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A B S T R A C T   

Adaptive opaque facades can dynamically adapt their thermal properties according to both outdoor and indoor 
conditions, hence can enhance the energy efficiency of the building while maintaining high indoor environ
mental quality. Traditional façade thermal performance metrics such as U-value or R-value can be useful to 
evaluate the energy performance of buildings. However, the adaptive opaque façade systems require versatile 
testing protocols to characterize their thermal performance under their various operation modes. This paper 
provides a comprehensive review the experimental testing protocols and standards that have been reported to 
characterize the dynamic thermal performance of adaptive opaque façades. These testing protocols are compared 
to those commonly used to evaluate conventional building envelope assemblies. The outcomes of the review 
include a set of recommendations to develop laboratory testing set-ups, protocols, and metrics to consistently 
measure the dynamic thermal performance of adaptive opaque facades.   

1. Introduction 

1.1. Background & research gap 

To address the urgent need of reducing energy consumption of 
buildings, development of advanced envelope technologies is becoming 
one of the cornerstones of energy efficiency and sustainability for the 
built environment [1]. Indeed, opaque façade systems have incremen
tally evolved in the last few decades to have higher thermal resistance 
and lower air leakage as a passive solution to reduce the energy need for 
space heating and cooling and therefore to achieve the Zero Energy 
Building Target [2]. However, as evidenced by several reported research 
studies, envelope elements with high thermal resistance are not always 
beneficial to optimize the thermal performance of buildings and to 
effectively reduce thermal heating and cooling loads and ultimately 
energy demands [3,4]. Indeed, releasing indoor thermal heat gains 
during certain cooling demand periods and harvesting solar heat gains 
during heating demand periods through the building envelope can 
reduce the operational energy needs of buildings, and in some cases 
eliminate the need for any active heating and cooling systems. Accord
ing to some reported analyses, the annual heating and cooling energy 
demands could be reduced by up to 69% if thermal properties of opaque 

building envelopes are dynamically adjusted and properly controlled to 
account for climatic conditions and building characteristics [5]. The 
building facades that are capable to adjust their thermal properties are 
often called adaptive facades [6]. Adaptive facades respond dynamically 
to changing conditions and requirements with the objective of reducing 
the energy consumption of buildings while guaranteeing comfortable 
indoor conditions [7]. The term adaptive facades should not be confused 
with facades integrating heating [8] and cooling systems [9], which 
operate and change indoor environmental characteristics using an en
ergy input [10]. One specific category of adaptive facades consists of 
adaptive opaque facades, which can be used to control dynamically heat 
transfer between the outdoor and indoor environments [11]. The high 
energy efficiency potentials of these adaptive opaque facades have been 
highlighted by the several review analyses reported since 2018. These 
reviews focus on different technologies, such as dynamic/switchable 
thermal insulation technologies [12–14], parietodynamic and per
meodynamic walls [15], phase change materials [16] and trombe walls 
[17–23]. A more general review has reported materials and elements 
that could be used to build adaptive opaque facades [11]. The main 
focus of the previously reported review analyses is to describe the 
investigated adaptive façade technology concepts and their operation 
mechanisms. One of the identified significant challenges is to be able to 
consider the performance of adaptive facades as part of intelligent 
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buildings [24]. To avoid sub-optimization, adaptive façades and active 
systems should be coupled with the overall building performance, as 
they do other advanced envelope systems [17]. However, to do so, 
comprehensive indicators and performance tests are needed, essentials 
to understand the impact of adaptive facades in building energy savings 
and indoor comfort [24,25]. Fig. 1 summarizes the reported thermal 
performance metrics by cited review papers. 

Equivalent R-values and/or U-values (thermal transmittance and 
thermal resistance, respectively) are commonly used to assess through 
simplified simulation models the impacts of opaque façade technologies 
when integrated at the building level. These performance metrics are 
compatible with RC-thermal network [26–31], and EnergyPlus software, 
either by using “Surface Control:Movable Insulation” [32], class list or 
“Material:AirGap” 33 coupled with Energy Management System’ (EMS). 

Most of the reported values regarding R-values and/or U-values of 
specific adaptive opaque façade technologies are not based on experi
mental testing analyses either under laboratory or field conditions 
(Fig. 2). 

Measured thermal performance metrics have been reported exten
sively for adaptive facades consisting of airflow based dynamic walls, 
Trombe Walls [34], Parietodynamic walls, Permeodynamic walls [11, 
13,15] and Double-Skin Facades [14,16]. Building envelope systems 
integrated with Phase Change Materials (PCMs) have also been widely 
tested as reported by several review analyses [14,35,36]. Regarding 
Dynamic Insulations, some transparent Dynamic Insulations have also 
been evaluated and characterized through experimental testing as 
identified in the literature reviews [14,15]. 

The main research gap of the reported review analyses is the lack of 
characterization of the dynamic thermal performance of opaque adap
tive façades using repeatable experimental tests excluding airflow based 
dynamic walls which have been tested more widely. As summarized in 
Fig. 2, previous review papers were mostly focused on explaining the 
working principles of the different technologies. Limited studies have 
described and performed measurements of adaptive opaque facades. 
The few review analyses that have reported thermal performance met
rics obtained through laboratory testing have not described the char
acterization methods and testing procedures in detail. Moreover, there is 
a lack of common approaches and guidelines for testing procedures 
among the reported studies. Well defined testing protocols are essential 
to compare the thermal performance of adaptive building envelope 
systems fairly and effectively, and ultimately increase their improve
ment and adoption. 

1.2. Research aim & objectives 

The main goal of this review paper is to identify effective experi
mental setups and universal testing protocols for assessing the dynamic 
thermal performance of adaptive opaque façades. First, the main dif
ferences in testing the thermal performance between conventional static 
wall assemblies and adaptive opaque façades are highlighted. Then, 
reported testing approaches and protocols specific to adaptive opaque 
facades are described. 

The outcome of the critical review conducted in this paper is to 
establish criteria and guidelines required to experimentally test the 
dynamic thermal performance of adaptive opaque facades, including (i) 
testing set-up descriptions, (ii) measurable parameters and performance 
metrics and (iii) testing protocols. To establish this novel set of criteria, 
first Section 2 outlines existing protocols and standards for the thermal 
characterization of opaque facades. Section 3 reviews scientific papers 
where the protocols are adapted for the dynamic thermal performance 
characterization. In Section 4, the performance tests of adaptive opaque 
façade components are reviewed. 

1.3. Research methods & scope 

The scientific literature review was performed by using google 
scholar search engine. Table 1 summarizes the adopted methodology 
and searched information and features for the review analysis. 

