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Building energy consumption constitutes approximately 40% of total energy usage in the US. zero energy
buildings (ZEBs) have received much attention in the last decade as they can alleviate some of the neg-
ative impacts that buildings have on the environment. New materials and systems are emerging that can
help regulate building enclosure heat losses and gains in a passive manner, possibly leading to more cost
effective ZEBs. A novel thermo-optically responsive solid-solid phase change material (SS-PCM) coating
has been developed to help offset heat gains or losses in building enclosures. The study investigates the
optical and thermal processes of the SS-PCM, as well as the synergies among different layers within the
enclosure system, through a series of numerical simulations. The impacts of the solar incoming angle and
phase transition temperature on the absorptivity of the SS-PCM, which have a significant influence on the
optical and thermal transfer processes, are explored. The feasibility and benefits of using the SS-PCM sys-
tem in building enclosures under both warm and cold climates are investigated. Simulation results: (1)
confirm the potential of the SS-PCM coatings to reduce undesirable heat exchange through building
enclosure in all orientations and identify the roof as the preferred location of installing the SS-PCM sys-
tem; (2) substantiate the thermal benefits of the system throughout the year and determine the optimal
phase transition temperature of the SS-PCM with maximal energy saving; and (3) demonstrate more
thermal benefits and energy saving of the SS-PCM coatings in warm climates compared to cold climates,
which has been a challenge for most of existing passive solar facades.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

Rising global population, urbanization, and income lead to
increasing demand for energy, with the world energy consumption
projected to grow by nearly 50% between 2018 and 2050 [1].
Energy consumed in residential and commercial buildings will
increase by 65% during the same time period [1]. The building sec-
tor also contributes to 39% of process-related global greenhouse
gas emission. Therefore, more efficient and sustainable energy
technologies, such as those enabling nearly or net-zero energy
buildings(NZEBs), are critical for achieving long term sustainability
and climate neutrality [2].

For decades, researchers have studied different approaches and
technologies to achieve ZEBs, and many different NZEBs are
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already reported all over the world [3-5]. The ZEB strategies can
generally be divided into two categories, (i) minimization of energy
consumption in buildings through energy-efficient measures (e.g.
insulating materials, insulated windows, advanced heating and
cooling systems and modern lighting) [6], and (ii) the use of renew-
able energy and other technologies to meet the remaining energy
needs. The development of passive solar enclosure technologies
based on advanced materials is particularly attractive because it
can offer cost-effective alternatives. Passive solar enclosures
include Trombe walls [7,8], transparent insulation [9-12], double
skin facades [13,14], and so forth.

One type of advanced building materials already used in build-
ings are thermochromic (TC) materials, which are capable of rever-
sibly altering optical properties due to a temperature difference.
Such a feature can modulate solar heat gain or loss of the building
enclosure by dynamically managing solar energy, i.e., limiting
undesired solar heat gain during the hot seasons and allowing
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Nomenclature

Apem Absorptivity of the Phase Change Materials

Cp Specific heat capacity (J/kg-K)

d Thickness (m)

EtEip.Etq.Ecr Total clear-sky irradiance, the beam component,
the diffuse component, the ground-reflected component

(W/m?)
h convection coefficient (W/m?K)
I(x), [y radiative intensity as a function of thickness, initial
radiative intensity (W/m?)
k Thermal conductivity (W/m-K)
L Total length of the system (m)
Qs specific heat (J/kg-K)
Q; latent heat (J/kg)
n Refractive index
s Scattering coefficient (m™!)
T Temperature (°C)

To, Tt Temperature that phase starts to change from opaque to
transparency, temperature that phase starts to change
from transparency to opaque (°C)

t Time (s)

Greek letter

pP12.P23 Teflectance of exterior surface and back reflector
0 angle between sun line and surface normal line
e Surface emissivity

K Absorbing coefficient (m™!)

€ Extinction coefficient (m~')

T Transmittance

Subscriptions

t Transparent phase

0 Opaque phase

int Interior

ext Exterior

more solar heat gain during the cold seasons [15]. The applications
of TC materials have already been studied in smart windows and
smart building coatings [16,17]. There are numerous advantages
of using such TC material on buildings, which includes the applica-
tion as a passive design to maintain visible light transmittance
while controlling NIR transmittance [18], convenient manufacture,
simple structures [19,20], and are relatively low in cost [21]. How-
ever, some limitations in these systems, including low visible
transmittance, high transition temperature, and limited solar mod-
ulation capability, require additional studies [22].

Another type of advanced building materials used in building
enclosures are phase change materials (PCMs), which are often
employed in thermal energy storage (TES) systems to buffer diur-
nal thermal swings [23-28]. The proper implementation of PCMs
in buildings can reduce the peak heating and cooling loads, thus
minimizing size and energy consumption of the corresponding
thermo-regulating devices. The most used materials for TESs are
solid-liquid PCMs (SL-PCMs), which include paraffins, salt
hydrates, and various mixtures. However, inherent drawbacks of
SL-PCMs limit their more widespread implementation, such as
the need for encapsulation to avoid leakage when in liquid state,
low thermal conductivity, and thermal hysteresis [29,30]. More
recently, solid-solid PCM (SS-PCMs) have been evaluated as poten-
tial alternative TESs [31]. SS-PCMs circumvent the need for encap-
sulation since they retain their shape within the application
temperature ranges. SS-PCMs also exhibit less phase separation,
degradation, and thermal hysteresis during thermal cycling.

In principle, an advanced material capable of modulating solar
heat absorption by two mechanisms, thermo-responsive optical
properties and heat storage via reversible phase transitions, is
highly desirable for enhancing building energy efficiency and help-
ing achieve ZEBs. A novel thermo-optically responsive SS-PCM
polymeric material has been synthesized by our group which has
a polymethacrylate backbone containing alkyl pendant phase
changing motifs [32,33]. The polymer is opaque in its crystalline
form and becomes transparent in the amorphous phase upon heat-
ing. This temperature-dependent transparency enables the mate-
rial to passively control the admittance of the solar energy, while
the SS-PCM latent heat provides a high heat storage capacity.
Fig. 1 illustrates the change of transparency of the SS-PCM after
the phase transition.

