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a b s t r a c t 

Buildings currently consume about 40% of all energy use in the US and therefore play an important role

in mitigating global greenhouse gas emissions. Passive solar design strategies can be used to limit build- 

ing heating and cooling demands. Current passive solar design strategies, however, require substantial

design effort for each individual project, often require mechanical and electrical control systems, and the

approach is also difficult to implement in building retrofit projects. Solid–solid phase change materials

(SS-PCM) are currently emerging as alternative materials for thermal energy storage. Here we present

an exploratory study on two innovative climate responsive building enclosure systems that employ the

transparency change and latent heat storage capacity of SS-PCMs as mechanisms to passively control

building temperature. The first system is based on a thin layer of SS-PCM that is placed on top of a

highly reflective film to control solar heat gain. The second system uses a layer of SS-PCM foam to store

thermal energy and control heat flow. The performance characteristics of the systems are evaluated us- 

ing finite element modeling techniques. Simulation results shed light on the synergistic interactions be- 

tween different components of the systems and indicate that both systems can reduce undesirable heat

exchange between the building and its environment if designed properly. Recommendations are made

regarding various material and system parameters, including the attenuation coefficient of the SS-PCM,

system thickness, void ratio and distribution of the void ratio of the SS-PCM foam based system, and

phase transition temperature.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

World energy consumption is growing at an ever faster pace,

thus driving the need for more efficient and sustainable energy

technologies. Energy consumption in buildings currently stands at

about 39% of total energy consumption in the United States, a sig-

nificant portion of which is related to building heating and cooling

loads [1,2] . The energy expended for thermal conditioning of build-

ings is largely affected by various heat transfer processes occur-

ring across building enclosures. Common approaches to increase

building envelope efficiency include the use of thermal insulation

materials and radiative barriers, increasing overall envelope air-

tightness, use of shading devices to prevent excess solar heating,
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ross-ventilating buildings for thermal comfort, or incorporating

atent heat storage materials to increase the ability to buffer di-

rnal thermal swings. 

Passive Solar Façades are a family of building enclosure systems

hat use solar radiation to improve building thermal comfort and

educe energy use [3] . The term “passive” typically refers to those

ystems that rely on material-enabled control mechanisms, as op-

osed to “active” systems that rely on mechanical and/or electri-

al control devices [4] . An overview of climate responsive building

nclosure systems, including both active and passive technologies,

an be found in a recent review article [5] . Some notable exam-

les include Trombe walls [6,7] , transparent insulation [8–11] , and

ouble skin façades [12,13] . While passive solar façades can reduce

uilding energy use, they can be difficult to control [14–17] and

re therefore often combined with active support systems to op-

rate more effectively as hybrid systems [18–21] , which increases

heir complexity. Implementation of more elaborate passive solar

https://doi.org/10.1016/j.enbuild.2018.02.054
http://www.ScienceDirect.com
http://www.elsevier.com/locate/enbuild
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Nomenclature 

Greek letters 

α surface absorptivity 

κ absorption coefficient 

λ wavelength 

ρ density or surface reflection 

� building enclosure tilt angle 

θ angle 

ε surface emissivity 

ϕ surface azimuth 

Index 

β-CD β-cyclodextrin 

A amorphous 

a air 

app apparent 

B specular solar component 

C crystalline 

c p specific heat capacity 

D diffuse solar component 

d direction 

dp dewpoint 

ext external 

f forced convection 

G diffuse reflected solar component 

G irradiance 

H enthalpy 

h on a horizontal plane 

h surface heat transfer coefficient 

I forward radiative intensity 

i solar incidence 

int interior 

J backward radiative intensity 

k thermal conductivity 

N opaque sky cover 

n natural convection 

n refractive index 

pc of the phase transition 

RH relative humidity 

s scattering coefficient 

T temperature 

t time 

v velocity 

w wind 

z solar zenith 

cell-g-PEG cellulose and poly(ethylene glycol) 

Hc crystallization enthalpy 

Hm melting enthalpy 

htr heating rate 

MDI methylene diphenyl diisocyanate 

NPG neopentyl glycol 

PEG poly(ethylene glycol) 

PEG poly(ethylene glycol) 

PSMA poly(styrene-co-maleic anhydride) 

PUPCM polyurethane phase change material 

SAN-g-PA poly(styrene-co- acrylonitrile) and Palmitic acid 

TAM trihydroxy methyl-aminomethane 

Tc crystallization peak temperature 

Tm melting peak temperature 

açades (such as double-skin facades) is also challenging in exist-

ng buildings, which are responsible for the bulk of building energy

se. The design of passive solar façades also tends to be highly

ontext-specific and thus demands advanced designer-skills, which
ncreases cost [22–24] . These factors tend to hinder the widespread

se of passive solar façades in buildings today, thus intensifying

he need for developing new and innovative building envelope so-

utions. 

Some passive solar façade systems employ thermal energy stor-

ge (TES) systems to compensate the effect of diurnal changes in

utdoor temperature and solar energy. Sensible heat storage in

ommon building materials or water has been a popular choice as

hey offer low cost solutions [25] . Phase change materials (PCM)

ave gained in popularity as they provide higher heat storage den-

ity and also allow for a better control over the amount of heat

eing released [25–28] . These so called latent heat storage mate-

ials absorb and release heat when undergoing a phase change,

or example, from solid to liquid or vice versa. Solid–liquid PCMs

SL-PCM) are commonly used for TES in buildings, which include

araffins, salt hydrates, and various mixtures. SL-PCMs have also

een used in passive solar facade systems where they can help

ith a more efficient bridging of periods with low solar irradia-

ion. Some of the challenges of using SL-PCMs however include

 need for containment when in liquid state (to avoid leakage),

hase segregation (in mixtures), hysteresis, and low thermal con-

uctivity [29,30] . 