The critical review presented in this paper focuses only on the opa
que façade systems that can involve variable convective and conductive 
heat transfer mechanisms, i.e., dynamic insulation systems and 
controllable air cavities. These façade systems can have common 
experimental testing protocols. Thus, the paper excludes any façades 
that involve air-flow exchanges between the indoors and outdoors as the 

Nomenclature 

Abbreviations 
PCM Phase Change Material 
PV Photovoltaics 
BIPV Building Integrated Photovoltaics 
BIPVT Building-Integrated Photovoltaic-Thermal 

Symbols 
Ru Overall Thermal Resistance 
U Thermal Transmittance or Overall Coefficient of Heat 

Transfer 
C Thermal Conductance 
henv Surface coefficient of heat transfer 
ts Surface temperature 

Tenv Effective environmental temperature 
Rsi Interior surface thermal resistance 
Rse Exterior surface thermal resistance 
β Temperature Rise Coefficient 
Tz Solar air temperature 
E Emissivity factor 
hr Radiation coefficient 
hc Convection coefficient 
T’r Mean radiant temperature 
DF Decrement factor 
TL Time Lag 
Tin Indoor air temperature 
Tout Outdoor air temperature 
Tc Temperature of the pipe’s section  

Fig. 1. Thermal performance metrics reported by previously reported litera
ture reviews. 
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performance of these systems require different testing protocols. Since 
the thermal performance of facades integrating phase change materials 
(PCMs) have been widely characterized through experimental testing, 
reported testing analyses will be summarized as part of this review to 
highlight any possible guidelines applicable to adaptive opaque façades. 

2. Existing standards and testing protocols to characterize in 
laboratory the thermal performance of opaque façade 
components 

The thermal characterization of building envelope façades through 

Fig. 2. Number of review papers reporting testing methods for dynamic thermal characterization of adaptive opaque facades.  
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experimental testing is crucial to validate numerical or analytical 
models, as well as to better understand the thermal behavior of building 
shell. Soares et al. have reviewed the main methodologies for measuring 
the overall thermal transmittance of homogeneous elements, moder
ately homogeneous and non-homogeneous walls, windows, and some 
innovative construction elements such as aerogel, PCMs and vacuum 
insulation panels [37]. They compared the heat flow meter method used 
by ISO 9869 [38] and 8301 [39], the guarded hot plate [40], the hot box 
(considering the guarded and the calibrated) described both in ISO 8890 
[41] and ASTM C1363-19 [42] and the infrared thermography adopted 
by the British Standards Institution [43], ISO 10878 [44] and ISO 9869 
[45]. However, the review analysis did not consider specifically the 
characterization of adaptive opaque façade Systems beyond those inte
grating PCMs. This review points out that guarded hot plate set-up is 
limited to low conductivity materials of relatively small-scale samples, 
so tests of large façade systems cannot be adequately performed. To 
apply the infrared thermography method to test lightweight and 
super-insulated walls, more research and development is needed. 
Indeed, according to a review analysis specific to infrared thermography 

[46], this method does not currently provide reliable results for wall 
assemblies with air gaps. Thus, adaptive opaque façade systems could be 
tested using either guarded or calibrated hot box apparatuses (Fig. 3). 
Both apparatuses include one cold chamber and one hot chamber, which 
integrates a heating input system through a metered box. For the 
guarded hot box, the hot chamber consists of a metering box and a guard 
box, in which the indoor environment is controlled. This minimizes 
lateral heat flow during the experimental testing and ensure that the 
total heat flow through the specimen is equal to the heat input to the 
metering box. In the calibrated hot box, the hot chamber consists of only 
the metering box surrounded by temperature-controlled spaces, which 
are not necessarily set at the same air temperature as that inside the 
metering box. In this case, the total power input shall be corrected for 
the wall and flanking effects. 

There are two standards for testing the thermal properties of building 
envelope systems which define the experiment procedures, the specifi
cations of the measuring apparatus, and their calibration requirements. 
These standards include ISO 8990 [41] and ASTM C1363 [42]. These 
standards allow some flexibilities and do not mandate specific design or 
size for the testing apparatus. Some configurations of modified hot box 
experimental set-up have been proposed including those integrated with 
measurement and control systems [47]. Using calibrated and hot box 
apparatuses, large and inhomogeneous building envelope specimens can 
be tested under complex boundary conditions, involving not only tem
perature differences, but also variations in air velocity and relative hu
midity. The effects of the heat direction can be measured using these 
apparatuses for wall (horizontal heat flow) and floor (vertical heat flow) 
configurations. Both ISO and ASTM standards enable the determination 
of the thermal properties for the tested specimen as summarized in 
Table 2. 

For highly inhomogeneous building envelope systems, only an 
overall thermal resistance [Ru] or transmittance [U] can be measured, as 
the heat transfer can vary significantly spatially along the specimen 
surface making accurate measurement of the average surface tempera
tures difficult to achieve. In these cases, the tested specimen should be of 
the same thickness as the actual building envelope systems [42]. ISO 
8990 defines inhomogeneous specimens as those having local differ
ences in surface temperatures which exceed 20% of the mean 
surface-to-surface temperature difference. For slightly inhomogeneous 
specimens, the ISO and ASTM standards provide calculation methods for 
the environmental temperatures, whether the convection coefficient is 
known and not, as summarized in Table 3. 

Table 1 
Methodology of the scientific review.  

Keywords Inclusion & exclusion Criteria Searched information and 
features  

• “Adaptive 
opaque 
facades” 

•“Dynamic 
insulation” 
•“Active 
insulation 
•“Dynamic 
insulation 
review” 
•“Trombe walls 

•Literature reviews from 
2018 to 2023 
•Papers with experimental 
tests details  
o No constraints on 

publication dates  
o Excluding facades 

involving air-flow ex
change between the indoor 
and outdoor environments 

•Followed testing protocols 
and standards 
•

•Characteristics of the 
experimental set ups including 
testing facilities and applicable 
specimens 
•Testing methods (i.e., sensors 
placement, boundary 
conditions and validity 
criteria) 
•Measured parameters •“Hot box, 

solar” 
•“Hot box, 
dynamic” 
•“Hot box, 
thermal mass” 
•“Hot box, air 
cavity” 
•“Hot box, 
radiation” 

•No constraints on 
publication dates  

Fig. 3. Guarded hot box set-up (a) and calibrated hot box set-up (b). Source [41].  
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None of the available standards provide simplified performance 
metrics for different scenarios of natural and forced ventilation and ra
diation coefficients, which determine the Effective Environmental 
temperatures (Tenv). Thus, surface heat transfer coefficients can only be 
estimated by using standard of equal thermal resistance, size, surface 
configuration and roughness if geometry, average temperatures, and 
energy exchange conditions are similar for the reference and tested 
specimens [42]. As demonstrated by a reported literature review which 
compares experimental data and conventional values provided by 
ISO6946 [48], the influence of environmental boundary conditions on 
surface thermal resistances is not properly captured by the simplified 
calculation methods. Thus, and as advised by the standard, it is highly 
recommended to specify the testing boundary conditions when report
ing measured values for the overall thermal resistances. ASTM C1363 
standard also highlights that for specimens containing closed cavities 
or cavities open to one surface, the overall thermal resistances or 
transmittances could depend on the temperature differences across the 
tested specimens due to internal convection heat transfer. Therefore, 
boundary conditions for these types of specimens need to be selected 
carefully and reported with the measured performance properties. 
Moreover, for vertical specimens with air spaces that significantly affect 
thermal performance, the dimensions of the metering chamber should 
match the effective construction height. Finally, placement of temper
ature sensors could affect measurements and needs to be elected 
depending on the type of convection heat transfer (i.e., natural or 
forced) prevalent in the tested specimens. 