Combined with a back-reflector, a novel thermo-optically
responsive SS-PCM coating (see Fig. 2) can be integrated into the

building envelope to help reduce energy consumption used for
heating and cooling. This study builds upon a recent exploratory
study, in which a one-dimensional numerical simulation was car-
ried out on such an SS-PCM based system on building enclosures
in a typical central Massachusetts climate [32]. Previous results
have shown that such a system can have a positive impact on
building thermal performance and can lead to significant energy
savings.

The feasibility of incorporating such an SS-PCM based thermo-
regulating coatings into the building envelop to improve its energy
efficiency has been confirmed from the previous study [32]. How-
ever, the understanding of the underlying optical and thermal
transport processes within the SS-PCM, as well as the synergies
or interactions between different layers comprised in the enclosure
system, remains limited. The SS-PCM previously proposed had not
yet been optimized for achieving maximum energy savings, and it
has proven challenging to develop a system that works for both
heating- and cooling-dominant climates [2], thus further investiga-
tion of the coating’s performance under different climate condi-
tions is necessary. This work aims to fill this knowledge gap by
examining: (1) impacts of solar incoming angle on the thermal per-
formance of the SS-PCM based coatings on building enclosure in all
orientations through sing-day simulations; (2) the overall benefits
of the SS-PCM based coatings on building enclosure throughout a
year-long duration and the impacts of phase transition tempera-
ture on the thermal performance of the SS-PCM based coatings;
and (3) the thermal benefits of the system on building enclosure
under heating- and cooling-dominant climates.

The next section describes the synthesis & characterization of
the SS-PCM coatings and conceptual principles of the system. The
modeling methodology and the optimization strategies for deter-
mining optical parameters of the SS-PCM are also detailed in Sec-
tion 3. Section 4 presents and discusses the results of the
simulations. The main conclusions from this study are provided
in Section 5.

2. Methodology

2.1. Polymer synthesis

The novel SS-PCM coatings were synthesized by thermally
crosslinking a copolymer containing Stearyl Acrylate (PSA),
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Fig. 2. sketches of the operational principle of the coating system. (a) Opaque phase. The SS-PCM is cold and crystal. (b) Transparent phase. The SS-PCM is warm and
amorphous. 1, 2 and 3 stands for 1-mm SS-PCM, a back reflector and a 75-mm insulator, respectively.

Glycidyl Methacrylate (PGMA) and Hexyl Acrylate (HA) in the
polymer backbone. The synthesis of these macromolecules was
carried out as described in our previous work [33]. The properties
of the SS-PCM coating system used for this study are listed in
Table 1.

2.2. Characterization of SS-PCMs

A glass coated with 1 mm SS-PCM film was used to characterize
optical properties in the UV-Vis and Near Infra-Red region of the
electromagnetic spectrum. A PerkinElmer Lambda 35 UV/Vis Spec-
trometer was used to acquire transmittance and reflectance data in

Table 1

Physical and thermal properties of the system.
Thermal properties d [m] k [W/mK] Qs [kJ/kg K] Q; [kI/kg] Density kg/m3 n € reflectance
SS-PCM 0.001° 03*? 23° 70 ¢ 930 ¢ 1.5° 0.9¢ P12(0)
Back reflector - - - - - - - py3 =0.95¢
Insulator 0.075° 0.2° 1.5° - 400° - 0.9° -

a: values were obtained by measurement.
b: values were assigned an average value based on similar materials.
c: values were chosen from literature [32].
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UV-Visible region (wavelength = 1000 - 300 nm). A scan rate of
480 nm/min with a data interval of 1 nm was used to acquire all
UV-Vis spectra. Based on the measured transmittance and reflec-
tance data, the absorption spectrum,Apcy, (4), of the SS-PCM coating
in both phases is presented in Fig. 3.

The enthalpy of melting and the crystalline-to-amorphous tran-
sition temperature of the SS-PCMs were determined using a 7 Per-
kin Elmer Differential Scanning Calorimeter (DSC). Ice-water was
used as a cooling system while a continuous flow of nitrogen at
20 ml/min was used to maintain inert environment at the sample
and reference furnace. A Heating rate of 10 °C/min and tempera-
ture range of 5 °C — 90 °C were used to characterize sample weigh-
ing approximately 15 mg.

2.3. Conceptual system

The SS-PCM based coating system is placed on the exterior of a
building enclosure, as schematically shown in Fig. 2. This system
has been designed to reduce undesirable heat exchange as follows
(see Fig. 2): (1) At low temperature, the SS-PCM is crystalline and
remains opaque to solar radiation; thus, the optical absorptivity of
solar irradiance can be tuned to allow for more energy gains during
cold seasons as a dark surface does; and (2) When heated above its
phase transition temperature, the SS-PCM becomes amorphous
and transparent after undergoing a reversible phase change. Most
of the solar irradiance transmits through the SS-PCM onto a back
reflector and then reflects back to the environment as a light sur-
face does. Therefore, minimal solar radiation will be absorbed by
the system and the overall thermal performance is better com-
pared to that of both the dark and light surface.

2.4. Governing equations

Fig. 5 illustrates the 1-d model geometry and material proper-
ties of the system. The Finite element models were implemented
in COMSOL (Multiphysics 5.4) using linear elements with a con-
stant length of 0.5 mm for the model.

Assumptions for the mathematical model are listed below:

(1) The heat transfer through the system is simplified to a one-
dimensional unsteady heat transfer process.
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(2) The contact thermal resistance of the interfaces within the
system is omitted.