Solid–solid PCMs (SS-PCM) are currently emerging as alterna-

ive TESs as they avoid some of the problems associated with their

olid–liquid counter-parts [31] . SS-PCMs retain their bulk solid

roperties within certain temperature ranges, thus avoiding the

eed for encapsulation. SS-PCMs also experience less phase separa-

ion, degradation, and hysteresis upon thermal cycling [32–35] . In

ddition to these benefits, SS-PCMs have structural properties and

an thus be more readily integrated as functional components of

açade systems. For example, SS-PCMs can be applied closer to the

uilding envelope surface where most of the heat exchange occurs.

his may increase their capacity for thermal buffering without a

eed for high thermal conductivity. An overview of different types

f SS-PCMs, including their respective properties, is presented in a

ecent review article [31] . Table 1 provides typical thermal proper-

ies values for some common SS-PCMs. 

A promising example of an SS-PCM, which have been recently

eveloped by the authors, entails the grafting of phase changing

endant motifs onto a polymeric backbone, as shown in Fig. 1 .

n such an SS-PCM, the pendants have the ability to undergo

rystalline-amorphous phase changes which allows them to absorb

nd release latent heat upon thermal cycling. The SS-PCM mate-

ial uses a polymethacrylate backbone containing alkyl pendant

hase changing motifs (PSMA, see Table 1 ). The polymer is opaque

hen crystalline and becomes transparent when heated above its

hase transition temperature (i.e. amorphous phase). The material

xhibits a phase transition at 36 °C with a 10 °C wide hysteresis,

nd a latent heat capacity of 46 kJ/kg. Further alterations on these

ighly tunable polymer structures, by adding a flexible spacer be-

ween the polymer backbone and the crystallizing motif, result in

ignificant increases in their latent heat capacities. An overview

f different types of SS-PCMs, including their respective property

anges, is presented in a recent review article [31] . 

Here we investigate the potential use of SS-PCM in two innova-

ive passive solar façade systems which may be used in existing or

ew buildings, and have the ability to adapt themselves in a pas-

ive manner to changes in the exterior environment. The goal of

his approach is to attain improvements in building indoor com-

ort levels while also reducing building energy use. The proposed

ystems aim to take advantage of the unique properties of the SS-

CM, such as its shape stability and ability to change transparency

ith changes in temperature. We anticipate that a synergistic in-

eraction between the SS-PCM and other components of the sys-

em, such as thin-film reflectors or absorbers, will lead to building

nclosure systems that can passively adapt to external stimuli. The
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Fig. 1. Schematic representation of the molecular structure of the SS-PCM. a) Synthesis of polymeric SS-PCM, b) The alkyl side chains, with conformational freedom with 

ability to transition between a semi-crystalline (opaque) and amorphous (transparent) structure, c) schematic representation of polymer backbone with phase changing 

pendant side chains and spacers. 
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overall objective of this study is to understand the synergistic in-

teractions among the components of the proposed facade systems

for maximizing energy savings in buildings. 

A detailed description and conceptual principles of the pro-

posed systems are presented in Section 2 . A parametric study was

performed using a finite element model to investigate the poten-

tial energy reductions that could be achieved, and to provide in-

sight into the sensitivity of the different system parameters. The

methodology and numerical model is discussed in Section 3 . Re-

sults of our study are presented in Section 4 . Discussion and con-

clusions are provided in Sections 5 and 6 respectively. 

2. Conceptual systems 

Two building enclosure systems are proposed, which are de-

scribed in detail in the next two sections: one is based on a thin

layer of SS-PCM while the other is based on a thicker layer of

SS-PCM foam. The components of each of the systems are first

introduced, followed by the explanation of their respective work-

ing principles and hypothetical mechanisms of operations, and the

synergistic interactions among the components. Both systems can

respond passively to external stimuli (i.e., temperature) by the in-

clusion of an SS-PCM, which changes from transparent to opaque

when it changes phases. This feature allows the systems to con-

trol the admittance of solar energy based on outside temperature,

which enables their functioning as a thermochromic (TC) device.

The use of SS-PCMs as a TC device differentiates this approach

from previous thermochromic or electrochromic materials used in

building enclosures [36–39] . 

The performance of the two technologies was compared to ref-

erence wall systems consisting of similar lightweight structures

with equivalent thermal resistance. Both building enclosure sys-

tems were designed to reduce energy consumption in buildings

by minimizing the overall undesirable heat exchange for a given

time period. Undesirable heat exchange across the wall (expressed

in kWh/m 

2 for a reference time period) is used as the performance

criteria, with a value of zero representing a perfect wall with zero-

energy demand. All cases include a 75 mm insulation backing layer

with the same thermal resistance. For the thin SS-PCM layer sys-

tem with reflector, the reference case includes an opaque plastic

layer at the outer surface. For the SS-PCM foam system, the refer-

ence case includes a 50 mm opaque foam in front of the insulation

backing layer with the same thermal conductivity and thickness as

the SS-PCM foam. The reference walls are almost identical in com-

position to the systems being investigated, however they include

no TES or TC capabilities and the difference in performance is thus

solely attributed to these added performance features. 
.1. Thin SS-PCM Layer + Reflector 

The first system is based on a thin layer of SS-PCM that is

laced to the exterior of a building envelope, which consists of the

ollowing functional layers (see Fig. 2 ): 1. an exterior surface; 2.

 1 mm thin SS-PCM layer; and 3. a back reflector made from a

ighly reflective thin film, such as aluminum or Mylar. In addition,

n opaque 75 mm insulation backing is assumed behind the SS-

CM system for the numerical simulations (detailed in Section 3 ). 

The hypothetical operational principles of the system to reduce

ndesirable heat exchange are explained as follows: 1. During win-

er, the SS-PCM is crystalline at low temperatures and remains

paque to solar radiation; and thus the exterior surface reflectance

or surface absorptance) of solar irradiance can be tuned to allow

or more solar heat gains in winter; and 2. the SS-PCM becomes

morphous and transparent after it changes phase when heated

bove its phase transition temperature during summer. Conse-

uently, the back reflector becomes exposed to solar irradiance and

eflects all the solar irradiance that has not been reflected by the

xterior surface. Our initial anticipation is that such a system bene-

ts building energy performance for both summer and winter sea-

ons. 

.2. SS-PCM foam system 

The second building enclosure system explored in this study

s based on a SS-PCM foam, which is comprised of the following

unctional layers (illustrated schematically in Fig. 3 ): 1. a struc-

ured front layer to passively control reflection or transmission of

olar light during summer and winter, solstices respectively; and 2.