The main differences between both standards are the validity re
quirements as well as the experimental set up specifications as 

summarized in Table 4. 
The scope of these standards does not include the thermal charac

terization of the building envelope components that intentionally 
involve fluid flows through them (air or water). For these types of fa
cades, the test procedures need to be revised as indicated for facades that 
are permeable to moisture [49], trombe walls [34], permeodynamic 
walls [50], and parietodynamic walls. For parietodynamic walls, the 
mass flow between environment has been measured with anemometers 
[51,52] and with rotameters [53]. For walls subject to water flows, it is 
essential to control and monitor the relative humidity variations. For 
facades involving any kind of fluid exchanges, heat balances need to 
account for fluid flows through the specimens [49]. 

The test methods summarized in Table 4 applies to steady-state 
testing and does not specify procedures or guidelines for conducting 
dynamic tests suitable for adaptive facades. However, there are reported 
testing experiences for measuring dynamic performance of building 
envelope systems. These tests have been reviewed and discussed in 
Section 3. 

2.1. Review of experimental tests characterizing the performance of 
opaque façade components in steady-state regime: research scope from 
2018 to 2023 

The standards outlined in the previous section are well established 
and have been used for decades to measure the thermal performance of 
non-homogenous building envelope systems under steady-state condi
tions. However, applications of Guarded Hot Box and Calibrated Hot Box 
apparatuses have provided significant insights on their advantages and 

Table 2 
Calculated thermal characteristics and parameters that need to be measured.  

Measurable properties Units Specimen Types Applicable 
Equations 

Measurable parameters Fixed parameters 

Overall Thermal Resistance m2K/ 
W 

Homogenous, non-very 
inhomogenous and very 
inhomogenous 

Ru =

A (Tenv,i − Tenv,e)

Q 
Ru = Renv,i + R+

Renv,e 

Thermal flux through the specimen [Q], 
surface temperature [T1, T2], air temperatures 
and radiant temperatures 

Radiation coefficient 
and convection 
coefficient 

Thermal Transmittance, also called 
as Overall Coefficient of Heat 
Transfer [U] 

W/ 
m2K 

Homogenous, non-very 
inhomogenous and very 
inhomogenous 

U =

Q
A (Tenv,i − Tenv,e)

U = henv,i + C+

henv,e 

Thermal Conductance [C] W/ 
m2K 

Homogenous and non-very 
inhomogenous 

C =
Q

A (T1 − T2)

Thermal flux through the specimen [Q], 
surface temperature [T1, T2] 

–  

Table 3 
Calculation of the environmental temperatures for each standard.  

Standard Measurable property Unit Applicable Equation Coefficient values set by the standard 

ASTM C1363 Surface coefficient of heat transfer W/m2K  

henv =
Q

A (Tenv − T1)
(1)   

None 

Temperature difference between 
average test specimen surface and 
effective environmental temperature 

K  

Δts− env =
hc • ΔTs− a + hr • ΔTs− b

hr + hc
(2)   

ISO 8990 Surface thermal resistance m2K/W  

Rs =
1

Ehr + hc
(3)   

hr = 4σT3
m 

hc = 3 W/(m2K) for natural convection at vertical 
surface. For non-uniform specimen, hc cannot be 
calculated as requires the knowledge of mean surface 
temperature. In these cases, hc can be estimated from the 
data during test on another uniform specimen can be 
taken 

Effective Environmental Temperature K  

Tenv =
Ehr

Ehr + hc
T′

r +
hc

Ehr + hc
Ta (4)     

Being T’r mean radiant temperature seen by the specimen; Ta, Tb temperature adjacent to specimen for each side; Tm mean radiant absolute temperature; hr radiation 
coefficient; hc convection coefficient, E emissivity factor of the hot box. 
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limitations [37]. Indeed, the testing standards have been used to eval
uate the effects of inhomogeneity for various building envelope façades 
including historic masonry walls [54] sawdust concrete masonry walls 
[55], lightweight steel framed wall [56], wood based framed walls [57], 
and ventilated face systems [58]. Moreover, the testing standards have 
been applied to assess the thermal performance of innovative systems 
made of biobased and recycled materials such as mortars made of 
re-used fly-ash and bottom ash [59], 3D-printed block filled with 
different recycled insulation materials [60], insulation boards contain
ing foam-encapsulated vacuum insulation panels [61], risk husk panels 
[62], precast hemp concrete panels [63]. In some cases, the character
ization of the thermal performance enabled a wider Life Cycle Assess
ment of the tested building envelope systems [62]. 

3. Experimental tests characterizing the dynamic performance 
of non-adaptive opaque façade components 

The standards described in Section 2 were conceived to perform 
testing under steady-state conditions. However, opaque façade compo
nents, even static, do not always have the same behavior since they are 
exposed to dynamic boundary conditions that vary with time. In 
particular, the effects of thermal mass or latent heat storage can only be 
assessed through testing protocols carried out using dynamic conditions. 

As highlighted by a reported review specific to thermal inertia in 
buildings [64] hot box set-up can be used for evaluating the thermal 
mass effects of building envelope systems. One of first tests of building 
envelope systems under dynamic conditions was reported in 2002 [65]. 
This test has been based on modifications of the existing standards to 
measure decrement factors and time lags for walls with high thermal 
inertia. The decrement factor (DF) is defined as the ratio of the ampli
tudes of outside and inside surface temperatures when the indoor air 
temperature is set to be constant as indicated by Equation (5). 

DF =
Tin max − Tin min

Tout max − Tout min
(5)  

The time lag (TL) expresses the temporal difference between the peak 
temperature of wall’s outside and inside surface temperatures for a 
constant indoor air temperature as defined by Equation (6). 

TL= tTin max − tTout max (6) 

For this dynamic testing protocol, sinusoidal time variations of 
temperatures have been imposed for one day (i.e., 24-h period). Using 
this dynamic temperature variation, the thermal performance of 6 
different walls, 2 traditional concrete walls and 4 walls with an inno
vative insulation material have been tested [66]. The guarded hot-box 
unit coupled with dynamic temperature variation has been used to 
determine response factors of walls [67,68], as well as thermal trans
mittances and decrement factors for façade systems [64,66]. Sinusoidal 
temperature variations using one-day period are not the only option to 
impose dynamic boundary conditions [69]. Time variations of temper
ature using one week cycle have been also considered to test the thermal 
performance of four different wood wall specimens [70]. The use of hot 
box apparatus results in more accurate estimation of thermal properties 
of building envelope assemblies than other testing procedures under 
dynamic boundary conditions [64,70]. 