(3) The SS-PCMs are thermally homogeneous and isotropic
media, and the thermal conductivities of the materials are temper-
ature independent.

(4) The specular reflection of the back reflector is assumed to be
a constant.

The heat transfer process of the SS-PCM coating is illustrated in
Fig. 4. The energy equation is given by the heat equation (1a) [34]:

a9 ary . .

rennT) 51 = g (K ) + 6. (1a)

dH

(1) =47 (1b)

H=QA-T+stepA-Q, (1c)
0,T<T,

step=1¢ ¢ T<T<T (1d)
1L,T>T,

Where: t is time (s).p,, is the density (kg/m?). ¢,(T) is the specific
heat capacity (J/kg-K). kpem is the thermal conductivity (W/m-K). g, is
the heat source from solar radiation (W/m?). H is the enthalpy (J/
kg). Q, and Q, are the specific heat (J/kg-K) and latent heat (J/kg)
of the SS-PCM respectively.

The governing equation for the insulator is given as:

aT o oT
PinCpin 3¢ = 55 (kin &) (e)
Where p;, ¢, and ki, are density (kg/m?), specific heat capacity
(J/kg-K) and thermal conductivity (W/m-K) of insulator,

respectively.

2.4.1. The heat source termq,(x, t)

q,(x,t) is the quantity of solar energy absorbed by the SS-PCM
coating, which can be determined by the total incoming irradiation
(E¢) and the absorptivity (Ayqm) of the material. The property which
distinguishes this SS-PCM from traditional PCMs is the change of
absorptivity when it undergoes the phase transition from opaque
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Fig. 3. spectrum absorptivity of the SS-PCM coating in opaque phase and transparent phase.
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Fig. 4. heat transfer processes of the SS-PCM based coating system.
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Fig. 5. (a): A schematic of the material properties and system parameters, (b): A
schematic of the 1D model.

state to transparent state. g, is zero for the insulator layer since
radiation transferred into the insulator is negligible. The total
incoming irradiation (E;) and the absorptivity (Ap) should be first
obtained in order to determine ¢, (x,t), which are presented by a
step-by-step procedure in the following paragraphs.

Total solar radiation (E;) can be calculated using equations (2)
from ASHRAE [35].

Ei=Eip +Erqg+Ei, (2)

Total clear-sky irradiance (E;) reaching the receiving surface is
the sum of three components: the beam component (E, ;) originat-
ing from the solar disc; the diffuse component (E;4) originating
from the sky dome; and the ground-reflected component (E,)
originating from the ground in front of the receiving surface. In
the equations from ASHRAE, solar irradiance varies with angles
between surface normal line and solar-earth line, and solar irradi-
ance also changes from season to season. Thus, it is necessary to
simulate the heat transfer process on walls of different orientations
and implement year-long simulations in order to capture a com-
prehensive understanding of benefits of the SS-PCM coating on
building enclosures.

Absorptivity,Apcn, is an important optical property that indi-
cates the ratio of radiative energy absorbed by an optical medium
to the total energy reaching the medium. Absorptivity of the SS-
PCM undergoes a significant change during the phase transition,
it consequently affects the heat source term as shown in equation

(1). Therefore, the absorptivity that depends on the SS-PCM’s ther-
mal and optical transfer processes is influenced by their synergies.
In the transparent phase, the coating allows transmission of most
of the radiation through the medium while only part of the radia-
tion is reflected to the ambient from the exterior surface of the SS-
PCM. The absorptivity should be determined separately for the
transparent phase A, and opaque phaseApm,. The absorptiv-
ity,Apem, Of transparent phase was computed by equation (3a),
depending on the extinction coefficient, €, and the reflectance,
P12, Of the exterior surface. p,,, relies on the refractive index and
incoming angle and can be obtained by Fresnel’s Law [34].

(1= pp)(A+py1)(1 = 7)
Apemt = 3a
pemt 1= 1P (32)
7= e—ft-d/cos()z (3b)
€ =Kt + 5t (30)

2 2
_ 1 [<c0502 - ncos(%) <c0591 - nc0502> ] (3d)

P2 = 2 "\ cosb, + ncosb, cost, + ncoso,

Where p;, and p,, are the reflectance of the exterior surface and the
back reflector, respectively; t is the transmittance of SS-PCM;
K¢, Scande, are the absorbing coefficient, scattering coefficient and
extinction coefficient of the SS-PCM during transparent phase,
respectively; n is the refractive index of the SS-PCM. d is the thick-
ness of the coating; 0; and 0, are the incidence angle and reflection
angle correspondingly as shown in Fig. 2.

While in the opaque phase, the scattering effect plays an impor-
tant role since solar radiation would be absorbed and reflected by
scattering when interacting with the polymer molecules. Thus, K-
M theory [36,37] was adopted to compute the absorptivity,Apcm,o-

= (zﬁkm + Zﬁim)eakmd/ms‘)z + (zﬁkm _ 2ﬁim)e7(xd/cosﬂz — 4ﬁkm
(1 i) et 0t — (1= i) e md/eo](1 4 pyy)

(43)
Lm = /Ko (Ko + 25) (4b)

f— Ka
B =\ 3 (40)

Where k,ands, are the absorbing coefficient and scattering coeffi-
cient of the SS-PCM during opaque state, respectively.
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2.4.2. Boundary and initial conditions
The boundary conditions at x =0 and x = L of the model are
schematically shown in Fig. 5 which are calculated by equation
(5a) and (5b):
aT

_kpcm 8)( ‘x:O = hext(Tair - T) + gexta(T;lir - T4) (5&)

(5b)

7kl'n % |x:L = hinf (T - Traam) + gth(T - T:'loom)
Where h., and h;,; are exterior convection coefficient and interior
convection coefficient respectively;é. and &, are exterior and inte-
rior surface emissivity, respectively. ¢ is the Stefan-Boltzmann con-
stant. L is the total thickness of system. The initial temperature is
set to 25 °C throughout the model.

