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Abstract
Adaptive facxades are a promising choice to achieve comfortable low-energy buildings.
Their effective performance is highly dependent on the local boundary conditions of
each application and on the way the dynamic properties are controlled. The evaluation
of whole building performance through building performance simulation can be useful
to understand the potential of different Adaptive opaque facxades (AOF) in a specific
context. This paper evaluates through dynamic simulations promising design solutions
of AOF for a residential building use in six different climates. It quantifies the total deliv-
ered thermal energy of 15 typologies of AOFs which consist of alternative adaptation
strategies: (i) variation of solar absorptance of the cladding, (ii) variation of the convec-
tive heat transfer of air cavities and (iii) adaptive insulation strategies. For the first time,
it also quantifies the performance of AOF which combine more than one adaptation
strategy. The results show that the variation of the heat transfer by means of Adaptive
Insulation components has the most significant impact on the reduction of the thermal
energy use. The variation of the solar absorptance has also a significant positive impact
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when reducing heating consumption, but only if this adaptation strategy is actively con-
trolled and combined with Adaptive Insulation components.

Keywords
Adaptive heat transfer, adaptive insulation, switchable coatings, kinetic claddings, building
performance simulation, thermal performance

Introduction

A notable part of research in the built environment is focused on the development
of promising building technologies that can improve the energy performance and
users’ comfort, motivated by the urgent need of achieving low-energy buildings
which can contribute to the reduction of greenhouse gas emissions (Yılmaz and
Yılmaz, 2021). Adaptive Facades are among the many concepts with high potential
(Aschehoug et al., 2008). Their main feature is to embed materials, components
and systems which allow ‘.to repeatedly and reversibly change some of its func-
tions, features or behaviour over time in response to changing performance
requirements and variable boundary conditions and does this with the aim of
improving overall building performance’ (Loonen et al., 2013). There are already
several built examples of Adaptive Facades and so far, their application for auto-
mated management of solar gains and daylight, such as operable solar shading
devices and smart glazing are the most developed and studied (Aelenei et al.,
2018). A less explored Adaptive Facxade typology is Adaptive opaque facxades
(AOF), which integrate into the opaque part of the facade adaptive technologies
and materials aimed at managing and controlling the heat transfer between the
outdoor and the indoor environment, by means of different strategies (which are
reviewed in Section 1.1). AOF can dissipate thermal energy when indoor spaces
are overheated and can also contribute to reduce heating demand by obtaining
heat gains from the outdoor medium when the incident solar radiation is high
enough. Their integration in residential buildings seems especially promising, as
they have larger opaque facxade areas than other building uses and the heating and
cooling energy are the most used energy type in residential buildings (Ürge-Vorsatz
et al., 2015). Unlike natural ventilation strategies, which might be an effective strat-
egy to dissipate internal heat gains, in suitable climates and building uses AOF can
both reduce cooling needs and heating demand in a substantial way (Jin et al.,
2017). Besides, AOF can also be useful design option to reduce cooling demand in
built environments with high environmental noise levels, where promoting natural
ventilation might be an issue (Koenders et al., 2018). There are few research studies
regarding different types of AOF and most of them are still at a conceptual and/or
for the simplest typologies, at numerical evaluation level (Juaristi et al., 2018a),
although in the coming years different commercial technologies could become
available (Cui and Overend, 2019; Koenders et al., 2018; Pflug et al., 2015).
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The market uptake of AOF however could be limited by (i) the progress in spe-
cific product development, aiming at finding a good compromise among perfor-
mance, durability and cost, but also by (ii) the challenges designers could face to
control the design, construction process and operation of dynamic building envel-
ope technologies (Attia et al., 2018). In fact, as a result of their controllable physi-
cal properties, traditional facade design approaches might not be directly
applicable for adaptive building envelope systems (Bianco et al., 2018). The oppor-
tunity presented by such dynamic facxade systems in improving whole building per-
formance will highly depend on the way these technologies are integrated into the
overall building strategy, the range of their dynamic properties and their control
logics (whether passively or actively controlled) compared to the dynamicity of
local boundary conditions (both outdoor climate and variability of internal condi-
tions). For these reasons, unlike traditional envelope elements, adaptive envelope
systems cannot be simplistically compared by using performance metrics, which
are derived for non-dynamic components considering steady-state boundary condi-
tions (such as U-value, Admittance values, etc.), even though these metrics could
be easily calculated directly from physical characteristics of the materials. In this
context, building simulations can be a useful tool to transform these challenges
into an opportunity to inform design decisions for adaptive building envelope com-
ponents, as they can help designers to understand how the adaptive facxade solution
is behaving under different boundary conditions and could affect whole building
performance indicators (such as energy use and occupant comfort; Favoino et al.,
2018; Loonen et al., 2014).

To date research efforts have focused on evaluating the performance of specific
adaptive facxade technologies and systems which include only specific dynamic fea-
tures (summarized in Table 1). These researches have been focused mostly on the
product development and generally there is not a common design approach which
could support early-stage design decisions of multi-layered adaptive opaque facxade
systems integrating one or more of adaptive facxade strategies. Besides, they do not
consider how the combination with other construction materials might modify the
thermal performance of the facxade.

