCM into the building envelope and structure.
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