The external convective heat transfer, h.y, is derived using the
relationship that factors in the surface-to-wind angle and wind
velocity. These correlations have been derived using CFD tools
and have been validated using experimental data [38]. The internal
convective heat transfer coefficient, h;,, is determined based on a
correlation derived from a large experimental test cell [39]. The
weather parameters required in the model include the external
air temperature, T, wind velocity and wind direction. The room
temperature, Tryom, iS Set to 25°C in the study. Other weather
parameters used in the simulation are the number of clear-sky
days and complete overcast-sky days. Geographic location and ori-
entation of the building enclosure system are also required.

2.5. Absorptivity-related parameters

The absorptivity,Apcm of SS-PCM coating system that has a sig-
nificant influence on the optical and thermal transfer process,
depends on the optical parameters (e.g., absorption coefficient,
scattering coefficient), and is affected by the solar incoming angle
and phase transition temperature. Although the absorptivity spec-
trum is obtained, it can only be used to compute total absorptivity
when the solar light is normal to the SS-PCM surface. Therefore, it
is important to determine the optical parameter values to capture
all the absorptivity values versus solar incoming angle. The absorp-
tivity spectrum presented previously can be transformed to the
total absorptivity using equation (6) [34]. The absorptivity values
chosen for simulations were 0.7 and 0.1 for the opaque and the
transparent phases, respectively. These two values were used to
determine optical parameters of the SS-PCM.

Apem = JE;(2)d2 ()

2.5.1. Extinction coefficient

The extinction coefficient € determines the distance sunlight
travels before becoming extinct within the medium by absorption
and scattering. Its value equals the sum of k and s. It can be deter-
mined by solving equation 3(a) for the transparent phase. In the
opaque phase, €, needs to be high enough to trap more solar
energy, while too high €, leads to a reduction of material utiliza-
tion. Thus, it is important to determine the ¢, value to accurately
capture the optical and thermal transfer processes within the
material. However, €, cannot be obtained directly from K-M theory
as shown in equation 4(a).

By introducing the measured average transmittance value,
Beer’s Law was used to estimate ¢, for the opaque phase. In this
study, the thickness of the SS-PCM coating was set to 1 mm, Thus,
the ¢, value was determined to be 4600 m~! according to equations
(7a) ~ (7c) when the SS-PCM is in its opaque phase and €, = 53 m~!
when in the transparent phase according to equation (3a).
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dl = —I-edx (7a)
I(Iﬂ = e~ = transmittance (7b)
0
In (transmittance)
€= (7¢)

2.5.2. Absorption coefficient ik and scattering coefficient s

K and s represent the absorbing effect and scattering effect,
respectively, during the process of optical transfer. According to
equations (3a) ~ (4c), the absorptivity depends on both x and s.
The K, can be set as the same as ¢, since the scattering effect is neg-
ligible when in the transparent phase, thus, both x; and €, can be
determined by solving equation (3c). In addition, it is convenient
to obtain x, and s, for the opaque phase by calculating the ratio,y
of these two values. Therefore, the relationship between ratio, y
and Apem, can be built by substituting r,=€,7/(1+7) and s,=¢€,/
(1 + y) into equations (4a) ~ (4c), from which the ratio y was found
to be 1.085 and k, and s, were obtained to be 2400 m~! and 2200
m~1, respectively. Henceforth the x and s were determined for both
the opaque and the transparent phases.

2.5.3. Solar incoming angle 0

The angle( between the solar irradiance and the surface normal
line has a significant impact on the solar radiation intensity on the
surface and on the optical properties of the SS-PCM coating. 6 not
only affects the solar radiation impinge on the surface according to
section 3.4.1, but also influences the absorptivity of the SS-PCM
based on equations (3a) ~ (4c). Since 0s are different for walls of
different orientations and also vary with time, it is necessary to
evaluate the behaviors of the SS-PCM coating systems installed at
different locations of a building enclosure. By applying the absorp-
tion coefficient and scattering coefficient value from section 3.5.2
and Table 1, the absorptivity curves for both the transparent and
opaque phases are obtained and shown in Fig. 6. Fig. 7 shows vari-
ations of 0s on the hottest day of a year for south, east, west walls
and roof separately.

2.5.4. Phase transition temperature

The phase transition temperature is a threshold value, across
which phase transition occurs. For the SS-PCM, the phase transi-
tion temperature not only controls its phase transition, but it is
also a vital parameter directly affecting its transparency, thus influ-
encing the thermal and optical transport processes. An SS-PCM
coating with low phase transition temperature is designed to
reflect solar irradiant at a relative low temperature, which is favor-
able in cooling situation but undesirable when more energy gains
are needed during cold seasons. Therefore, it is important to inves-
tigate the influence of phase transition temperature on the thermal
performance of the system and choose a proper phase transition
temperature to optimize the overall performance of the SS-PCM
based coating system.

The average phase transition temperature, TT, is defined as
below to simplify the description.

To+T:

TT:2

(7)

T, —T,=10C (7b)

TT should not be very different from building room temperature
if it is applied on building enclosure. Usually, the range is around
20 ~ 30 °C, and the transition temperature can be tuned by chang-
ing the composition of the copolymers during synthesis. The phase
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Fig. 7. Incoming angles for different walls in the hottest day.

transition temperature range of the SS-PCM is about 10 °C, and the
TT mentioned in the paper stands for the mean value of the phase
change temperature.

By selecting different transition temperatures, i.e., TT = 20, 25
and 30 °C, it is possible to control the heat exchange of the coating
system. Year-long simulations were performed to calculate the
energy exchanges to compare the behavior of SS-PCM based coat-
ing systems with different TTs.