 50 mm foamed (cellular) SS-PCM with variable translucency. In

ddition, an opaque 75 mm insulation backing is assumed behind

he SS-PCM foam system. 

The working principles of the SS-PCM foam based system are

ostulated as follows: 1. The low thermal conductivity of SS-PCM,

specially in cellular form, would significantly reduce or delay the

eat loss from the interior space to the exterior during winter, and

hus this feature prolongs the systems ability to keep a building

t desired temperature; 2. The SS-PCM foam will absorb and store

ome solar radiation, which offsets some of the winter heat losses;

. Latent heat capacity of the SS-PCM foam is employed to buffer

eat gains to prevent overheating and the generation of excess

ummer heat gains; and 4. The synergistic interactions between 1,

 and 3, and also the temperature dependent translucency and at-

enuation effect of the SS-PCM foam, will help reduce undesirable

eat exchanges between interior and exterior spaces. 

Passive control features may also be embedded into the struc-

ured front layer, in order to control the admittance of solar energy

s a function of the solar incidence angle, which varies with sea-

on. 
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Fig. 2. Top: Conceptual working principles of a thin-layered system with variable reflectance, based on a SS-PCM with variable transparency. Left: SS-PCM thin-film is cold, 

crystalline, and opaque, causing considerable absorption of solar irradiance. Right: SS-PCM thin layer transitions to a transparent, amorphous, state, allowing for considerable 

reflection through the action of the reflector behind the SS-PCM. Bottom: SS-PCM opacity change from opaque (left) to transparent (right) with exposure of the reflective 

film. 

Fig. 3. Conceptual schematic of the SS-PCM foam system. 
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Both SS-PCM systems have to satisfy challenging requirements

or minimizing undesirable heat exchanges during both winter (i.e.,

eat loss) and summer seasons (i.e., heat gains). The performance

f both systems depends on the synergistic interaction between

ifferent system properties, which is not straight forward and thus

EM simulations (detailed in Section 3 ) were performed to iden-

ify what combinations of system parameters could deliver specific

evels of energy savings. 
. Methodology 

An exploratory study was performed to assess the feasibility of

he proposed SS-PCM based facade systems in terms of energy sav-

ngs. Using computational modeling, as a first step, the study fo-

uses on the influence of system parameters on the heat transfer

rocesses during the coldest and warmest weeks of the year. 



244 G. Guldentops et al. / Energy & Buildings 167 (2018) 240–252 

Fig. 4. (a): Schematic of the material properties and system parameters, (b): a 

schematic of the 1D geometry, required to compute the model. The parameters 

studied within this paper, see Paragraph 4 , are depicted in bold and red. (For in- 

terpretation of the references to colour in this figure legend, the reader is referred 

to the web version of this article.) 
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3.1. Finite element modeling 

FEM models were developed to simulate the heat transfer pro-

cesses of the proposed building enclosure systems. The main ob-

jectives of the FEM modeling are: (i) to verify the feasibility of the

two systems, (ii) to quantify the influence of material properties

on thermal performance, and (iii) to provide insight and guidance

to optimize the systems. 

All problems discussed in this system can be simplified to a

1D geometry model, speeding up computations greatly. Fig. 4 gives

an overview of both system input parameters, with exception of

weather parameters, and a schematic of the 1D geometry. 

3.1.1. Governing equations 

The main governing equation employed by the numerical model

is the heat equation ( Eq. (1) ) [40,41] , as follows: 

ρc p 
∂T 

∂t 
= ∇ (k ∇ T ) + ∇ · q r (1)

The SS-PCM does not exhibit a significant flow regime, as all

phases that are expected to be present, remain solid. Required here

are the following material properties: density, ρ , specific heat ca-

pacity, c p , and thermal conductivity, k . 

However, the domain that represents the SS-PCM, will be trans-

parent to solar radiation and is assumed to absorb some radia-

tion within the medium, hence the addition of q r in Eq. (1) . In

order to take this into account, a radiation in participating media

Eq. (2) through (Eq. (5)) is added to the model [42] . These equa-

tions are derived from the Kubelka–Munk (KM) theory that con-

siders the material as a slab absorbing (absorption coefficient, κ)

and diffusing (scattering coefficient, s ) solar radiation. The radia-

tion field inside the translucent or transparent material layer con-

sists of fluxes propagating in opposite directions. In the two flux

model, the intensities of the diffuse fluxes traveling in the forward

I ( x ) and backward J ( x ) directions at depth x along the spatial axis

[43] . In the more rigorous four-flux KM model implemented here,

radiation within the medium consists out of two specular and two

diffuse fluxes propagating in opposite directions [44] . According to

Vargas and Niklasson [45] , the four-flux model compares well with

numerical solutions of the equation of radiative transfer or with
ighly accurate Monte Carlo simulations [46,47] . 

dI B 
dx 

= −(κ + s ) I B + sJ B (2)

dJ B 
dx 

= −sI B + (κ + s ) J B (3)

dI D 
dx 

= −2[ κ + s (1 − f )] I D + 2 s (1 − f ) J D + s f I B (4)

dJ D 
dx 

= 2[ κ + s (1 − f )] J D − 2 s (1 − f ) I D + s (1 − f ) I B (5)

he KM theory was applied with different parameters in each

ayer, and can provide the total reflectance and absorptance of the

olar irradiance. κ and s are both defined as a function of temper-

ture and can be different in every cell of the translucent or trans-

arent material layer. This allows us to capture the effect of the

xact temperature gradient within the building enclosure on the

evel of translucency exhibited by the material. The coefficients κ
nd s in Eq. (2) through Eq. (5) should, therefore, be replaced with

( x, T ) and s ( x, T ) respectively. This is left out for the sake of clar-

ty. The effect of refraction of solar radiation, which increases the

ength of the path traveled by the radiation flux, is incorporated

ithin the model by multiplying κ by a coefficient. 