Main technologies to build adaptive opaque facades

Adaptive Opaque Facxade technologies could be classified by the strategy they use
to manage the heat transfer between the outdoor and indoor environment through
the facxade element, which is summarized in Table 1.

Phase Change Materials (PCM) are one of the most studied technologies for
their integration in Adaptive Opaque Facades (Juaristi et al., 2018a; Kuznik et al.,
2011). PCMs store and release heat without any sensible temperature variation of
the medium, with reversible phase change of freezing and melting. Unlike other
building materials, the phase change takes place at built environment temperatures
having a higher capacity to store latent heat. Over the last decade, researchers pro-
posed simulation methods to predict their behaviour and performance (Fateh et al.,
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2019; Gassar and Yun, 2017; Izquierdo-Barrientos et al., 2012) and built up experi-
mental facilities to calibrate those models (Castell et al., 2010; Goia et al., 2018).
These researches studied the possible integration of PCM in other building materi-
als, analysed where PCM should be placed in multi-layered opaque facxade systems
and detected optimal melting point temperatures (Arıcı et al., 2020; Carbonaro
et al., 2015; Cascone et al., 2018; Fateh et al., 2018; Li et al., 2019). These results
might support designers when considering the application of such innovative tech-
nologies in multi-layered opaque facade systems, as they enable understanding how
the latent heat can contribute to improve the thermal performance and they ana-
lysed and optimized different design parameters. Another good illustration of the
scientific maturity of PCM is the development of a tool called Opaque 3.0 for early
design stages. It determines the Average Daily Energy reduction when microencap-
sulated PCM is included in one of the layers of a composite surface (UCLA, 2017).
Moreover, there are also several producers which commercialize facxade elements
containing PCM (Cabeza et al., 2011), while for the remainder AOF materials and
systems all the technologies available are at a prototyping stage and no commercial
product is still available.

Adaptive Insulation (AIS) concept refers in this paper to the construction com-
ponents which have a variable convective and conduction heat transfer without any
mass transfer (air-flow exchange) between adjacent construction elements, that is
Close Loop Dynamic Insulation Systems (Koenders et al., 2018; Pflug et al., 2015),
Multi-layered Movable Construction (Kimber et al., 2014), Variable Pressure
Insulation panels and Variable Conductance Insulations (Berge et al., 2015; Berson
et al., 1994), Bi-directional thermodiodes (Varga et al., 2002) and Carbon
Nanotubes Suspensions (Sunden et al., 2014). However, adaptive heat transfer can
also be achieved by managing the mass transfer between the indoor and outdoor
environment, or between different layers of the opaque construction. A notable
example of such adaptive behaviour are Parietodynamic and Permeodynamic walls,
which take advantage of combined effects of solar radiation, wind, pressure and
temperature differences between indoor and outdoor environments (Baker, 2003;
Dimoudi et al., 2004; Elsarrag et al., 2012; Fantucci et al., 2015; Imbabi, 2006; Isaia
et al., 2019). Research on Adaptive Insulations and adaptive heat transfer in opa-
que facxade elements is an emerging field (Cui and Overend, 2019). Most of the stud-
ies analysed their potential contribution to reduce the thermal energy need by using
different simulation strategies (Favoino et al., 2017; Jin et al., 2017; Koenders et al.,
2018; Park et al., 2015; Pflug et al., 2017). There are only few concepts which were
patented (Clark et al., 2013; Kvasnin, 2014; Peeters and Dona, 2010) and first
experimental assessments and prototypes started recently to be built (Pflug et al.,
2017). As there is a lack of experimental assessments, previous simulation studies,
such as the ones carried out by Favoino et al. (Favoino et al., 2017), assumed ther-
mal conductivity adaptation ranges of Adaptive Insulation based on literature
review. However, sometimes they only found one indicator in the literature (i.e.
only the U-value or only conductance (l)) and when that happened, they calculated
the missing l or U value supposing a specific thickness of the insulation layer. So
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far, the lack of experimental assessment impedes to validate these values under dif-
ferent boundary conditions.

There are also different studies in Advanced and Switchable Coatings, which
could enhance its application in AOF, as they can provide the variable solar absorp-
tance of the cladding. However, so far, these studies tested the preparation of these
coatings and their optical changes under different surface temperatures (Chang et al.,
2015; Karlessi et al., 2009; Perez et al., 2018) and their application was mainly stud-
ied to reduce Heating Urban Island Effects (Garshasbi and Santamouris, 2019).
Only few research studied the possible beneficial impact on the thermal energy per-
formance when these coatings were applied in opaque facades (Zheng et al., 2015)
and adaptive roof system (Hu and Yu, 2019; Park and Krarti, 2016).

Moreover, kinetic claddings with active control could also serve to achieve vari-
able solar absorptance of the cladding (Juaristi et al., 2018b). This conceptual
approach proposes an external cladding which is made by a material with a specific
solar absorptance and the following layer is composed by another material with
different thermal properties. Through the geometry change of the outer layer, the
solar absorptance of the opaque facxade changes. The adaptive geometry of the
outer cladding can be achieved by integrating smart and multifunctional materials
such as Shape Memory Alloys and Thermobimetals. These metals change their
shape when they reach their operational temperature and come back to their origi-
nal shape when they are cooled down. The shape change can also be actively con-
trolled with a heat source induced by an electrical input.