2.6. Simulation scenarios

Based on the SS-PCM coating-based systems introduced above,
Finite Element Method (FEM) models were developed to simulate
the heat transfer processes of the proposed building enclosure sys-
tems while considering its temperature-dependent transparency

simultaneously. The system properties are summarized in Table 1,
and a summary of simulation scenarios is provided in Table 2. The
proposed system was assumed to be installed on a building in Bos-
ton, Massachusetts. The climate data used in both the single-day
and the year-long simulations were extracted from Energy Plus
Weather [40]. To verify and quantify the benefits of SS-PCM, a dark
color and a light color building enclosure system were chosen as
the references, of which the absorptivity were constants of 0.7
and 0.3, respectively.

Scenarios G1-G5 were used to investigate the influence of the
enclosure orientations of the SS-PCM system on energy consump-
tion. The performance of the SS-PCM system throughout the year
was studied with scenarios G6, while scenarios G6a, G6d and
G6e were performed to examine the influence of phase transition
temperature of SS-PCM on the thermal behavior of the system.
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Table 2
Simulation scenarios.
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Scenarios Wall orientations Material TT Simulation period absorptivity
Gl-a South SS-PCM 25°C Single day Apcm
G1-b dark - Single day 0.7
Gl-c light - Single day 0.3
G2-a East SS-PCM 25°C Single day Apem
G2-b dark - Single day 0.7
G2-c light - Single day 0.3
G3-a Roof SS-PCM 25°C Single day Apem
G3-b dark - Single day 0.7
G3-c light - Single day 0.3
G4-a West SS-PCM 25°C Single day Apem
G4-b dark - Single day 0.7
G4-c light - Single day 0.3
G5-a North SS-PCM 25°C Single day Apem
G5-b dark - Single day 0.7
G5-c light - Single day 0.3
G6-a Roof SS-PCM 25°C Year-long Apem
G6-b dark - Year-long 0.7
G6-c light - Year-long 0.3
G6-d SS-PCM 20°C Year-long Apem
G6-e SS-PCM 30°C Year-long Apem
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Fig. 8. comparison of temperature of the back reflector of the SS-PCM in this work and the literature [32].

2.7. Model validation

The numerical simulation model was validated by comparing
the temperature result of the SS-PCM system with temperature
in Fig. 7 from the literature [32]. The system from the literature
was evaluated under climate of the warmest day of a typical mete-
orological year in central Massachusetts and the building enclosure
was a south facing vertical wall. The validation model was set as
close to the counterpart in the literature as possible, with some
slight differences between the two models. The geometry, optical
properties and the weather condition for the validation simula-
tions are from Fig. 2 and Table 2 in the literature, while the angle
dependency on surface reflectance and the scattering effect are
neglected in the reference paper. Fig. 8 shows the comparison of
the results between the validation scenario and the data from
the reference paper, which shows a good agreement with each

other. However, the peak temperature of the reference paper is
higher than that of the current study. One of the reasons is that
absorptivity of the SS-PCM in the reference paper is overestimated
since the scattering effect is not considered. Some of the parame-
ters such as wind profile were not reported in the literature paper
can contribute to the difference of the temperature profiles in
Fig. 8.

3. Results and discussion
3.1. Influence of orientation of SS-PCM on building envelope

Figs. 9-13 show the results of the SS-PCM coating system
applied on walls of different orientations and the roof of the
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west wall.

building envelope during a typical 24 h diurnal cycle on the hottest
and coldest days in Boston, Massachusetts.

The dark system has the largest temperature and heat flux vari-
ation while the SS-PCM system has the smallest, which is desirable,
on the hottest day in summer. As shown in Fig. 9(a), the SS-PCM
remains opaque from midnight to morning on hot days, since the
temperature is around 21 °C, which is below the phase transition

temperature for the south wall. The SS-PCM system and both ref-
erence systems exhibit similar temperatures during nighttime on
the hottest day since there is no solar radiation during this period.
However, different abilities of reflecting, transmitting, and absorb-
ing solar radiation of the systems result in the temperature differ-
ences during the daytime. For the south wall, the temperature of
the dark system increases dramatically and reaches the highest
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value of 45.8 °C at noon, then drops gradually back to the ambient
temperature. The light system shows similar pattern to that of the
dark system although the highest temperature (37.3 °C) is much
lower compared to the maximum for the dark system (45.8 °C).
Among the three systems, the SS-PCM shows the least variation

10

of temperature throughout the simulation time, with the smallest
peak temperature of 34.5 °C. Fig. 9(b) shows the heat flux into the
room through the interior surface of the south wall. The heat flux
profiles indicate that the smallest heat gains (0.124kWh/m?) occur
with the SS-PCM coating installed, with larger heat gains (0.296
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and 0.164 kWh/m?) occurring in the building with dark and light
systems respectively. The temperature and heat flux profiles at
other wall orientations of the building enclosures on the hottest
day show similar patterns to those of the south wall (see Fig. 9 ~
Fig. 11). The roof absorbs the largest energy amounts compared
to the other walls in the same building enclosure systems. The
temperature can rise up to 57.3 °C and 42.4 °C for the dark and
light systems, respectively, as shown in Fig. 9(c). However, the
highest temperature can be reduced to 34.7 °C with the assistance
of the SS-PCM. For the east wall, the peak temperature is 33.7 °C
with the SS-PCM coating applied, which is increased by 44.2%
and 5.6% once dark and light systems were implemented corre-
spondingly, as seen in Fig. 10(a). The west wall shows similar
results and patterns to those of the east wall, the main difference
is that the peak temperature shifts from morning to afternoon, as

shown in Fig. 10(c). For the north wall, the temperature does not
show great difference among the three systems since there is not
a large amount of solar radiation reaching on the wall, although
the SS-PCM still produces a significant cooling effect as shown in
Fig. 11(a). To provide an overview of the results, the highest tem-
perature and the total heat gains are summarized in Table 3.