The effects of integrating PCMs in walls have been widely measured 
using hot box apparatus under dynamic regimes [], including PCMs 
integrated in composites [71], microencapsulated in polyurethane 
foams [72] textile reinforced concrete panels [73] or filled in hollow 
bricks [74]. The most complex experiment consisted of a PCM encap
sulated within a solar air heat exchanger having a ventilated air cavity 
[75]. For this system, the hot box apparatus has been coupled with 
artificial sun to replicate more realistic boundary conditions that ac
count for the effects of solar radiation. Currently, the artificial sun is 
mostly used to test the thermal and optical performance of transparent 
façades (i.e., continuous fenestrated panels and windows) to ensure 
uniform distribution of solar irradiance [76]. The artificial sun is also 
used to test the thermal and electrical performance of façades inte
grating photovoltaic (PV) panels [77]. 

The effects of the radiation can be significant on the thermal prop
erties of building facades with ventilated air gaps. These effects involve 
both convection and radiation heat transfer mechanisms [78,79]. Spe
cifically, the thermal resistance of air cavities can change dynamically 
over time depending on several parameters, including outdoor condi
tions (temperature and incident solar radiation) and thermo-physical 
properties of the building envelope system. No experimental testing 
analyses have been reported on ventilated facades using hot box appa
ratuses coupled with solar simulators. 

Moreover, the effects of aspect ratio for air gaps within building 
envelope systems have evaluated for different velocity profiles under 
steady-state conditions [80]. Similarly, the effects in thermal perfor
mance of adding reflective surfaces inside air cavities have been tested 
[81]. Rahiminejad et al. have proposed new indicators to describe the 
thermal characteristics the air gaps including apparent thermal resis
tance and effective thermal resistance using energy balance principles 
applied to a network of thermal resistances [82]. However, these in
dicators are suitable for steady-state analysis since they do not consider 
the effects of solar radiation and thermal inertia. 

Table 4 
Differences in testing settings between ISO 8990 and ASTM C1363.  

Standard ISO 8990 ASTM C1363 

Validity of 
measurements 

The results of two successive 
measuring periods do not 
change more than 1%. 

Equilibrium conditions are 
reached for at least 30 min 
(average metering box 
ambient air temperatures do 
not vary by more than +
-0.25 ◦C). 
Tests are repeated in five- 
time constant blocks. 
The thermal transmittance 
calculated from the data of 
the five blocks do not vary 
more than + -2%. 

Minimum 
number of 
sensors 

At least two per square meter 
and not less than nine unless 
other information on 
temperature distribution is 
available. 
Supplementary sensors shall 
be applied to each region of 
varying temperature. 

At least five thermocouple 
pairs pe square meter of the 
metering box unless a Heat 
Flux Transducer is placed on 
the metering chamber walls, 

Chambers’ 
temperature 

Not pre-established, but close 
to the end conditions. Mean 
temperatures of 10 ◦C to 20 ◦C 
and difference of at least 20 ◦C 
are common in building 
applications. 

Between − 48 and 85 ◦C in 
the chamber representing the 
outside environment and 21 
◦C inside 

Air velocity For natural ventilation 
between 0.1 m/s to 10 m/s 
advisable 

Velocities in the outdoor 
environment should be 
minimum and air velocities 
greater than 1 m/s are 
permissible when their effect 
upon heat transfer is to be 
determined. In these cases, 
2.75 m/s for summer 
conditions and 5.5 m/s for 
winter conditions. 
When the effect of natural 
ventilation is not evaluated, 
suggestion of 0.3 m/s 
velocity for walls which are 
3-m height, as a tradeoff 
between desired uniformity 
of the air curtain 
temperatures and the 
operational mode of 
convective flow.  
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The performance of opaque façades can be affected by moisture heat 
transfer. Indeed, differential temperatures drive moisture movement 
through hygroscopic materials as demonstrated by reported testing an
alyses using guarded hot box apparatus following ISO 8990 to measure- 
values for wall specimens made of burn clay bricks and reinforced 
cement concrete [83] as well as for porous walls made of cork [84]. 

Fig. 4 summarizes the boundary conditions that were used to 
represent outdoor environment and determine the performance metrics 
to characterize dynamic thermal performance of non-adaptive opaque 
façade systems. In all cases, temperature settings in the chambers re
flected realistic conditions as recommended by both standards [42,41]. 

On the other hand, many testing-based studies did not report crucial 
parameters for assessing the thermal performance of the evaluated 
specimens including convective and radiative coefficients or surface 
resistances required for estimating thermal transmittances and overall 
thermal resistances of the specimens. Moreover, some studies have not 
reported all the full details of the testing protocols including air veloc
ities within the chambers as well as within façade specimens with air 
cavities. 

The validity criteria of measurements according to ISO 8990 [41] 
and ASTM C1363 [42] standards were reported in some cases by 
reporting the range of temperature variation [66,70,83]. In few cases, 
reported fluctuations were not meet by followed standard [77,80]. Most 
of reviewed papers demonstrated stability graphically [67–69,73,75] or 
qualitatively [72,85,86]. However, several testing studies have not re
ported and documented the validity criteria of measurements as dictated 
by the standards [74,81,84]. 

4. Experimental tests used for adaptive opaque façades 

Dynamic thermal performance has been tested using laboratory set- 
ups for three different types of adaptive opaque facade technologies 
when excluding those systems that involve outdoor-indoor air ex
changes and PCMs. These technologies include removable insulations, 
movable insulations, and thermodiodes. This section describes the 
testing procedures used to characterize the thermal performance for the 
three technologies including their limitations. Specifically, Section 4.1 

describes the characterization of removable insulation under a steady 
regime. Section 4.2 outlines the testing procedure used to determine the 
dynamic thermal performance for movable insulation systems. Section 
4.3 summarizes the different testing procedures considered for the 
characterization of thermodiodes, both with natural convection mech
anisms and phase change fluids. For the last one, a variation of the 
technology integrating a PV cladding has been also tested. 

4.1. Characterization of removable insulation systems 

Removable insulation is a patented technology concept as illustrated 
in Fig. 5 [87]. The system utilizes a series of vertical opaque films that 
can be rolled, like conventional blinds. This removable insulation system 
can be integrated within a closed cavity to minimize the convective 
losses caused by wind suction and pressure difference. Another possible 
placement of the removal insulation system is between a massive opaque 
wall and an external closure panel. For this case, when the films are 
rolled down the thermal transmittance of the opaque façade is reduced 
when compared to the same configuration without the insulation sys
tem. The air cavity between the closure panel and the massive opaque 
wall is subdivided into several air layers with small thicknesses [i.e., 
Fig. 5 (right)]. When the films are up, the small thickness air layers are 
substituted by a wider air gap, and thus, the thermal losses by convec
tion and radiation would be more significant compared with the previ
ous setting of the insulation system [i.e., Fig. 5 (left)]. 