The SS-PCM domain contains a modified heat capacity value in

rder to incorporate the effect of phase transition. This apparent

eat capacity ( c p, app ), is defined as follows: 

 p,app = C CorA 

d 

dT 
(H CtoA ) + (1 − C CorA ) 

d 

dT 
(H AtoC ) (6)

ere, H represents enthalpy, which is defined as a function of tem-

erature. Each direction of phase transition exhibits a unique en-

halpy curve, H , due to the effect of hysteresis (see Fig. 5 ). A binary

ariable, C CorA , is defined for each element that keeps track of the

urrent phase of the PCM. This allows the model to select the ap-

ropriate enthalpy curve and calculate the correct apparent heat

apacity ( Eq. (6) ). Upon completion of a phase transition, the value

f C CorA is reversed. The phase transition is assumed to occur over

 temperature range, �T pc , as can be seen in Fig. 5 . 

The FE modeling framework utilizes two spectral bands (solar

adiation 0.25 μm < λ< 2.5 μm, and IR radiation, λ≥ 2.5 μm). All

ptical properties are assumed independent of wavelength within

ach bandwidth. The solar radiation impinging on the exterior

over plate of the system is modeled as an external radiation

ource [48] . The power of the specular solar irradiance compo-

ent, G B ( θ , t ), on the external surface of the building enclosure

s calculated as a function of the intensity on a horizontal plane,

 B ( h ), the solar zenith angle, θ z ( t ), and solar incidence angle, θ i ( t ).

hese angles are calculated using equations reported by Meeus

49] . The power of the diffuse component, G D ( t ), on the external

urface is calculated using an experimentally based model devel-

ped by Perez et al. [50,51] , which factors in surface orientation

nd sky conditions. Radiation received by surfaces in the vicinity

f the building enclosure is assumed to be partially and diffusely

eflected, and subsequently received by the building enclosure sur-

ace [48] . 

.1.2. Boundary conditions 

Exterior surface BC: Surface reflections of solar radiation are cal-

ulated using Eqs. (7) and (8) , for specular and diffuse solar radi-

tion respectively. Angle dependency of solar irradiance and solar

urface reflectivity is, therefore, maintained. All surface properties

re assumed independent of incidence angle and wavelength. 

 B = α(θi ) G B, 0 (7)
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Fig. 5. Conceptual enthalpy curves regarding SS-PCM curves, which consider the effect of hysteresis during phase transition. 
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 D = 

∫ �− π
2 

θ=0 

α
(
θ − π

2 

+ �
)

G D, 0 (θ ) dθ

+ 

∫ �

θ=0 

α
(
θ + 

π

2 

− �
)

G G, 0 (θ ) dθ (8) 

This takes care of the solar radiation bandwidth of the radia-

ion mode of heat transfer. A supplementary boundary condition

Eq. (9)) , is required for the IR radiation bandwidth. Since the ex-

ernal cover material can be assumed opaque to IR radiation, the

tefan–Boltzmann law is used to model this type of heat exchange.

irchhoffs law ( αλ = ε λ) is also incorporated [42] . 

n · (−k ∇T ) = εσ

[(
1 + cos �

2 

)
(T 4 sky − T 4 ) 

+ 

(
1 − cos �

2 

)
(T 4 sur − T 4 ) 

]
+ h ext (T a,ext − T ) (9) 

odels developed in [52] and [53] ( Eqs. (10) and ( 11 )) are used

o estimate the sky radiative temperature, T sky , which is used to

alculate radiative heat exchange with the Earths atmosphere. 

 sky = 

(
0 . 787 + 0 . 764 ln 

(
T dp 

273 

))

×(1 + 0 . 0224 N − 0 . 0035 N 

2 + 2 . 8 · 10 

−4 N 

3 ) (10) 

 sky = 

(
ε sky T 

4 
a,ext 

σ

) 1 
4 

− 273 . 15 (11) 

ere, the dewpoint temperature, T dp , expressed in Kelvin, can be

stimated accurately based on RH and T a, ext using a correlation

ound in [54] . The temperature of the externally surrounding sur-

aces, T sur , is assumed equal to T a, ext . � denotes the enclosure tilt

ngle. 

The convection mode of heat transfer at the exterior surface of

he building enclosure is modeled using Newtons law of cooling,

ee Eq. (9) [41] . The external convective heat transfer, h ext , used in

q. 9 , exists out of two distinct parts, the first being forced convec-

ion, h ext, f , and the second being natural convection, h ext, n . h ext, f 

s derived using correlations that factor in surface-to-wind angle,

 d , and wind velocity, w v , ( Eq. (12) ). These correlations have been

erived using CFD tools [55] and have been validated using exper-

mental data [56] . These do apply only for vertical or near vertical
uilding enclosures. 

h ext, f = 5 . 15(w v ) 
0 . 81 0 

◦ � w d < 22 . 5 

◦

h ext, f = 3 . 34(w v ) 
0 . 84 22 . 5 

◦ � w d < 67 . 5 

◦

h ext, f = 4 . 78(w v ) 
0 . 71 67 . 5 

◦ � w d < 112 . 5 

◦

h ext, f = 4 . 05(w v ) 
0 . 77 112 . 5 

◦ � w d < 157 . 5 

◦

h ext, f = 3 . 54(w v ) 
0 . 76 157 . 5 

◦ � w d < 180 

◦

(12) 

 ext, n , on the other hand, is determined based on a correlation

 Eq. (13) ) derived as a function of the temperature difference and

urface orientation [52] . 

 ext,n = 

9 . 482 | �T | 1 3 

7 . 283 − | cos �| i f�T < 0 upward, or�T > 0 downward 

 ext,n = 

1 . 810 | �T | 1 3 

1 . 382 + | cos �| i f�T > 0 upward, or�T < 0 downward 

(13) 

nterior surface BC: The boundary at the interior side of the build-

ng enclosure is assigned in Eq. (14) , which is similar to Eq. (9) .

ere, however, T ∞ 

is assumed equal to the internal air tempera-

ure, T a, int , for both the convective and IR radiative exchange. 