On cold days, the temperature profiles of the SS-PCM coatings at
different orientations of the building enclosure almost overlap
with that of the dark system since the SS-PCM remains opaque
most of the time, which is desirable, because the external temper-
ature cannot trigger change phase in the coatings. Thus, the
absorptivity of the SS-PCM (as shown in Fig. 6) and dark system
(0.7) are almost identical, which lead to the performance of the
SS-PCM and the black system is so similar in cold days. Fig. 12
shows, on the south wall and the roof, that there is a slight

Table 3
summary of the thermal results for different models.
orientation Material summer winter
Tpear[°C] Heat gains [kWh/m?] Tpear[°C] Heat losses [kWh/m?]
South SS-PCM 345 0.124 243 1.023
dark 45.8(+32.7%) 0.296(+138.7%) 26.8(+10.3%) 1.024(+0.01%)
light 37.3(+8.1%) 0.164(+32.2%) 11.7(-51.9%) 1.218(+0.19.1%)
Roof SS-PCM 34.7 0.154 133 1.216
dark 57.3(+65.1%) 0.560(+263.6%) 13.7(+3.0%) 1.206(-0.8%)
light 42.4(+22.2%) 0.279(+81.2%) 5.9(—55.6%) 1.302(+7.1%)
East SS-PCM 33.7 0.118 11.5 1.253
dark 48.6(+44.2%) 0.356(+201.7%) 11.6(+0.01%) 1.250(-0.2%)
light 35.6(+5.6) 0.190(+61.0%) 3.4(—-70.4%) 1.321(+5.4%)
west SS-PCM 34.2 0.121 15.2 1.254
dark 51.5(+50.6%) 0.366(+202.5%) 15.2(0.0%) 1.251(-0.2%)
light 39.5(+15.5%) 0.194(+60.3%) 6.9(—54.6%) 1.321(+5.4%)
north SS-PCM 31.7 0.094 29 1.335
dark 36.6(+15.5%) 0.209(+122.3%) 2.9(0.0%) 1.335(0.0%)
light 33.4(+5.4%) 0.129(+37.2%) 1.5(—48.3%) 1.358(+1.7%)

Note: the numbers in the parenthesis mean the percentage respect to the corresponding value of SS-PCM.
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difference on the temperature profiles of the SS-PCM system and
the dark system, while the peak temperature on the light system
is much less than that of the SS-PCM. In terms of the heat flux,
the curves are below zero during most of the time in Fig. 12 (b)
and (d), which means that most of the heat lost to its environment
in winter, as expected. However, the heat flux of the SS-PCM sys-
tem is closest to zero line and the heat loss is —1.023 kWh/m?,
which is almost identical as that of the dark system and less than
that of the light system. The heat flux is essentially zero during a
short time period at noon with the SS-PCM system implemented
on the south wall, which further illustrates the potential of the
novel SS-PCM to achieve NZEBs. The same conclusion can be drawn
on the east and west walls from Fig. 13, as the peak temperature
and heat losses summarized in Table 3. Although the heat gains
by the SS-PCM system cannot offset the heat losses in winter, it
still captures more energy compared to the light system. Maximal
energy saving can be achieved for building heating and cooling if
there isn’t any undesirable heat exchange (i.e., heat gain during
summer and heat loss during winter) between indoor and outdoor
environment through building enclosure.

The SS-PCM coatings, regardless of their orientation, demon-
strate the intended working mechanisms of the system. Numerical
simulation results indicate that the temperature of the back reflec-
tor in contact with the SS-PCM coating drops dramatically com-
pared with both reference systems (which do not undergo a
thermally-induced change in transparency) during the summer.
The SS-PCM system behaves like an excellent solar reflector during
summer with most of the solar energy being reflected back to the
environment, resulting in a smaller cooling load compared to those
of the dark and light systems. The results also illustrate that the
implementation of the SS-PCM not only reduces the amount of
energy during summer days but also takes advantage of solar radi-
ation during the winter.

Simulation results of all different enclosure scenarios are sum-
marized and can be compared in Table 3. A comparison of SS-PCM
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coating performance with those of the dark and light systems, indi-
cates that the SS-PCM system shows good overall cooling effect in
summer and a heating effect in winter. Although the installation of
the SS-PCM coatings does not result in a ZEB building, these sys-
tems exhibit the largest overall energy savings compared with
the buildings featuring dark or light coating system. The perfor-
mance of all coatings varies with its orientation as part of the
building enclosure. Among the temperature reduction effects of
the SS-PCM coatings on all building orientations, its implementa-
tion on the roof shows the maximum temperature reduction in
summer by 22.6 °C compared to the dark system and by 7.7 °C
compared to the light system. Heat gains of the roof also show
the maximum reduction during the summer by 0.406 kWh/m?
and 0.125 kWh/m? compared with the dark and light systems
respectively. Therefore, the SS-PCM coating on the roof exhibits
the best overall performance among the walls of all orientations.
This can be attributed to the following two reasons (see Fig. 6
and Fig. 7 for the detail): First, the daytime in-coming angle 0 in
hot days for the roof is the minimum compared to the walls of
all orientations, which leads to a lowest absorptivity when using
the SS-PCM coating/back reflector system; Second, the period dur-
ing which the solar radiation reaches the roof surface is the longest,
which means the effect of SS-PCM on reducing the undesirable
heat gains lasts for the longest time when installed on the roof.
Since the SS-PCM system on the roof can achieve the most overall
energy saving based on one-day simulations, its performance over
a year time period was further investigated.