Pflug et al. have prototyped this removable insulation concept and 
measured its maximum thermal conductance using a guarded hot plate 
apparatus [87]. They have measured the steady-state heat transfer by 
following the testing protocol of ISO 8302:1991 [40] as described in 
Section 2. For the estimation of the specimen conductance, a modified 
calculation method for the uncertainty levels is proposed [40]. This 
method compares the measurements of the removable insulation 
concept with a benchmark sample having an equivalent insulation level. 
The performance of the removable insulation prototype has been tested 
for a specific fixed position when the films are rolled down, but no 
testing has been carried out when the films are rolled up. 

As part of the testing protocol, outer and inner surface temperatures 

Fig. 4. Summary of Experimental tests characterizing the dynamic performance of non-adaptive Opaque Façade components.  
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as well as heat fluxes through the specimen are measured. Based on 
measured data, the U-value of the specimen is calculated for five 
different boundary conditions, by adding to measured thermal 
conductance both exterior and exterior surface thermal resistances 
estimated by EN 410:2011 [88] as 0.04 m2 K/W and 0.13 m2 K/W, 
respectively. The temperatures of the hot and cold plates have been 
changed to impose different temperature gradients between inner and 
outer layers, as well as to obtain different mean surface temperatures, 
ranging from 10 ◦C to 29.3 ◦C. The reasons for performing the tests 
under these five boundary conditions are not clearly stated. According to 
the experimental characterizations, the low U-value ranges from 0.35 ±
0.03 W/m2K to 0.45 ± 0.03 W/m2K. However, the obtained U-values 
are higher than the theoretical values and have a stronger temperature 
dependance. The authors have used ISO 15099 Thermal performance of 
windows, doors and shading devices to estimate the U-values. For the 
specimen conductance, a modified calculation method to determine the 
uncertainty levels was proposed [89]. The authors have indicated that 
the mismatch between measured and calculated data is due to the 
airtightness level set by ISO 15099, which is not achieved between air 
cavities for the tested prototype. 

For the removable insulation technology, testing has been performed 
for the low conductivity settings using relatively small-scale prototypes. 
The reported analysis demonstrated that the use of guard hot plate 
method is not the most suitable testing apparatus for the characteriza
tion of adaptive façade system, and that the convection within the air 
cavities should not be neglected. 

4.2. Characterization of movable insulation 

Another type of adaptive opaque facades involves mechanically 
operated movable insulation systems [90]. These systems modulate heat 
flows through the facades depending on the position of their insulation 
layers. A louvered type of movable insulation system, depicted in Fig. 6, 
has been tested under laboratory conditions to characterize its dynamic 
thermal performance [90]. The louvered insulation layers can rotate if 
actuated by mechanical actuators. When the insulation layers are 
aligned vertically [Fig. 6 (a)], the system acts as a conventional insu
lation layer with high R-value. In this setting, the convective heat 
transfer of the air cavities at both sides of the insulation layer, while 
minimal, increase the insulation level of the façade and is considered for 
the U-value/R-value estimation. When the layers are rotated at any 
specific angle θi ∕= 0 [Fig. 6 (b)], both air cavities are connected, and 
convective heat transfer becomes dominant resulting in low R-value for 
the movable insulation system. The maximum heat transfer in the sys
tem is achieved when the louvered insulation layers are set to be parallel 
(i.e., θi = 90◦). 

Dabbagh and Krarti have built a protype of the movable insulation 
system representing a full-size panel for building envelope façade 
(Fig. 7). The thermal performance of the dynamic insulation system is 

measured using ASTM C1363 and ISO 8990 procedures and a hot-box 
apparatus, which can be used to test complex assemblies without 
considering their different components as discussed in Section 2. The 
objective of the experiment is to estimate the R-value of the movable 
insulation system. 

Two heat flux sensors and surface temperature thermocouples have 
been placed along the center of the tested specimen. In addition, ther
mocouples are utilized to measure the air temperatures for both hot and 
cold chambers. The tests have been carried out under steady-state con
ditions for various positions (i.e., values for the angle θi) of the louvered 
insulation layers. The reported testing has considered only one bound
ary condition with the hot chamber set at 77.65 ◦C, whereas the cold 
chamber maintained at 28.70 ◦C. For the tested movable insulation 
prototype, the maximum and minimum R-values are measured to be 
2.30 m2◦C/W (i.e., U-value 0.43 W/m2◦C) and 0.38 m2◦C/W (i.e., U- 
value 2.63 W/m2◦C), respectively. The uncertainty levels for the 
measured R-values have been determined using an error propagation 
analysis, which resulted in 0.17 Km2/W uncertainty. 

One of the limitations of the testing analysis carried out for the 
movable insulation prototype consists of the fact that only one boundary 
condition has been considered. Whereas homogeneous materials and 
layers exhibit similar thermal performance for different boundary con
ditions (i.e., hot and cold temperatures as well as air velocities), complex 
assemblies with free natural convection, such as the movable insulation 
systems, may have thermal performance depending on boundary set
tings since convective heat transfer can be dependent on surface tem
peratures as well as air temperatures within the cavities. 

4.3. Characterization of thermodiodes 

Thermodiodes are thermal components that allow heat transfer only 
in one desired direction and thus blocking heat from flowing in the 
opposite direction [91]. Likewise, changes in the surrounding temper
atures do not cause heat flow in the undesired direction. A thermodiode 
facade integrates a pipe-loop which contains a working fluid. One of the 
façade surfaces acts as a heat collector, whereas the other surface re
leases the stored heat through radiation. There are two different types of 
heat transfer mechanisms including (i) natural convection, and (ii) 
phase change of the working fluid. Unlike multifunctional facades 
integrating heating or cooling devices, thermodiodes can control heat 
transfer through adjustments of surrounding environmental conditions 
with no need of additional heat or cooling sources [92]. 

4.3.1. Thermodiode by natural convection 
Chun et al. have built and tested a thermodiode system that can 

Fig. 5. Removable insulation concept. Source [87].  Fig. 6. Movable insulation concept. Source [90].  
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modify the natural convection direction by mechanically changing the 
position of its pipes [91]. These pipes have been made of black copper to 
enhance solar energy absorption. The space between the two plates was 
filled with glass wool insulation to minimize heat transfer through the 
façade (Fig. 8). An outer layer of double glass closed the component. 

The thermal performance of the thermodiode prototype has been 
tested for 5 different working fluid types. The specimen has been 
exposed to a constant air temperature and to synthetic radiation 
generated by 88 halogen lamps rated at 50 W each during 2- to 4-h 
periods. Temperatures of various components of the prototype have 
been measured using thermocouples to estimate heat transfer rates. The 
reported tests have been performed under steady-state conditions ach
ieved typically 2-h period from the start the experiments. The testing 
results have indicated similar performance achieved for all the consid
ered working fluids. However, no overall thermal performance for the 
tested thermodiode protype has been estimated including a U-value or 
an R-value. This specific technology switches the heat flow direction, 
but it is unclear if it allows a significant U-value change. 