At a conceptual level, shape changing facxade elements were also proposed to
exploit the variable air-flow exchange which might happen between the outdoor
environment and the ventilated air cavity placed immediately after the cladding
(Juaristi et al., 2018b). The modification of morphology of the ventilated air cav-
ities (i.e. the opening degree of the external cladding joints and the upper and
lower part of the air cavity) affects to the convective heat transfers. Thus, by con-
trolling the morphology of the air cavity with kinetic elements, the heat losess can
be enhanced/diminished. In this paper, the term ‘controllable convective heat
transfer of air cavities’ refers to the above-named adaptive behaviour. The thermal
characterization of controllable convective heat transfer of air cavities is a complex
task, which needs experimental assessments and Computational Fluid Dynamics
(CFD) simulations to understand in detail the impact of incident solar radiation
and the resulting convective heat effects in the air cavities (Giancola et al., 2012;
Ibañez-Puy et al., 2017; Sánchez et al., 2017). As far as the authors know, no
research has been carried out to evaluate the thermal performance of kinetic clad-
dings with active control and/or controllable convective heat transfer of air cav-
ities. The lack of a simulation strategy impedes architects or facxade engineers to
understand the potential of applying AOF which include this kind of dynamic
technologies.

Juaristi et al. 681



Research scope and objectives

The main design goal of AOF is to reduce the thermal energy need (both heating
and cooling) to maintain indoor thermal conditions, by managing the heat flow
through the opaque part of the building envelope. The purpose of this paper is to
assess the potential that 15 AOF typologies, have to reduce the thermal energy
need with respect to a reference static opaque facxade benchmark. To do so, a simu-
lation strategy is developed, which for the first time is able to model synergies
between different adaptive mechanisms within a single AOF system. Its scope is
limited to the design and simulation of the opaque part of the facade with adaptive
heat transfer behaviour that can be actively controlled, without any mass transfer
between indoor and outdoor environment.

The study has been organized in the following way. Section 2 starts explaining
the methodological framework for the simulations. Then, the overall simulation
modelling strategy in Energy Plus is presented. Afterwards, in section 2.3, the dif-
ferent adaptation mechanisms and their specific simulation modelling methodology
are presented. Considered adaptation ranges are also outlined based on the state of
the art of the technologies. Section 2.4 establishes the simulation goals and the per-
formance indicators to be evaluated, such as the reduction of energy need for heat-
ing and cooling. According to the specific climate and specific building under
analysis, the Static Performance References (SPR) are established in section 2.5.
Finally, the test case building model is described and the meaningful type of simu-
lation outputs are identified. The third part of the paper presents the possible 15
AOF typologies and shows their simulation results. For the most promising AOF
typologies, from the thermal energy use reduction perspective, the impact of deci-
sive design decisions and the operational aspects are outlined.

Methodology

Simulation framework

The performed simulations followed the methodological framework proposed by
Loonen et al. for the product development of innovative building envelope compo-
nents (Loonen et al., 2014), which has been extended to include the particularities
of Adaptive Opaque facxade designs in the Building Performance Simulation. This
is summarized in Figure 1 highlighting in grey the original steps of the framework
and how it has been expanded for this specific case.

This research considered as a case study a representative space of a residential
building located in six different climates. The purpose of applying the methodology
in several locations was to study some potential differences in the obtainment of
the design goal influenced by climatic conditions. Previous research (Juaristi et al.,
2020) has established by the application of a Dynamic Climate Analysis that
Athens (Greece), Almeria (Spain), Brisbane (Australia), Lisbon (Portugal),
Auckland (New Zealand) and Tenerife (Spain) were among the 14 analysed cli-
mates providing a good distribution between Mediterranean and temperate

682 Journal of Building Physics 45(5)



climates, the potential candidate locations to where AOFS could improve signifi-
cantly the overall building energy use. Therefore, they were chosen to exemplify
the application of the proposed approach. The West oriented facxade was

Figure 1. Simulation framework to detect the most promising Adaptive Opaque Facade
typologies.
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considered, as it was the most promising orientation to apply adaptive heat trans-
fer facxade responses, according to the cited research work (Juaristi et al., 2020).
These climates are classified according to Köppen-Geiger Classification (Peel et al.,
2007) as Mild Temperate Climates (Cfa), Hot-summer Mediterranean Climate
(Csa), Warm-summer Mediterranean Climate (Csb) and Tropical savanna climate
with dry-winter (Aw).

Besides, in order to narrow down the simulation space, these criteria was
followed:

- When the finishing colour of the exterior (Ext) cladding or the insulation is
static, the selected material for these layers will be the same as the ones
applied in the Static Performance Reference (SPR).

- The insulation/AIS was placed in the outer side of the thermal mass of the
building envelope, as previous researchers pointed out that is the best loca-
tion to improve the thermal performance (Favoino et al., 2017).

- Adaptive Technologies with the highest adaptation ranges were selected
among the different technological options which can vary the Solar
Absorptance of claddings and Adaptive Insulation components, as higher
adaptation ranges improve the overall thermal performance (Favoino et al.,
2017).

- For Kinetic Claddings, as their adaptation range depends on the design and
geometry, a second round of simulation will analyse the implications which
this design decision has on the thermal performance when a certain geometri-
cal configuration, with lower adaptation range, is applied.