The internal convective heat transfer coefficient, h int , is deter-

ined based on a correlation (Eq. (15)) derived using a large ex-

erimental test cell [57] . No forced convection is assumed here. 

n · (−k ∇T ) = εσ (T 4 a,int − T 4 ) + h int (T a,int − T ) (14) 

 int = 

2(T a,int − T int ) 
0 . 32 

Height 0 . 04 
(15) 

he necessary weather parameters to run the model are external

ir temperature, T a, ext , relative humidity, RH , wind velocity, v w 

, di-

ection, d w 

, and both specular, G B, h , and diffuse, G D, h , solar irradi-

nce on a horizontal plane. The final necessary weather parameter

s the opaque sky cover, N , clear sky ( N = 0 ), complete overcast

 N = 1 ), expressed in tenths. Geographic location and orientation

f the system are also required. 

.1.3. Verification & validation 

In order to verify the FE modeling framework, a grid study has

een performed. In our case, grid independence is achieved when

sing linear elements with a constant length of 0.5 mm for the SS-

CM (foam). The same type of elements are used for the perma-

ently opaque parts of the system as well, where their size ranges
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Table 1 

Thermal properties for different types of SS-PCMs a [31] . 

SS-PCM type Tm [ °C] Hm [ J 
g 

] Tc [ °C] Hc [ J 
g 

] htr [ 
◦C 

min 
] 

Polymeric PSMA 36 46 26 45 2 

Grafted SAN-g-PA 29–38 12–24 31–42 12–24 10 

cell-g-PEG 43–60 78–203 25–41 45–203 10 

Blocked PUPCM β-CD 65 139 39 126 10 

Cross linked MDI PEG 58–60 92–115 44–48 90–116 2 

Organic Polyalcohol NPG TAM 36–39 27–143 22–30 33–150 5 

MDI PEG 60–61 121–132 45–46 116–121 –

a : See nomenclature for definition of terms used in Table 1 . 

Table 2 

Assumed material and geometric properties for evaluation of both the thin SS-PCM 

layer system and SS-PCM foam system. 

Layer/Material d [mm] k 
[

W 

m .K 

]
c p 

[
kJ 

kg .K 

]
ρ
[

kg 
m 3 

]
ρc 

ext ε κ

Thin SS-PCM layer 1 0.16 2.3 930 a 0.9 a 

Back reflector d – – – – 0.95 − −
Insulation backing 75 0.03 1.5 21 − 0.9 −
SS-PCM foam 50 b b b 0.4 0.9 a 

Blowing agent − 0.014 − − − − −
SS-PCM − 0.16 2.3 930 − − −
Absorber wall d − − − − 0.05 − −
Insulation backing 75 0.03 1.5 21 − 0.9 −

a : studied parameter; b : function of the void ratio, which itself is a studied parameter; 

c : value in table represents reflection for irradiance with normal incidence angle; d : 

only optical properties are taken into account. 
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from 0.5 mm to 1.3 mm. A maximum time step of 15 min results

in accurate interpolations of the solution in between time steps. 

To validate the solution of the model, a comparison has been

made between different modules of the FE model, such as the

phase transition module, or the transparency module, and general

known analytical solutions. 

3.2. Parametric study: baseline & parameters 

The proposed systems were evaluated for the on average cold-

est and warmest week of a typical meteorological year, for a cen-

tral Massachusetts climate. This climate exhibits both an average

high in July of 26.1 °C and an average low in January of −0 . 6 ◦C re-

spectively. The building enclosure is south facing ( ϕ = 0 ◦) vertical

wall ( � = 90 ◦), unless stated otherwise. The SS-PCM material ex-

hibits a phase transition between 24 °C and 26 °C, thus exhibiting

a 2 °C wide hysteresis, and a latent heat capacity of 180 kJ/kg. 

A summary of the assumed system properties is provided in

Table 2 . Note that the chosen latent heat capacity and phase

change temperature are within the typical value range of SS-PCM

thermal properties reported in the literature.(See Table 1 ) 

The exterior reflection coefficient, ρext , and the attenuation co-

efficient for both crystalline and amorphous phases, are variables

within the parametric study of the thin SS-PCM layer system. For

the SS-PCM foam system, the aforementioned properties, as well

as the foam void ratio, are studied. An overview of the required

input parameters, with the exception of the weather parameters,

is depicted in Fig. 4 . 

3.2.1. Parametric study: studied parameters and their range 

In the SS-PCM thin film application, the exterior reflection co-

efficient, ρext , and the attenuation coefficient of the SS-PCM thin

film when amorphous (transparent), κA , are studied in the form

of a parametric study. These two parameters are of the most in-

terest because ρext influences the amount of solar irradiance re-

flected at all times, whilst κA determines how thin the layer of SS-

PCM needs to be and how much attenuation of solar irradiance still
ccurs within the thin-film SS-PCM. Within this parametric study,

ext ranges from 0.2 to 0.8 for normal incidence angles, and κA 

anges from 50 to 300 m 

−1 . 

The performance of the SS-PCM foam based building enclosure

ystem is influenced by many parameters. Attenuation of solar ra-

iation within the SS-PCM foam is important in both the amor-

hous and crystalline phases of the SS-PCM. The SS-PCM foams

oid ratio influences its thermal conductivity and heat storage ca-

acity, as well as the attenuation of solar radiation within the SS-

CM foam. A low attenuation will allow more solar radiation to be

bsorbed deeper into the foam, while a high attenuation leads to

ore absorption closer to the exterior surface. The former may be

deal in cold conditions, whilst the latter may be more desirable

n summer conditions. The system parameters of most interest in-

lude both the amorphous and crystalline attenuation coefficients,

A and κC , of the SS-PCM foam. The void foam ratio, δ is used

ithin this work to represent the amount of blowing agent as a

raction of the total volume of foam. Equations reported by Glicks-

an [58] are used to calculate thermal conductivity as a function

f the foam void ratio and material properties of both the blow-

ng agent and the SS-PCM. Although ρext is also important, as it

nfluences the amount of solar irradiance absorbed by the foam at

ts outer surface, it was not included within the parametric study

s we focused primarily on the influencing factors attributed to

he SS-PCM foam itself. κA and κC range from 50 to 350 m 

−1 and

0 0 to 30 0 0 m 

−1 respectively. δ ranges from 0.65 to 0.95, and we

lso evaluated a SS-PCM foam with a non-uniform foam void ratio

see Fig. 6 ). A nonuniform δ will result in a nonuniform attenua-

ion within the foam. A higher δ will cause more attenuation in

he form of scattering, rather than absorption, when the foam is

ranslucent (amorphous). A lower δ will lead to a higher attenua-

ion due to more absorption because of more solid material when

he material is opaque (translucent). The thickness of the SS-PCM

oam system is set at 50 mm, which was applied on top of a 75 mm

raditional thermal insulation layer. The reference case is a 125 mm

raditional thermal insulation system (50 mm plus 75 mm). 
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Fig. 6. Three types of SS-PCM foam systems were studied: (a) a uniform lightweight foam, (b) a uniform high density foam, and (c) a non-uniform foam with low density 