3.2. Year-long performance of SS-PCM systems installed on the roof

Fig. 14 shows the monthly average temperature of the back
reflector among the building roofs with different materials: light,
dark, and the SS-PCM, over one year time period. For the hot
months (e.g., from May to September), the peak temperatures of
the roof in July are around 51 °C and 37 °C for the dark and light
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systems respectively, while that of the SS-PCM system is no more
than 30 °C. For the cold months (e.g., from November to February),
the temperature profiles of the SS-PCM system almost overlap with
that of the dark system since the temperature is not high enough to
trigger phase change. Fig. 15 shows the monthly average net heat
flux into the room. In terms of the heat flux, the SS-PCM system
remains very close to zero during daytime in some months like
April or May, which verifies the potential of the SS-PCM to achieve
ZEBs.

As expected, the light roof performs well in terms of heating
absorption mitigation potential during the hot seasons of the year,
where the roof is positively influenced by the relatively low radia-
tive absorptivity for incoming solar irradiance. However, the SS-
PCM behavior is even better in reducing the cooling load during
the summer compared to that of the light system. Although cool
roofs take advantage of solar radiation in summer, they inevitably
suffer penalty during the winter months. The atypical temperature
and heat flux profiles obtained for the SS-PCM roof are a conse-
quence of its dynamic optical characteristics, which enables it to
adjust its ability to absorb the incoming radiation as a function
of the local surface temperature. Such an SS-PCM coated roof sys-
tem is appealing to achieve NZEBs in cooling dominant climate
zone, which has been very challenging for most of existing passive
solar facades [2].

The use of the thermo-optically responsive SS-PCM coatings
produces a more steady-state temperature profile from April to
October, comparing to both the dark and the light configurations.
This smooths the cooling energy demands, which is an additional
positive effect of such an innovative application.

In order to compare the total annual energy consumption
among three different roof systems, the total amount of energy flux
flowing through the roof of the building was derived from the
numerical simulation results. Energy loads were derived from the
heat exchanged through a square meter of roof via heat flux inward
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or outward to the exterior environment. Fig. 16 and Fig. 17 show
the monthly cooling and heating loads for three types of roof sys-
tems throughout a year, respectively. To clearly show differences
in the annual total cooling-heating load, Fig. 18 and Fig. 19 further
illustrate the relative loads of the SS-PCM and light roofs compared
with the dark roof system. Although the results indicate that the
implementation of a light system reduces the amount of heat gains
through the building during summer months, up to 5.234 kWh/m?
in July compared with the dark roof, the light system always exhi-
bits much larger heat losses during the colder months. The light
system case, achieves more cooling savings, i.e., 26.050 kWh/m?
compared with the dark system, but inevitably suffers from the
higher heat losses throughout the year, increasing the heating
loads by 14.283 kWh/m?2. By using the SS-PCM coating, on one
hand, the cooling energy load is dramatically reduced, up to
7.397 kWh/m?, compared to that of the dark system in July. Over-
all, as can be seen in Table 4, the SS-PCM coating reduces the
annual cooling loads by 31.712 kWh/m?. On the other hand, the
winter penalty of the low absorptivity of the light system is com-
pletely avoided in the colder months for the SS-PCM roof system.
It performs as a solar energy absorber as well as the dark system
which leads to a smaller energy loss during the winter. Overall,
the SS-PCM system can save 29.60% and 18.26% of the total annual
energy consumption compared to the dark and light system.

The dark system temperature profiles are always associated
with the largest fluctuations, while the SS-PCM roof always pre-
sents surface temperature closest to the room temperature and
heat flux nearest to zero during daytime.

3.3. Comparison among different phase transition temperatures

In this section, the results are presented to show the
influence on the performance in building envelopes by the
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Fig. 18. Difference between heating load per meter square of the SS-PCM or light roof, relative to the dark roof, for each simulated month.

comparison of three SS-PCM materials with the same
temperature-dependent transparency but different phase transi-
tion temperatures, i.e., TT =20, 25 and 30 °C. Each considered
configuration is associated with the SS-PCM that is dynamically
tuning its transparency in response to the applied temperature
boundary condition.

14

Fig. 20 and Fig. 21 show cooling and heating loads for the SS-
PCM roof systems with varying phase transition temperatures.
These data show that the TT plays an important role on cooling
loads: the SS-PCM roof system with higher TT leads to more cool-
ing energy consumption than that of the SS-PCM with lower TT. For
example, the cooling load value drops from 3.795 kWh/m?
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Table 4
Yearly cumulative energy loads per meter square of three types of roofs.
material Cooling Cooling difference Heating Heating difference Summation Summation difference
[kWh/m?] [kWh/m?] [kWh/m?] [kWh/m?] [kWh/m?] [kWh/m?]
SS-PCM 5.676 0 (0%) 98.042 0 (0%) 103.718 0 (0%)
dark 37.388 31.712 97.037 —1.005 134.425 30.707
(+558.70%) (-1.03%) (+29.60%)
light 11.338 5.662 111.320 13.278 122.658 18.940
(+99.75%) (+13.54%) (+18.26%)

Note: the numbers in the parenthesis mean the difference respect to the corresponding value of SS-PCM.
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Fig. 20. Roof cooling loads monthly averaged values throughout a whole year for the three considered transition temperatures, i.e., 20, 25 and 30 °C.
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Table 5

Yearly cumulative energy loads per meter square of three types of SS-PCM roofs.
Phase change cooling heating summation
temperature [°C] [kWh/m?] [kWh/m?] [kWh/m?]
TT=20 2712 103.260 105.972
TT=25 5.676 98.042 103.718
TT =30 15.410 97.629 113.039

(TT=30°C) to 1.319 kWh/m? (TT =20°C) in the hottest month
July. In terms of heating load, the SS-PCM roof system with lower
TT results in higher heating energy consumption than that of the
SS-PCM system with higher TT in transition seasons (e.g., February
to November). For instance, the heating load rises from 11.543
kWh/m? (when TT =30 °C) to 12.529 kWh/m? (when TT = 20 °C)
in March. Table 5 summarizes the annual cumulative energy loads
per meter square of three types of SS-PCM roofs. The SS-PCM roof
system with TT equal to 25 °C consumes 103.718 kWh/m? per year
which is smallest among the three SS-PCM roof systems.