Simulation model in Energy Plus

All the facade configurations were modelled within Energy Plus (EnergyPlus,
2020). Its conduction finite difference (CondFD) solution algorithm complements
the CTF solution algorithm to simulate phase change materials or variable thermal
conductivity, and it does so for zone time steps as short as 1min. CondFD model
calculates the temperatures of the building constructions both in the surfaces of
each facxade layer and in their interior (Int). To do so, each layer has (i) an interior
surface node, (ii) (an/several) interior node(s), (iii) material interfaced nodes and
(iv) external surface nodes. Because of the iteration scheme used for CondFD, the
node enthalpies get updated each iteration. CondFD has another added benefit for
the simulation-based design: the designer can know, at every time-step, the tem-
perature of each facxade layer. This information enables both the verification of the
proper modelling and the employment of temperature-based sensors in the inter-
mediate layers of the multi-layered opaque envelopes. This means that it is neces-
sary to detect which nodes correspond to each surface layer in the simulation
outputs. To do so, eliminating interior nodes is helpful. This can be achieved by
increasing the Space Discretization constant. Table 2 summarizes the calculation
parameters used to model the 15 AOF typologies. The only limitation of CondFD
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solution algorithm was that it does not support the simulation of high conductivity
and small thickness materials, such as metal sheets. This limitation was
addressed in the simulations of this work by modelling metal materials as mortar
materials.

To define the adaptive behaviour of these dynamic technologies, ‘Energy
Management System’ (EMS) was adopted within Energy Plus. In the Appendix, the
section ‘‘EMS details for each AOF typology’’ contains the sensors and the algo-
rithms which are needed to define the adaptive behaviour of each facade typology.

Simulated adaptive mechanism with a common simulation strategy

Dynamic technologies need to be combined with static building materials in order
to meet the functionalities and requirements of facades beyond the thermal perfor-
mance (Juaristi et al., 2018a). These combinations, as well as the synergies between
different adaptive mechanisms, result in different Adaptive Opaque Facxade
Typologies, which are presented in section 3, together with their simulation results.
Analysed AOF will include, at least, one of the following adaptive heat transfer
mechanism, or their combinations:

(a) Variation of the convective heat transfer of Air Cavities (AC): For early-
stage design considerations, in the proposed approach simplified values of
EN ISO 6946:2007 (2007) were taken to model the resistance that differ-
ent air cavity configurations would have under different boundary condi-
tions (i.e. differentiating between unventilated, slightly ventilated and
ventilated facades), as it is shown in Figure 2.

Air Cavities were modelled in Energy Plus with ‘Material:AirGap’ class list, as it
enables the definition of thermal resistances for construction elements with negligi-
ble thermal masses (Table 3).

Table 2. Simulation calculation parameters used for the modelling AOF typologies.

Simulation calculation parameters Units Value

Surface convection algorithm: inside TARP
Surface convection algorithm: outside DOE-2
Heat balance algorithm Conduction finite difference
Surface temperature upper limit C 200
Minimum surface convection heat transfer coefficient W/m2 K 0.1
Maximum surface convection heat transfer Coefficient W/m2 K 1000
Difference scheme Fully implicit first order
Space discretization constant 1000
Relaxation factor 1
Inside surface temperature convergence criteria 0.002
Timesteps per hour 60
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(b) Variation of the solar absorptance of claddings: as described in the intro-
duction section, advanced and Switchable Coatings can be applied in
AOF claddings to achieve a dynamic thermal behaviour on the external
facade layer. The key material property which defines this adaptive ther-
mal behaviour is a variable Solar Absorptance (SA) and it can be
obtained by integrating automated Kinetic Claddings (KC) or
Thermochromic coatings (TCH). The Solar Absorptance of automated
Kinetic Cladding is conditioned by (i) the materials of outer and inner
claddings and (ii) the geometry of the external cladding (Figure 3).When
the Kinetic Cladding is in close-joint configuration, the solar absorptance
of the outer cladding layer material (ao) corresponds to the solar absorp-
tance value of the AOF. When the Kinetic Cladding is in open-joint con-
figuration, the material in contact with the insulation layer is the one
which captures solar radiation. However, it has shaded areas due to the
outer layer. The equivalent solar absorption of the cladding is calculated
considering the Opening Degree Coefficient (ODC) of the Kinetic
Cladding. When the outer layer of the Kinetic Cladding is parallel to the
AOF, the area which receives direct solar radiation (Asa) corresponds to

Figure 2. Different Air Cavity configurations: (a) closed joint cladding and closed air cavity, (b)
closed joint cladding and open air cavity and (c) open joint cladding and open air cavity.

Table 3. Material:AirGap class list of EnergyPlus to model AC.

Facxade component Configuration Thermal resistance
(m2 K/W)

Air cavity Closed Air Cavity (no convective movements) 0.18
Air cavity Ventilated Air Cavity with closed-joint

configuration (convective movements in the air
cavity)

0.04

Air cavity Ventilated Air Cavity with fully open-joint
configuration (convective movements in the air
cavity with high air velocities)

0.001
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the opening area of the shading element. Thus, in this paper, it was
assumed that when the Kinetic Cladding is in open-joint configuration,
the solar absorption of the AOF (ab equivalent) is the product of the
solar absorptance of the exposed material (ab) and ODC.