(high foam void ratio) at the exterior surface and high density (low foam void ratio) near the absorber wall. All SS-PCM foam systems are placed in front of 75 mm 

(conventional) opaque thermal insulation, (d) Distribution of foam void ratio and amorphous and crystalline attenuation at different SS-PCM foam depths, (e) Reference wall 

composed of 50 mm + 75 mm (conventional) opaque thermal insulation. 

Fig. 7. Thin SS-PCM Layer + Reflector: Diurnal cycle of back reflector temperature and average attenuation coefficient, κ , of the SS-PCM, for both a low and a high external 

reflection coefficient, ρext . 
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. Results 

.1. Thin SS-PCM Layer + Reflector 

The exterior reflection coefficient, ρext , as well as the attenua-

ion coefficient of the SS-PCM during its amorphous (transparent)

hase, κA , have significant influence on the potential energy sav-

ngs delivered by the system. Here we present results on the influ-

nce of these two material properties. The assumed material prop-

rties and system parameters are provided in Paragraph 3.2 and

able 2 . 
Fig. 7 shows the temperature and absorption coefficient of the

ack reflector and thin SS-PCM layer respectively during a typi-

al 24 h diurnal cycle for the on average warmest week of the

ear (summer) in central Massachusetts. During nighttime, the

S-PCM remains crystalline and the attenuation coefficient, κC ,

s, therefore, assumed to be 50 0 0 m 

−1 . In the morning, when

he external temperature rises, the SS-PCM becomes amorphous

nd its attenuation coefficient gradually decreases to a value of

0 m 

−1 . The reverse happens in the evening when external tem-

erature falls below the SS-PCMs phase transition temperature

24/26 °C). 
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Fig. 8. Thin SS-PCM Layer + Reflector: Total absolute heat gains and losses for the on average warmest and coldest week (i.e. 168 h time period) of the year respectively 

(undesirable heat exchange). Low κA values produce a building enclosure which is less sensitive to the exterior surface reflection during summer conditions. This will allow 

for the selection of an exterior surface that does not reflect much solar radiation, minimizing heat losses in winter and maximizing heat gains during summer. 
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The model captures the intended mechanism of the proposed

system. Results indicate that the temperature of the back reflector

decreases relative to the reference system (which does not exhibit

a shift in transparency). Most solar radiation is reflected when the

back-reflector becomes exposed, which causes its surface tempera-

ture to decrease from 43.7 ° to 32.0 °C. The system thus operates

as intended and has potential to reduce summer heat gains for

the proposed building enclosure system. The performance of the

system is significantly influenced by the exterior surface reflection

coefficient, as can be seen in Fig. 7 . When the exterior surface re-

flection coefficient decreases, less solar irradiance is reflected at

the exterior surface and more solar radiation is reflected by the

exposed back-reflector. When the exterior surface reflection coeffi-

cient increases a significant portion of solar radiation is reflected

at the external surface, making the back reflector less influential.

Therefore, a low value for ρext will be required if the system is in-

tended to deliver benefits of saving energy in both summer and

winter conditions. Low exterior surface reflections allow the enclo-

sure to absorb more solar irradiance in winter, yet still allows for

reflection of most of the solar irradiance due to an exposed back

reflector during warm summer conditions. 

Fig. 8 a and b, depict the total heat gains and losses for the on

average warmest (summer) and coldest (winter) weeks of the year

respectively. Results are presented as a function of the exterior re-

flection coefficient for three different κA values. Fig. 8 also depicts

the performance of the reference wall, which does not contain the

SS-PCM based system and remains opaque. During winter the sys-

tem remains opaque and only the reference curve exists, there is

thus no sensitivity to κA . During summer, as κA decreases, the in-

fluence of ρext on summer heat gains decreases, allowing for the

selection of a low exterior surface reflection. The latter minimizes

heat losses during winter, whilst the exposure of the back reflector

minimizes heat gains during summer. 

For ρext = 0 . 2 , the additions of the thin SS-PCM layer based sys-

tem with a κA value of 300 m 

−1 decreases the summer heat gains

from 0.48 to 0 . 36 kWh 
m 

2 (25% reduction), compared to the reference

system. This decreases further to 0 . 26 kWh 
m 

2 (46% reduction) when

κA drops to 50 m 

−1 . In the case of a higher exterior surface re-

flectance ( ρext = 0 . 4 ), these reductions become 25% and 38% re-

spectively. When both winter and summer conditions are factored

in, it becomes clear that a low ρext and κA are able to create the

lowest overall level of undesirable heat exchange. In theory, the

proposed system would reach an optimality, with both ρext and κA 

approaching zero. 

During this evaluation, the thickness of the SS-PCM thin layer

is fixed at 1mm. A higher thickness may not be desirable as it will

t  
ikely increase the amount of solar energy stored as latent heat

uring warm conditions when the SS-PCM is transparent. The ex-

ct thickness could be further optimized based on κA and κC of

he SS-PCM thin-layer. A low κC could require a slightly thicker

ayer due to the necessity to adequately obscure the back reflector

n cold conditions. A high κA , on the other hand, could require a

lightly thinner SS-PCM layer to reduce the level of solar irradiance

bsorbed within the layer during warm conditions. 