4.3.2. Thermodiode with phase change fluids 
Tan e Zhang have modelled, built, and tested a wall integrating pipes 

to transfer collected solar energy to the indoor environment. For this 
technology, heat transfer is unidirectional and depends on the surface 
that has the higher temperature [93]. The fluid inside the pipes (i.e., the 
refrigerant) absorbs solar radiation, evaporates, and then condenses 
along the inner section, as illustrated by Fig. 9. During cooling mode, 
when outdoor surface temperatures are lower than the indoor air tem
peratures, the fluid enhances heat dissipation. With the integration of 
intelligent control valves, unwanted heat flows can be avoided [94]. 

The guidelines set by the standard GB/T13475-2008 [94] have been 
followed to determine steady-state thermal transmission through the 
tested thermodiode prototype using a calibrated Guard Hot-Box appa
ratus. This standard is based on ISO 8990, which has been described in 
Section 2. The maximum U-value of the thermodiode prototype has been 
measured for different boundary conditions. For the testing protocol, the 
hot box temperature has been set at 18 ◦C. The cold box temperatures 
have been set to reach in the surface of the specimen a calculated 
solar-air temperature range of a typical day. The heating power of the 
cold box is adjusted to reach an expected incremental increase of 2 ◦C 
from 24 ◦C to 40 ◦C in the outer surface. According to the tests’ results, 
for the tested boundary conditions U-value increases with outside sur
face temperatures, varying between 0.77 W/m2K and 1.05 W/m2K. No 
tests have been performed for the case with minimized heat transfer 
when the inside surface temperature is higher than that of the outside 
surface of the evaluated façade. 

More recently, the same technology has been tested using a hot box 
apparatus to determine its time lag, decrement factor, response time, 
and operating time [95] (Fig. 10). First, a steady state evaluation of a 
reference wall integrating heat pipes is carried out, but without 

Fig. 7. Experimental set up for the characterization of Movable Insulation. 
Source [90]. 

Fig. 8. Bi-directional thermodiode concept. Source [91].  

Fig. 9. Unidirectional diode with phase change fluids concept. Source [93].  
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including any phase change fluid. For this reference wall, surface tem
peratures have been measured to estimate the time lag and the decre
ment factor. Only the temperature of the hot box chamber has been 
controlled to maintain a constant temperature of 40 ◦C. The cold 
chamber with its door kept open has its temperature to be the same as 
the air temperature of the laboratory. Then, the effects of the fluid phase 
change have been evaluated for the same boundary conditions using 
eighteen surface temperature sensors placed on both surfaces. The 
thermal performance of the wall integrating the pipes has been 
compared to that achieved by the reference wall using Temperature Rise 
Coefficient (β), which expresses the change of the temperature of the 
pipe’s section (Tc) relative to the temperature of the of the reference 
wall (Ts,a), normalized by the difference between the solar air temper
ature (Tz) and inside surface temperature (Ts,b) as expressed by Equation 
(7): 

β=
Tc − Ts,a

Tz − Ts,b
(7) 

A maximum Temperature Rise Coefficient of 0.11 has been estimated 
based on the testing analysis. The response time of the adaptive opaque 
façade system has been also estimated when the fluid starts to evaporate 
within the pipes. For steady state testing analysis, the response time has 
been measured to be 40 min. For dynamic testing analysis, solar air 
temperature variation for a typical day has been set for the hot box 
chamber, with minimum and maximum temperatures of 7 ◦C and 35.5 
◦C, respectively. The Temperature Rise Coefficient and response time 
values estimated using dynamic testing conditions are determined to be 
0.39 and 20 min, respectively. The thermal characterization of the tested 
system includes its heat transfer capacity, calculated using the heat 
transfer coefficient, temperature difference, and area of the specimen. 
For the reference wall, the maximum heat transfer capacity value is 
determined to be 3.17 W/m2, whereas it is 9.93 W/m2 for the wall 
integrating pipes. These results demonstrated that the technology effi
ciently transfers heat, with a faster response to environmental condi
tions than the reference wall. 

The used tests effectively have captured the benefits of having a 
phase change fluid integrated in a thermodiode measuring several key 
performance metrics. However, the reported testing analysis has not 
been used to estimate the equivalent U-value/R-value range, hampering 
a direct comparison of the thermal performance of the evaluated pro
totype with other opaque facades including both dynamic and static 
systems. 

Pugsley et al. have characterized through experimental testing two 
variants of thermodiodes with phase change fluids [96]. Pugsley et al. 
built and tested first a thermodiode equipped with evaporator and 

condenser plates separated by a cavity as shown in Fig. 11. 
Specific testing set-up has been developed and applied to estimate an 

equivalent U-value for both heat flux directions. This set up controls the 
temperature difference between the evaporator and condenser plates by 
connecting them separately to a heating–cooling fluid circuit to main
tain through automatic control the desired set temperature. Fluid flows 
and return temperatures have been measured to quantify heat losses. 

The measured parameters have included surface temperatures, fluid 
rates, and pressures. The energy consumed by the heating-cooling cir
cuit has been also measured. The tests have been performed under 
different surface temperatures for the evaporative plate. For all the tests, 
a temperature gradient of 20 ◦C between the inner and outer plates (i.e., 
evaporator and condenser plates) has been set to assess the temperature 
variations experienced by the working fluid. The maximum U-values 
have been achieved when surface temperatures are the highest and are 
measured to be 12 W/m2K for the thermal flux flowing from inner to 
outer surfaces and 1200 W/m2K for the other flux direction. The U- 
values of reverse direction (i.e., from inside to outside) have increased 
slightly incrementally when the fluid temperatures are increased. 

The measurement uncertainty levels for the tests have been reported 
to be 25%. These high uncertainties have been attributed to the small 
temperature differences and possibly inaccurate estimations of fluid 
convection heat transfers. To achieve more accurate measurements, the 
authors suggested testing using a hot-box apparatus. The U-values of the 
prototype have not been reported when the control valves are close. 

The second set of tests performed by Pugsley et al. has considered a 
thermodiode prototype integrating photovoltaic cells placed on its 
transparent acrylic external cladding (Fig. 12). 

The tests of the PV-integrated thermodiode prototype have been 
performed under various dynamic conditions using different solar irra
diances on the vertical plane. The tests include daytime solar heat 
collection of 6-h periods and a cool overnight of 18-h periods. During the 
daytime periods, the heat flux direction is from the outside cladding to 
the inside, whereas during the night periods, heat flow is reversed from 
inside to the outside. 

The testing set up consists of an artificial light source placed in a 
room with a controllable air temperature. As done for testing the first 
thermodiode prototype, temperatures of different components, flow 
rates, and pressures have been measured to estimate equivalent U-values 
for both heat flow directions. The energy consumed by the heating/ 
cooling loop has been also measured. A total of 50 thermocouples have 
been installed to perform the testing analysis Using different light source 
setting (G = 870, 610 and 370 W m2). A calibrated pyranometer have 
been used to check the radiation uniformity over the whole surface area 
to be within± 10%. 