For thermochromic coatings, the solar absorptance depends on their chemical
composition. Figure 4 summarizes the solar absorptance variation range of differ-
ent thermochromic coatings found in literature, which varied their thermal proper-
ties when they reached 30�C–31�C surface temperature (Hu and Yu, 2019; Karlessi
et al., 2009; Perez et al., 2018; Zheng et al., 2015).

The coatings which have variable solar absorptance were modelled with
‘Material:No mass’ class list by defining one object per each response state. Table 4
summarizes the facxade coatings which were modelled at this simulation stage.

(c) Adaptive insulation components (AIS): as it was explained in the introduc-
tion, the lack of experimental data forces to make a hypothesis of their
adaptation range. The current paper fixes a minimum U-value and there-
fore a maximum resistance of 4W/m2K and calculates back the resulting
thickness of the AIS to achieve this maximum resistance, so that the mini-
mum resistance can be also defined (as shown in Figure 5).

The variable thermal resistance of Adaptive Insulation components were mod-
elled with ‘Material:AirGap’ class list, as it enables the definition of thermal resis-
tances for construction elements with negligible thermal masses (Table 5).

Figure 3. Solar absorptance of the AOF when the Kinetic Cladding is parallel to the AOF.
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Figure 4. Solar Absorptance Adaptive Range for current technological status (Hu and Yu,
2019; Karlessi et al., 2009; Perez et al., 2018; Zheng et al., 2015).

Table 4. Material:NoMass class list of EnergyPlus to model variable Solar absorptance of
claddings. For each technology, the one with the highest adaptation range was selected for the
simulation of initial facxade configurations.

Material Thermal
resistance
(m2 K/W)

Thermal
absorptance
(emissivity) [-]

Solar
absorptance
[-]

Roughness

Green thermochromic
coating – Clear colour state
(Karlessi et al., 2009)

0.9 0.27 0.27 Medium Smooth

Green thermochromic
coating – Dark colour state
(Karlessi et al., 2009)

0.9 0.49 0.27 Medium Smooth

Adaptive cladding – Clear
colour state*

0.3 0.3 0.3 Medium Smooth

Adaptive cladding – Dark
colour state*

0.96 0.9 0.9 Medium Smooth

*The Solar Absorptance of the inner layer of the adaptive cladding (Adaptive cladding – Dark colour state)

was estimated based on its opening degree coefficient (ODC = 0.9375%). The Equivalent Solar absorptance

of the inner layer is the product of ODC and the Solar Absorptance value of the inner cladding material (the

Solar Absorptance or a black mortar is equal to 0.96).
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The definition of different AOF typologies comes from the combinations of sta-
tic opaque facxade elements with technologies which integrate one or more adapta-
tion mechanisms (i.e. (a) Variation of the convective heat transfer in air cavities,
(b) Variation of the Solar Absorptance in claddings and (c) Adaptive Insulation).
The technologies considered for the identification of possible AOF typologies with
a common simulation strategy were (a) controllable convective heat transfer of air
cavities (AC), (b) Thermochromics coatings (TCH) or automated Kinetic Cladding
(KC) and (c) Adaptive Insulation components (AIS). These typologies contain
either one of the adaptive mechanisms (a, b and c) or a combination of those,
together with traditional opaque wall construction elements (i.e off-site walls, hea-
vyweight (Hw) cavity walls and medium/lightweight (Lw) ventilated walls).
Besides, the static insulation layer or the AI layer can be placed either in the exter-
nal, between two static buildings materials or in internal layer according to the fea-
tures of each Opaque Facxade Family. Thus, as Heavy Weight Cavity walls
correspond either to (i) traditional facxade elements which are refurbished or (ii) to
exposed concrete walls, the external placement of the insulation was not analysed

Figure 5. Current technological status of AIS (Berge et al., 2015; Berson et al., 1994; Kimber
et al., 2014; Koenders et al., 2018; Pflug et al., 2015; Sunden et al., 2014) and estimation of their
adaptation range by fixing the thermal resistance (R) during insulated state equal to 4 m2 K/W.

Table 5. Material:AirGap class list of EnergyPlus to model AIS. The AIS one with the highest
aptation range was selected for the simulation of initial facxade configurations.

Facxade component Configuration Thermal resistance
(m2 K/W)

Adaptive insulation
(Kimber et al., 2014)

Insulation in energy
conservation state

4

Adaptive insulation
(Kimber et al., 2014)

Insulation in conduction state 0.1
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for these facades, as their external facade material cannot be changed without
altering their aesthetics. The number of integrated adaptation mechanism(s) and
the way they are controlled (either passively or actively) define the complexity level
of the AOF. In section 3, resulting AOF typologies are presented with their simula-
tion outputs.

Simulation drivers: Meaningful performance indicators

Reduction of thermal energy need is the main driver of this research. This was done
considering the following performance metrics:

Annual improvement of the heating energy (IHE) and cooling energy (ICE). These two
metrics identify the percentage of the reduction/increase of the Heating and
Cooling Energy of the zone, on an annual basis when the performance of AOF is
compared to the Static Performance Reference (SPR). They are expressed in %
and are calculated according to the following equations:

IHE= 1� HEAOF

HESPR

ICE= 1� CEAOF

CESPR

where HE is the sensible Heating Energy use demanded per unit area, on an annual
basis, by the heating system [kWh/m2] and CE is the sensible Cooling Energy use
per unit area, on an annual basis, by the heating system [kWh/m2].