.2. SS-PCM foam system 

Fig. 9 shows the influence of foam void-ratio and attenuation

oefficient on the undesirable heat gains and losses, with the to-

al heat gains and losses plotted as a function of the foam void-

atio for a summer and winter design week. Results indicate that

inter heat losses decrease relative to the reference case (i.e. be-

oming less negative) when the SS-PCM foam void-ratio increases.

he system with lower attenuation coefficient also outperforms the

ystem with higher attenuation coefficient for the winter regard-

ess of foam density. This trend holds true for a case when the SS-

CM phase transition temperature is around 24/26 °C. A lower at-

enuation coefficient allows solar irradiance to be absorbed deeper

nto the SS-PCM foam. On the other hand, the system with high

ttenuation coefficient absorbs heat earlier and is able to store all

vailable thermal energy regardless of foam void ratio. 

To assess the influence of the SS-PCM transition temperature

e have also modeled a system with a lower phase transition tem-

erature (around −1 / 1 ◦C ) and low (crystalline) attenuation coeffi-

ient (500 1/m). Results indicate that such a system outperforms

he reference case (winter) and other SS-PCMs with higher tran-

ition temperature for foam void ratios less than 0.75. However,

hen the foam void ratio increases beyond 0.75 the performance

f this system starts to decline. Beyond a foam void ratio of about

.85 this system performs worse than the reference or other SS-

CM cases. During winter and at lower attenuation coefficient, so-

ar energy penetrates deeper into the SS-PCM foam and heat be-

omes entrapped as more insulating SS-PCM foam slows the con-

uctive heat losses outwards. When the phase transition tempera-

ure of the SS-PCM decreases from 24/26 °C to −1 / 1 ◦C , more heat

s stored as latent heat since the temperature of the SS-PCMs rises

bove its phase transition temperature during daytime. A lower

elting temperature allows the system to store solar energy as la-

ent heat during the day when system temperatures reaches above

reezing. The system with higher transition temperature, on the

ther hand, only stores sensible heat during winter as its tem-

erature never exceeds phase transition temperature. The ability

o store latent heat during a cold winter day thus allows the sys-
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Fig. 9. Heat loss and gains during the on average coldest and warmest week (i.e. 168 h time period) respectively as a function of the SS-PCM foam’s void ratio. Slight 

levels of translucency of the SS-PCM foam increase winter heat gains. An absorption coefficient, κC , of 500 m 

−1 significantly reduces winter energy losses. During summer 

conditions, on the other hand, heat gains are above the reference level and are therefore increased because of the system. Although the latent heat keeps this jump to a 

minimum, which requires a high density foam, or a low foam void ratio. 
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em to offset losses at night, which increases performance. This ex-

lains why a system with lower melting temperature and/or atten-

ation coefficient performs better. These effects diminish however

eyond a foam void ratio 0.75 since less latent thermal storage ca-

acity is available. In this case, the thermal conductivity of the sys-

em starts to dominate the heat transfer process and outweighs the

atent heat storage capacity. 

Summer performance: During summer conditions, the system

ith cellular SS-PCM performs marginally better compared to the

eference case for a void ratio below 0.65. However, undesirable

eat gains in summer increase significantly at foam void ratios

bove 0.65. This is due to the lower availability of latent heat ca-

acity as the amount of SS-PCM diminishes with increasing void

atio. More latent heat capacity allows for a reduction in tempera-

ure peaks within the building enclosure. 

Results in Fig. 9 show that the attenuation coefficient has lit-

le influence on the systems performance during summer (the case

ith a transition temperature around 24/26 °C). However, in order

o prevent an overheating scenario it is also important to limit the

ttenuation exhibited by the foam, essentially allowing for more

bsorption near exterior surface when the SS-PCM is amorphous.

he influence of attenuation on heat gains during the summer are

resented in Fig. 10 . An amorphous attenuation as high as possible,

.g. κA = 350 m 

−1 or higher, seems to prevent significant overheat-

ng, especially when significant latent heat is available. A higher

oam void ratio requires a slightly higher attenuation to prevent

xcess heat gains, as less latent heat capacity can be depended on.

o assess the influence of the SS-PCM transition temperature in

ummer we have also modeled a system with a lower phase tran-

ition temperature (around −1 / 1 ◦C ) and low (crystalline) attenu-

tion coefficient (500 1/m). Such a system performs much worse

n summer compared to the reference case and other SS-PCMs. In

his design case the SS-PCM is always above phase transition tem-

erature (transparent), which leads to excessive heat gain as solar

nergy becomes entrapped in the SS-PCM foam. The addition of

urface features to control excessive solar heat gain may alleviate
o  
ome of these problems in summer, while retaining the benefits of

 lower phase transition temperature in winter. 

From Figs. 9 and 10 it becomes clear that a high foam void ra-

io is desirable in winter as it enhances the entrapment of heat

nergy. A lower foam void ratio is desirable in summer conditions

s it increases thermal conductivity and latent heat capacity, thus

timulating night cooling. As a compromise, it might be prudent

o implement a non-uniform foam void ratio as shown in Fig. 6 . A

igher foam void ratio at the exterior surface of the enclosure will

llow for the absorption of solar irradiance and will prevent heat

osses due to a lower thermal conductivity. A lower foam void ratio

lose to the absorber wall offers better latent heat storage capac-

ty, thus preventing high temperature peaks. The effect of a linear

oam void ratio distribution, on temperatures observed at the ab-

orber, is plotted in Fig. 11 , and is compared to the results of other

oid ratio scenarios. A constant high foam void ratio leads to sig-

ificant temperature peaks, of up to 32 °C observed during summer

onditions, whilst varying the foam void ratio linearly from 0.95

o 0.65 decreases the temperature significantly, bringing it close to

he curve that represents a constant void foam ratio of 0.65. 

A system with linear distribution of the foam void ratio, as de-

cribed above, performs slightly worse in winter conditions when

ompared to a system with a constant high void ratio (low density

oam). In Fig. 12 a comparison is made with both high and low

oam void ratio cases. The case of the linear distribution of the

oam void ratio sits roughly in between the cases with low and

igh foam void ratios. We assumed that a high void ratio δ leads

o a slightly higher attenuation coefficient in the amorphous state

ue to the dominance of absorption in this phase, and a slightly

ower attenuation coefficient in the crystalline state, due the dom-

nance of scattering in this phase. 