During testing cases when the façade has been exposed to solar ra
diation, a maximum equivalent U-value of 900 W/m2K has been 

Fig. 10. Hot box apparatus used for the characterization of a Unidirectional 
Thermodiode with phase change. Source [95]. 

Fig. 11. One of the technology concept characterized by Pugsley et al. 
Source [96]. 
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measured for high temperatures. This U-value is decreased to only 50 
W/m2K when the specimen has been exposed to low temperatures. For 
tests carried out during periods with no solar irradiance, the equivalent 
U-value has been estimated to range between 1.6 and 1.9 W/m2K, 
slightly increasing with temperature. 

One of the biggest issues of the testing analysis of the thermodiode 
prototypes includes the lack of uniformity of the evaporating wetting as 
identified using thermographic camera. No uncertainty analysis of the 
experimental results has been carried out for the second set of experi
ments specific to the PV-integrated thermodiode prototype. 

4.4. Comparison of the different testing approaches: identifying the 
successes, limitations and omissions 

The characterization of thermal performance of adaptive opaque 
façade systems have been reported using various testing set-ups and 
protocols as summarized in Table 5. Hot box apparatuses are generally 
the most used testing set-up. 

Almost all reported adaptive building envelope systems have been 
tested under various steady-state and some dynamic environmental 
conditions Fig. 13. However, none of the tests provided a full charac
terization of the adaptive thermal performance. For instance, testing 
analyses reporting maximum U-values have not quantified the minimum 
U-values for the evaluated adaptive facades. The characterization of the 
thermal flux in both directions have been only carried out for some 
thermodiode cases. Some studies have suggested new performance 

metrics such as the temperature rise coefficient, proposed by Ref. [95], 
to highlight the difference in thermal performance between static and 
adaptive façades. However, this performance metrics should be coupled 
with other metrics to make fair comparison between static and adaptive 
facades. Some of these other thermal performance metrics measured 
through the reported studies include decrement factors and time lags. 
All the reported testing analyses do not evaluate the dynamic thermal 
performance adaptive facades when they transition from different heat 
transfer modes (i.e., from low to high R-value settings). Indeed, all the 
reported tests have been performed having the adaptive facades set in 
specific “static” positions. Thus, any features related to the transition 
phases of the adaptive facades have not been measured and reported 
including the time needed to reach any specific setting and the energy 
input required to shift from one state to another [14]. 

As noted for testing the thermal performance of static opaque façade 
systems outlined in Section 3, none of the reported experimental ana
lyses for adaptive building envelope prototypes have indicated the 
specific air-velocities of the used hot-box set ups. As explained in Section 
2, the boundary conditions including air velocities can have significant 
effects on the overall thermal performance of adaptive facades. For 
testing any static and adaptive façade system using hot box apparatus, it 
is good practice to fully characterize all the boundary conditions 
through the use of sufficient sensors within both chambers of the hot box 
set-up as well as components of the evaluated specimen including façade 
surfaces especially for those systems made-up of multiple layers and air 
cavities. 

5. Summary and conclusions 

This paper reviewed the experimental testing protocols specific to 
adaptive opaque façade systems that have dynamic heat transmission 
characteristics without any air-flow exchanges between indoors and 
outdoors. The results of the experimental testing are valuable to validate 
analytical and/or simulation models for the adaptive facades. It is found 
that the reported testing approaches have substantial differences in both 
the set-up configurations and the testing protocols. Based on these 
findings, the following suggestions can be made to ensure a more 
complete testing procedure to characterize the dynamic thermal per
formance of opaque façade components. 

5.1. Performance metrics: measurements & calculations  

• The complexity of heat transfer specific to adaptive opaque façades 
can be overcome by considering their thermal performance holisti
cally, without characterizing the thermal response of each element. 
Equivalent Thermal Transmittance (U-value) or Resistance (R-value) 
are suitable metrics, which can be estimated by measuring the inner 
and outer surface temperatures and heat-fluxes. These metrics can 
then be readily compared with the U-values and R-values of con
ventional opaque façade systems. 

• Adaptive opaque façade systems can modulate their thermal per
formance (i.e., U-value) using various adaptation mechanisms and 
ranges. Therefore, any testing protocol should provide at least the 
maximum and minimum equivalent U-values for the different con
figurations of the adaptive façades, under the same boundary 
conditions.  

• The characteristics of some adaptive opaque facades can depend on 
the direction of the heat flux such is the case of thermodiodes. Thus, 
the maximum equivalent U-values of these facades should be 
measured for both heat transfer directions.  

• The adaptation velocity or the switching velocity is a key parameter 
that characterizes the thermal performance of adaptive façades. Most 
of the reported testing studies have indicated the time required to 
reach steady-state conditions when transitioning from one boundary 
conditions to another. However, the adaptation velocity for adaptive 
facades refers to the time needed to change from low to high U- 

Fig. 12. Technology concept of the thermodiode integrating photovoltaic cells. 
Source [96]. 
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values and vice-versa. Therefore, specific tests should be carried out 
for adaptive opaque facades to measure the time that it takes to reach 
steady-state conditions once their switching mechanism is triggered. 
The tests should determine if this time is the same when switching 
from low to high U-values and from high to low U-values. 

• Apart from the laboratory testing, to properly characterize the per
formance of adaptive facades, it is necessary to quantify the energy 
demand required by the actuators triggering the switching of their 
thermal properties, as well as the durability (adaptation cycles) of 
these actuators. 

5.2. Boundary conditions of experimental tests  

• The equivalent U-values or R-values of the opaque facades include 
radiative and convective effects along the surfaces. If simplified co
efficients are used to define external and internal surface resistances, 
then it is essential to ensure that the boundary conditions that are 
being applied for the testing protocols match those used in esti
mating these coefficients. Thus, it is a good practice to report the 
boundary conditions of the tests, including air velocities within the 
chambers, for better understanding of the results and for the repli
cability of the experiments.  

• When naturally induced convective heat transfer play an important 
role in modulating the thermal performance of adaptive opaque 

façades, the temperature of the fluid could influence their equivalent 
U-values. The boundary conditions used in the testing protocols 
should be realistic, so that the fluid inducing the convective heat 
transfer reaches reasonable temperatures. It is recommended that 
different extreme realistic boundary conditions should be tested to 
assess if the equivalent U-values change substantially with the 
environmental conditions. Tests under dynamic conditions give 
valuable insights on the heat storage capabilities and the thermal 
inertia of adaptive opaque facades especially those integrating phase 
change materials and/or fluids. The challenge of these dynamic tests 
is to measure the equivalent U-values, time lags, decrement factors 
and response times for different dynamic periods. It is important to 
consider dynamic tests using realistic boundary conditions for 
representative typical summer/winter/midseason weeks. Another 
alternative approach discussed in this review is to vary the outdoor 
temperature using a sinusoidal function with time. By performing 
tests for these dynamic boundary conditions, the dynamic heat 
transfer and the thermal storage properties of the adaptive facades 
can be measured. 

5.3. Testing protocols & validity criteria  

• The number of the sensors and their placement should be determined 
to consider any heterogeneity of the adaptive façade assemblies. In 

Table 5 
Set ups and protocols used for the thermal characterization of adaptive opaque facade systems.   