Annual total delivered electrical energy (DE). This metric is defined as the total amount
of electrical energy that the energy generation system (heat pump) uses, on an
annual basis, per unit area, to supply the thermal energy required by the Heating
and Cooling systems. It is expressed in kWh/m2 and is calculated according to the
following equation:

DE=
HE

COP
+

CE

SEER

� �

where COP is the average Coefficient of Performance of the heat pump system dur-
ing winter period and the SEER is the Seasonal Energy Efficiency Ratio of the heat
pump in the cooling period.

Annual improvement of total delivered energy (IDE). This metric refers to the percentage
of the reduction/increase of the Delivered Energy, on an annual basis, when the
output of AOF and SPR are compared. It is expressed in % and is calculated
according to the following equation:
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IDE= 1� DE AOF

DE SPR

Annual adaptation cycle. This metric quantifies the number of times the AOF changes
its configuration or characteristics. To get this information from the simulations,
the model has as an output the ‘Construction Index’. The Annual Adaptation
Cycle is calculated by counting how many times this index changes.

Performance benchmark

Static Performance Reference (SPR) works as comparison benchmarks to calculate
the potential improvements in HE, CE and DE when AOF are applied. To identify
which is a good performing SPR in each location, the thermal performance of eight
possible static opaque facades were compared (Appendix Table A1). These static
opaque facades were defined based on different construction options (Figure 6)
and by modifying the building materials which affect the Solar Absorptance of the
cladding and the Admittance of the building envelope. The thickness of the insula-
tion layer was calculated for each city according to the U-value recommended/
required by the national regulations (Appendix Table A2), Among the eight possi-
ble static opaque facades, the one with less DE served to detect the SPR of each
location and established the HE, CE and DE benchmark aims to improve by the
design of AOF (Appendix Table A3). For the case study climates of the current
paper, SPR is always a heavyweight facxade which is built with concrete walls and it
has an intermediate layer of mineral wool. The exterior finishing has a low solar
absorptance, as it is painted in white. The selected climates have mild-winter sea-
sons and warm summers, even if the HE and CE vary. This could explain why the
aforementioned SPR is always the most preferable one among the analysed static
opaque facxades.

Define test case building models

The simulation model consisted on a reference room representing a typical living
room of a residential building, surrounded by similarly conditioned spaces/

Figure 6. Representative static opaque facade typologies: (a) Lightweight off-site wall, (b)
Lightweight/medium-weight ventilated wall, (c) Medium-weight/heavyweight cavity wall, and (d)
Heavyweight exposed concrete wall with a white painting finishing: this is the Static Performance
Reference for the analysed case studies.
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apartments, within a multi-story residential building (such that all the walls not
exposed to the outdoor environment can be considered adiabatic). The room size
is 4.5m wide3 4m deep3 2.5m high. Only west facxade is exposed to external
boundary conditions. It is partially glazed (Window-to-wall ratio WWR=19%)
with a Double-Glazing Unit (DGU), which has Low-E glazing on the internal side
and with a 16mm air cavity. Besides, it has a controlled shadow system on the out-
side side of the window (see the details in the Appendix, Tables A5–A7).

Schedules relative to occupation, ventilation and equipment were adopted from
(UNE-EN 16798-1, 2020) and the power density for lighting from (ANSI/
ASHRAE/IES Standard 90.1-2010, 2010). Tables 6 and 7 summarize the usability
and energy parameters which served to set the simulation model. The HVAC sys-
tem was defined as ideal systems, that is able to maintain the set-point (20�C for
heating and 26�C for cooling) and setback temperatures (16�C for heating). The
set-point temperatures were assumed to be maintained at any moment of the year,
according to the external boundary conditions and the occupation rate. The overall
coefficients of performance were calculated considering that the energy was calcu-
lated employing a heat pump and therefore, the COP of the heating system was
defined as 2.5, whereas the cooling system SEER was set equal to 3.5.

Simulation results: Consideration of additional remarkable outputs beyond
energy use reduction

Simulations serve to assess if AOF options have a better thermal performance than
Static Performance Reference (the characteristics of simulated AOF are are
detailed in the Appendix: Table A8, A9 and A10). The analysis of IHE, ICE and
IDE reports if this target is achieved and the results of the absolute reduction
obtained for HE, CE and DE values illustrate if the obtained benefit can have a
sufficient impact on the annual thermal energy use (Appendix, Table A11, A12).

Besides, simulation outputs can also give interesting remarks about the total
number of adaptation cycles over the simulation period. This output is interesting
(i) to better understand how the proposed AOF works, as it gives an approximate
idea about the distribution of adaptation cycles over a year and a day; and (ii) to
calculate the total number of cycles that the product developer must guarantee for

Table 6. Usability and energy parameters which were used to define the Simulation model.

Parameter type Units Parameter value
(for fraction = 1)

People m2/person 28.3
Lights W/m2 9.6
Electric equipment W/m2 3
Ventilation (Flow rate per person) m3/s-person 0.007
Infiltration rate 1/h 0.5
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the total life-cycle of the building material/component. This information, together
with the complexity level of different AOF design options reveals if the additional
sophistication that implies the integration of the selected dynamic technologies.