During our evaluation the thickness of the SS-PCM foam based

acade system was fixed at 50 mm; and the system was used in

ombination with a 75 mm conventional thermal insulation back-

ng layer. Results will be different when other system thicknesses

re evaluated, or when the technology is used in combination with

ther wall construction types. Other climates and orientations will
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Fig. 10. Heat gains during the on average warmest week as a function of the SS-PCM foam’s void ratio for different levels of translucency. When the SS-PCM foam transitions 

to an amorphous state, the translucency of the foam becomes critical. A low absorption coefficient (high translucency) would increase summer heat gains, whilst higher 

absorption coefficients deliver heat gains that can still be buffered well by the latent heat capacity. 

Fig. 11. Absorber temperature during the on average warmest week of the year. (a) A high SS-PCM foam void ratio delivers high diurnal temperature peaks, in other words, 

not enough latent heat capacity remains available at these low densities. (b) A low SS-PCM foam void ratio delivers low diurnal temperature peaks, (c) A linear distribution 

of the foam void ratio, ranging from high to low foam void ratio’s starting at the exterior surface, greatly reduces temperature peaks, yet is still able to decrease winter heat 

losses. The latter can be seen in Fig. 12 . 

 

 

 

 

 

 

 

 

a  

u  

d

5

 

s  
likely lead to different optimal solutions. Despite the multitude of

performance influencing variables, our results indicate that optimal

solutions can be identified that perform better compared to the

reference case. A high void ratio seems preferred in heating domi-

nated situations, while a low void ratio seems preferred in cooling

dominated situations. Our results indicate that a gradient in the

foam void ratio provides better performance overall year round in

a central Massachusetts mixed climate type. Attenuation also plays
n important role in the seasonal performance, with lower atten-

ation outperforming systems with higher attenuation in heating

ominated situations. 

. Discussion 

The thin SS-PCM layer system performs as intended in the FEM

imulations. Simulation results indicate that summer heat gain can
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Fig. 12. Absorber temperature during the on average coldest week of the year. A higher foam void ratio (low density foam) increases the temperature due to better retention 

of internal solar heat gains. A linear distribution of the foam void ratio, ranging from high to low void ratio’s starting at the exterior surface, delivers a temperature curve 

that sits in between the curve for constant high and low void ratio. 
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e reduced by 25–38%. A trade-off would probably have to be

ade between a low exterior surface reflection and a low absorp-

ion coefficient. For example, if ρext is fixed at 0.4, an increase

n κA from 50 to 200 m 

−1 would still result in a lower over-

ll heat exchange compared to the baseline which is a perma-

ently opaque wall with the same exterior surface reflection value.

f, on the other hand, a κA value of 300 m 

−1 has to be main-

ained, an exterior surface reflection of 0.6 or lower would still re-

ult in a decrease in overall undesirable heat exchange. A higher

A could be compensated by decreasing the thickness of the SS-

CM thin-layer with variable transparency. Switching the level of

ransparency in between the phases can result in a system with

uch better performance in terms of reducing undesirable heat

xchange. A transparent-when-cold SS-PCM film combined with a

ack reflector would allow for maximum absorption of solar irra-

iance. 

An alternative to the previous concept would be to switch from

 reflector to an absorber, and have the thin layer of SS-PCM be-

ome transparent during cold external conditions, rather than dur-

ng warm conditions with excess amounts of solar irradiation. This

et-up has the potential of being less sensitive to external surface

eflections, although this approach will require more material de-

elopment. If the thin layer of SS-PCM would become opaque with

ising temperatures, a low exterior reflection coefficient, due to a

hite material color, would actually become more beneficial. 

The second system, based on SS-PCM foam, also has potential to

educe energy use in buildings, if the right combination of material

roperties is selected. The SS-PCM foam will likely require a high

oam void ratio ( δ ≈ 0.95, low density foam) at the exterior sur-

ace and a low foam void ratio ( δ ≈ 0.65, high density foam) near

he core of the building enclosure. The low density foam allows

or a significant reduction of heat gains caused by the internal ab-

orption of solar radiation within the foam, whilst the high density

oam in the core exhibits significant latent heat and could prevent

verheating. It will also be required to further tune the attenuation

f the SS-PCM foam in both phases in order for the system to work

avorably in both winter and summer conditions. 

. Conclusions 

Two climate responsive building enclosure systems are pre-

ented that employ the transparency change and latent heat stor-

ge capacity of SS-PCMs as mechanisms to passively control build-

ng temperature. Finite Element models were developed to study

he performance of these systems under winter and summer con-

itions for a typical central Massachusetts four season climate, as-
uming a south facing orientation. Our initial results show that

oth systems can have a positive impact on building performance. 

For the system with a thin layer of SS-PCM and back reflec-

or, results indicate that summer heat gain can be reduced by

8% relative to the reference case. It was shown that a low ex-

erior surface coefficient of the SS-PCM layer with variable trans-

arency improves winter performance, due to higher absorption

f solar irradiance. The thin layer of SS-PCM should be as thin

s possible, although it should still hide the back reflector dur-

ng cold periods. A trade-off between the exterior surface reflec-

ion and the specific absorption rate (during the semi-transparent

tate) will likely have to be made. For the system consisting of SS-

CM foam, it was shown that energy savings can be obtained if

he right combination of material properties is chosen. A high foam

oid ratio at the exterior surface and low void ratio near the inte-

ior surface seem desirable. Further fine-tuning of the attenuation

oefficient and transition temperatures of the SS-PCM will be re-

uired to make the system work in both summer and winter con-

itions. It may also prove beneficial to evaluate the benefits of lay-

red systems that stack SS-PCM’s with different attenuation coeffi-

ients and phase transition temperatures. More research is needed

o evaluate the proposed approaches for different wall orientations

nd climate types. 

As an initial study, the simulations presented here aim to an-

lyze the energy performance of the system during the on av-

rage warmest and coldest weeks of the year. In order to gain

 more comprehensive overview of potential energy savings and

ystem performance trends, future simulations should explore sys-

em performance over an annual time period, for different climate

ypes, and for multiple building enclosure orientations. These stud-

es will provide more insight into the nuanced performance pro-

les of these systems during the so-called ”shoulder months”. 

Future studies should include whole-building energy modeling

ffort s to elucidate potential energy savings at building level. 
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