Followed standard 

ISO 8302:1991 ASTM C1363 ISO 8990 GB/T13475-2008 (based on 
ISO 8990) 

None 

Set 
up 

Hot-box apparatus  Movable 
Insulation [90] 

Movable 
Insulation [90] 

Uni-directional thermodiode by 
phase change [95]  

Guarded hot plate 
apparatus 

Removable 
insulation [87]   

Uni-directional thermodiode by 
phase change [93]  

Set-up including 
solar simulator     

Bi-directional thermodiode by natural 
convection [91] 
Uni-directional thermodiode by phase 
change with and without PV [96]  

Fig. 13. Summary of the thermal characterization tests of adaptive opaque façade systems: relationship between the performance metrics and testing bound
ary conditions. 
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particular, sensors should cover any façade’s discontinuities, such as 
those associated with the presence of embedded pipes or air cavities, 
so an average or an equivalent U-value/R-value can be estimated 
accurately.  

• It is essential that the tested specimen be air-tight to ensure that there 
is no air-flow exchange between the two chambers representing the 
indoors and outdoors. Otherwise, it may not be possible to accurately 
measure the equivalent U-values of these tested specimen by 
following ISO 8990 and ASTM C1363 standards. 

• It is crucial to estimate the uncertainty levels of the measured ther
mal properties of the tested adaptive opaque facades. The measure
ments should be carried out using the stability conditions defined in 
ISO 8990 or ASTM C1363 standards. 

5.4. Future research 

Future research needs to perform dynamic thermal performance 
characterizations of adaptive opaque façade systems by following these 
recommendations, to better measure their specific properties under 
realistic operation conditions. Overall, more experimental character
izations are needed to increase the technology readiness of adaptive 
opaque facades, to bring them closer to their market adoption by the 
building industry. 
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[24] J. Böke, U. Knaack, M. Hemmerling, State-of-the-art of intelligent building 
envelopes in the context of intelligent technical systems, in: Intelligent Buildings 
International, vol. 11, Taylor and Francis Ltd., 2019, pp. 27–45, https://doi.org/ 
10.1080/17508975.2018.1447437, no. 1. 

[25] S. Attia, S. Bilir, T. Safy, C. Struck, R. Loonen, F. Goia, Current trends and future 
challenges in the performance assessment of adaptive façade systems, Energy 
Build. 179 (2018) 165–182, https://doi.org/10.1016/j.enbuild.2018.09.017. 

[26] B. Park, W.v. Srubar, M. Krarti, Energy performance analysis of variable thermal 
resistance envelopes in residential buildings, Energy Build. 103 (2015) 317–325, 
https://doi.org/10.1016/j.enbuild.2015.06.061. 

[27] K. Menyhart, M. Krarti, Potential energy savings from deployment of Dynamic 
Insulation Materials for US residential buildings, Build. Environ. 114 (2017) 
203–218, https://doi.org/10.1016/j.buildenv.2016.12.009. 

[28] S. Rupp, M. Krarti, Analysis of multi-step control strategies for dynamic insulation 
systems, Energy Build. 204 (2019), https://doi.org/10.1016/j. 
enbuild.2019.109459. 

[29] A.H.A. Dehwah, M. Krarti, Cost-benefit analysis of retrofitting attic-integrated 
switchable insulation systems of existing US residential buildings, Energy 221 
(2021), https://doi.org/10.1016/j.energy.2021.119840. 

[30] A.H.A. Dehwah, M. Krarti, Optimal controls of precooling strategies using 
switchable insulation systems for commercial buildings, Appl. Energy 320 (2022), 
https://doi.org/10.1016/j.apenergy.2022.119298. 

M. Juaristi and M. Krarti                                                                                                                                                                                                                     

astm:C1363
astm:C1363
https://doi.org/10.1016/j.enbuild.2020.110
https://doi.org/10.1016/j.jobe.2019.100772
https://doi.org/10.1007/s12053-016-9441-z
https://doi.org/10.1007/s12053-016-9441-z
https://doi.org/10.1080/19401490903095865
https://doi.org/10.1080/19401490903095865
https://doi.org/10.1016/j.energy.2017.03.096
https://doi.org/10.1016/j.energy.2017.03.096
http://tu1403.eu
https://doi.org/10.1016/j.rser.2013.04.016
https://doi.org/10.1016/j.renene.2018.07.027
https://doi.org/10.1016/j.renene.2018.07.027
https://doi.org/10.1016/j.rser.2018.11.015
https://doi.org/10.1016/j.rser.2019.01.005
https://doi.org/10.1016/j.rser.2019.01.005
https://doi.org/10.1016/j.buildenv.2018.08.028
https://doi.org/10.1016/j.buildenv.2018.08.028
https://doi.org/10.1016/j.enbuild.2019.07.004
https://doi.org/10.1016/j.rser.2022.112738
https://doi.org/10.1016/j.rser.2022.112738
https://doi.org/10.1016/j.apenergy.2022.119985
https://doi.org/10.1016/j.enbuild.2022.112268
https://doi.org/10.1016/j.enbuild.2022.112268
https://doi.org/10.1016/j.rser.2022.112647
https://doi.org/10.1016/j.rser.2022.112647
https://doi.org/10.1016/j.solener.2019.03.058
https://doi.org/10.1016/j.rser.2020.109772
https://doi.org/10.1016/j.rser.2020.109772
https://doi.org/10.1016/j.scitotenv.2019.134269
https://doi.org/10.1016/j.scitotenv.2019.134269
https://doi.org/10.1002/est2.123
https://doi.org/10.1016/j.enbuild.2021.111824
https://doi.org/10.1016/j.rser.2020.109947
https://doi.org/10.1016/j.renene.2020.05.052
https://doi.org/10.1016/j.renene.2020.05.052
https://doi.org/10.1080/17508975.2018.1447437
https://doi.org/10.1080/17508975.2018.1447437
https://doi.org/10.1016/j.enbuild.2018.09.017
https://doi.org/10.1016/j.enbuild.2015.06.061
https://doi.org/10.1016/j.buildenv.2016.12.009
https://doi.org/10.1016/j.enbuild.2019.109459
https://doi.org/10.1016/j.enbuild.2019.109459
https://doi.org/10.1016/j.energy.2021.119840
https://doi.org/10.1016/j.apenergy.2022.119298


Building and Environment 249 (2024) 111123

14

[31] B. Park, M. Krarti, Energy performance analysis of variable reflectivity envelope 
systems for commercial buildings, Energy Build. 124 (2016) 88–98, https://doi. 
org/10.1016/j.enbuild.2016.04.070. 

[32] F. Favoino, Q. Jin, M. Overend, Design and control optimisation of adaptive 
insulation systems for office buildings. Part 1: adaptive technologies and 
simulation framework, Energy 127 (March) (2017) 301–309, https://doi.org/ 
10.1016/j.energy.2017.03.083. 
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