Results

Simulation results for AOF typologies with Level 1 of complexity

The following section shows the simulation results for the AOF typologies which
have a single dynamic technology which is passively controlled. Their adaptation
strategy is the variation of the Solar Absorptance of claddings through thermochro-
mic coatings. By applying these coatings in opaque facades, the solar absorptance
of the external cladding decreases when it reaches 30�C–31�C. These coatings were
simulated for three possible opaque facxade typologies (Figure 7).

According to the simulation results, most of the times these facxade typologies
do not offer an Annual Improvement of total Delivered Energy (Figure 8). Athens
is the only location where thermochromic coatings might have a positive impact if
they are integrated in Off-site heavyweight walls and Mediumweight (Mw)
Ventilated walls. The reason why no or little improvement is achieved is due to the
fact that the static benchmark performs better under cooling periods, as its solar
absorptance is lower. The thermochromic coating does not either reduce substan-
tially the heating demand, as its solar absorptance decreases when it reaches 30�C
even during heating periods, where having higher temperatures on the outer clad-
ding is beneficial (detailed results of IHE and ICE are available in the Appendix,
Table A12).

Figure 7. AOF typologies with Level 1 of complexity.
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Simulation results for AOF typologies with Level 2 of complexity

AOF with Level 2 of complexity integrates one actively controlled dynamic tech-
nology (applied control strategies are available as Supplemental Material):

(a) Variation of the convective heat transfer of air cavities: Figure 2 represents
the adaptation mechanism of controllable air cavities. The aim is to
enhanced/diminished heat loses of the wall for each boundary condition
by implementing the most suitable air-cavity configuration. Its integration
in opaque facades results in a Lightweight/Mediumweight Ventilated
Wall with controllable convective heat transfer of air cavities (a.AC.3).

(b) Variation of the solar absorptance of claddings: Figure 3 represents the adap-
tation mechanism of an Off-site Wall, with no cavity with automated
Kinetic Cladding (b.KC.1). The geometry changes of the outer layer, which
varies the solar absorptance of the opaque facade, is actively controlled.

Figure 8. Simulation results for AOF typologies with Level 1 of complexity.

Figure 9. AOF typologies integrating Adaptive Insulation components and with Level 2 of
complexity.
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(c) Adaptive insulation: closed AI components can be integrated in any type
of opaque facades, as illustrated Figure 9, to control the heat transfer
through the wall.

The results of Figure 10 evidence that Lightweight Ventilated Wall with control-
lable convective heat transfer of air cavities (a.AC.3) and Off-site Wall, with no cav-
ity with automated Kinetic Cladding (b.KC.1) perform worse than the Static
Performance Benchmark facade. As explained in section 2.5, Heavyweight Exposed
concrete Wall with low solar absorptance is the best performing static opaque
facxade typology. The aforementioned AOF typologies do not have as much thermal
mass as the Static Performance Benchmark. According to the obtained results, it
seems that having high thermal mass is a more effective design strategy than the
controlling of the air cavity configuration or the adapting the solar absorptance of
the exterior finishing with a Kinetic Cladding.

On the contrary, the simulation outputs indicate substantial reductions in ther-
mal energy use when Adaptive Insulation Components are integrated. For ana-
lysed six climates, the Offsite Wall with no cavity and with one Adaptive Insulation
Component (c.AIS.1) is the best performing AOF typology, especially when the
interior layer has high thermal mass. The Annual Improvement of total Delivered
Energy goes from 11.30% in Tenerife to 17.47% in Auckland. Mediumweight
Ventilated Wall (c.AIS.3) perform slightly worse than c.AIS.1. The additional ther-
mal resistance due to the ventilated air cavity makes the adaptation range of the
thermal heat transfer mechanism slightly lower than for c.AIS.3, which would
explain the reduction in the obtained IDE. Similarly, the thermal energy reduction
is even less effective for Heavyweight cavity wall with Adaptive Insulation compo-
nents (c.AIS.2), as the thermal resistance of the closed-cavity is higher. Besides, in

Figure 10. Simulation results for AOF typologies with Level 2 of complexity.
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Tenerife, c.AIS.2 perform worse than the Reference Static Benchmark, most proba-
bly due to its higher overall thermal resistance.

Simulation results for AOF typologies with Level 3 of complexity

AOF with Level 3 of complexity combine two adaptation mechanism, one of which
is passively controlled and another one which is actively control. The passively con-
trolled adaptation mechanism is the Variation of the Solar Absorptance of clad-
dings which can be achieved by integrating thermochromic coatings in the external
layer. The actively controlled adaptation mechanisms can be (a) the variation of
the convective heat transfer of air cavities or (c) the Adaptive Insulation. Figure 11
summarizes the possible AOF typologies with Level 3 of complexity.

Figure 12 shows the simulation results for these AOF typologies. When thermo-
chromic coatings are applied in Heavy Weight Cavity Walls or Ventilated walls
which also integrate Adaptive Insulation components, the IDE improves less than
2% with respect to the similar typologies with traditional coating materials
(c.AIS.2 and c.AIS.3). The Energy Use for the Off-site Wall, no cavity with
Thermochromics coatings and Adaptive Insulation components
(b.TCH + c.AIS.1) is higher than for the Reference Static Benchmark, except
from Auckland and even in this case, the thermochromic has not a positive impact,
as its static cladding version (c.AIS.1) has a higher IDE.