Thus, the SS-PCM system with TT equal to 25 °C exhibits the
best overall performance among the three cases, considering both
the cooling and heating energy consumption over one year period.
Due to the assumption that the room temperature was set at 25 °C,
the minimum heat exchange between the indoor room and outside
environment occurs when the transparency trigger was set as the
same as the room temperature. In summary, it can be stated that,
from an energy saving perspective, the most promising TT value of
the SS-PCM roof system for the selected boundary conditions and
roof insulation is 25 °C.
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3.4. Simulation under cooling-dominant climate

The numerical simulation results above demonstrate the advan-
tages of the SS-PCM coating system under the climate of Boston,
northeast of the United States, which is heating-dominant. To
investigate the feasibility of using the SS-PCM building enclosure
for energy saving or enabling nearly or net ZEBs in a cooling-
dominant climate, the climate of Houston was chosen as the cli-
matic conditions for a year-long simulation. All the other condi-
tions of the simulation models remain the same as those of the
Boston cases.

Fig. 22 shows the average temperature of the back reflector
among the building envelopes with different roofs: light, dark,
and the SS-PCM systems. With the SS-PCM roof system installed,
the highest temperature does not surpass 35 °C throughout the
year, while the peak temperature can go beyond 60 °C and 45 °C
for the dark and light systems, respectively. Fig. 23 shows the
monthly average heat flux into the room. Throughout the year,
the flux curve of SS-PCM system is always the closest to the
zero-value line, which means least energy exchange between the
interior room and the exterior environment. We can see the total
accumulated heating and cooling loads in Table 6. Under the cli-
mate condition of Houston, the SS-PCM system can help obtain
higher percentage of total energy saving, which is up to 79.7% com-
pared with the corresponding value of 32.11% of Boston in Table 4.
It also demonstrates the advantages of the SS-PCM in the warmer
climate that has been a challenge for achieving ZEBs with most of
existing passive solar facade systems [2]. Thus, the SS-PCM is
promising not only in cold climate, like Boston, but also in warm
climate like Houston. Remarkably, the SS-PCM coatings can

60

50

40

30

Temperature(°C)

20

10 1 | 1 1 1

————— SS-PCM system

dark system light system
1 1 1 1 1

12am May 12am Jun

(2)

12am
Average day of the month

Jul 12am  Aug 12am Sep 12am

50

e SS-PCM system

40

30

20

Temperature(°C)

10

1

T T T T T
dark system light system

| | | 1 |

O 1 1 1 1 1
12am Oct 12am Nov [2am Dec

(b)

12am
Average day of the month

Jan 12am Feb 12am Mar 12am
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Table 6
Yearly cumulative energy loads per meter square of three types of roofs in Houston.

material Cooling cooling difference Heating heating difference summation summation difference
[kWh/m?] [kWh/m?] [kWh/m?] [kWh/m?] [kWh/m?] [kWh/m?]
SS-PCM  14.190 0 52.221 0 66.411 0
(0%) (0%) (0%)
dark 68.754 54.564 50.562 -1.659 119.316 52.905
(+384.5%) (=3.2%) (+79.7%)
light 28.951 14.761 56.866 4.645 85.817 19.406
(+104.0%) (+8.9%) (29.2%)

Note: the numbers in the parenthesis mean the difference respect to the corresponding value of SS-PCM.

achieve larger thermal benefits and higher potential to enable
nearly or net ZEBs in the warmer climate.

4. Conclusions

In this work, innovative, passive building enclosures with the
thermo-optically responsive SS-PCM coating were proposed and
evaluated to maximize energy saving through numerical simula-
tions, by taking advantage of the synergies between the optical
and thermal processes and its temperature-dependent trans-
parency. The main findings are summarized below:

(1) The comparison of the simulations among dark, light and SS-
PCM-coated systems shows that the SS-PCM system can reduce the
heat gains in hot days while still taking advantage of solar heat in
cold days. Simulation results confirm the potential of the SS-PCM
system to eventually enable NZEBs and reduce undesirable heat
exchange between the building enclosure in all orientations and
its environment. In addition, the comparison of having the SS-
PCM coating integrated at different orientations of a building
enclosure shows that the performance of the SS-PCM system on
the roof exhibits best overall thermal efficiency and maximal
energy saving.
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(2) The comparison of year-long simulations among dark, light
and SS-PCM-coated roofs demonstrates that the SS-PCM system is
able to take advantage of solar energy throughout the year in sav-
ing under both heating and cooling loads relative to other systems.
Notably, comparison of both the cooling and heating energy con-
sumption among SS-PCM coatings with different phase transition
temperatures, indicates that the optimal phase transition temper-
ature should be set the same as the desirable room temperature.

(3) Numerical simulation results confirm the feasibility of the
SS-PCM system under heating-dominant and cooling-dominant
climates, while the system shows larger thermal benefits and
higher potential to achieve NZEBs in the warmer climate than in
the colder climate zones. Although the results do not indicate that
the building can be rendered a ZEB by installing the SS-PCM coat-
ings, it shows the closest to ZEB performance compared to the
buildings with installed dark or light system alone. The thermo-
optically responsive SS-PCM coatings exhibit a greater potential
to produce ZEBs, especially those in warm climate zones, which
has been very challenging for most of existing passive solar facades
[2].

In summary, using advanced building materials such as thermo-
optically responsive SS-PCMs in building enclosures can be a
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promising solution to achieve net or nearly ZEB since it can miti-
gate the increase of air temperatures in the urban environment
during summer overheated conditions, while maintaining the pos-
itive absorption of solar radiation in winter. Future research should
include whole-building modeling and experiments on building
enclosure to verify potential energy benefits at the building level.
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