Figure 11. AOF typologies integrating Adaptive Insulation components and with Level 3 of
complexity.
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Simulation results for AOF typologies with Level 4 of complexity

The most complex AOF typologies integrate multiple dynamic technologies which
are actively controlled (Figure 13). Off-site Wall, no cavity with automated Kinetic
Cladding and Adaptive Insulation components (b.KC + c.AIS.1) are able to man-
age both the solar absorption and the heat transfer through the wall, therefore this
facxade can dissipate thermal energy when indoor spaces are overheated and can
also contribute to reduce heating demand by obtaining heat gains from the out-
door medium when the incident solar radiation warms up the exterior cladding.
Ventilated Wall with controllable convective heat transfer of air cavities and with

Figure 12. Simulation results for AOF typologies with Level 3 of complexity.

Figure 13. AOF typologies integrating Adaptive Insulation components and with Level 4 of
complexity.
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automated Kinetic Cladding (a.AC + b.KC.3) can autonomously control the heat
gains and loss through radiation and convection.

Ventilated Wall with controllable convective heat transfer of air cavities,
with automated Kinetic Cladding and Adaptive Insulation components
(a.AC + b.KC + c.AIS.3) has a more complex behaviour (Figure 14).A detailed
analysis of simulation results enables a better understanding.

The variations in the facxade configurations were modelled in Energy Plus with
different construction index, as exposed in section 2.3. This simulation strategy
enables getting as outputs the distribution of the node temperatures, which are also
the temperatures of each facxade layer. During heating demand period, this facxade
has two possible configurations:

- ‘KC Low SA, ACa, AIS insulated mode’: the envelope configuration contri-
butes to reduce the energy loses between indoor and outdoor environment.
The external cladding is in close-joint configuration and the air cavity is in
non-ventilated mode to avoid thermal loses by convection. AIS is behaving in
its insulated mode. The Solar Absorptance of the facxade is low, as the exter-
nal cladding finishing material is aluminium.

- ‘KC High SA, ACc, AIS conduction mode’: solar heat gains want to be cap-
tured, by opening as much as possible the joints of the Kinetic Cladding,
exposing the internal cladding material (which has higher solar absorptance
material), eliminating the thermal buffer effect of the air cavity and by acti-
vating the conduction mode of the AIS.

The adaptation from the protection state to the conduction state happens when the
temperature of the outside surface is higher than the interior surface temperature of
the AIS (Node 5). It changes again to the protection state once that the interior sur-
face temperature of the AIS is lower than the outside surface temperature of the
AIS (Node 4). Figure 15 illustrates how the temperature of each node varies (left Y
axis) according to the construction index (right Y axis) and boundary conditions.

Figure 14. Possible facxade configurations and distribution of nodes for a.AC + b.KC + c.AIS.3
facxade typology.
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This figure represents the performance of the AOF oriented to the West, during a
winter week in Auckland. In three afternoons (10, 14–15 July) the facxade captures
the solar heat gains of the outer layer of the envelope to reduce the Heating Energy.
During the remaining time the envelope configuration contributes to reduce the
energy loses between indoor and outdoor environment.

During cooling demand period, the dissipation of internal heat gains can be
achieved by varying AIS behaviour (i.e. from insulated mode to conduction mode)
and by promoting convective heat losses in the air cavity (ACb). When wind velo-
city is high, the resistance of the air cavity reduces even more (ACc). Besides, when
there is cooling demand and the temperature in the external surface of the AIS is
lower than in the interior surface of the AIS, the AIS adapts to the conduction
mode. Figure 16 shows a summer week in Auckland and illustrates how for a west
oriented facxade, Ventilated Wall with controllable convective heat transfer of air
cavities, with automated Kinetic Cladding and Adaptive Insulation components
effectively reduces Cooling Energy need by dissipating the internal heat gains in
the morning and afternoon.

Figure 17 summarizes the results for the three AOF typologies with complexity
Level 4. What stands out from this table is that Off-site Wall, no cavity with auto-
mated Kinetic Cladding and Adaptive Insulation components (b.KC + c.AIS.1)
and Medium–Lightweight Ventilated Wall with controllable convective heat trans-
fer of air cavities, with automated Kinetic Cladding and Adaptive Insulation com-
ponents (a.AC + b.KC + c.AIS.3) are the facxade typologies reducing the most
the Annual total Delivered Energy (DE) compared to the energy performance of
SPR for all the analysed climates. Thus, the variation of the Solar Absorptance of
the cladding and the modification of the intensity of the heat transfer by means of
Adaptive Insulation (AIS) seems to have a positive impact on the thermal perfor-
mance. Among the studied locations, Auckland seems to be the one with better
results when these AOF are applied. Its IDE is equal to 34% for the facxade typol-
ogy with no air cavity and its IDE is about 30% when the AOF has also an

Figure 15. Adaptive behaviour of a.AC + b.KC + c.AIS.3 facxade typology during a winter week
in Auckland.
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(a)

(b)

Figure 16. Adaptive behaviour of a.AC + b.KC + c.AIS facxade typology during a summer week
in Auckland. Simulation outputs: (a) temperature in each node and facade configuration
(construction index) for each simulation time-step, and (b) Heating Energy and Cooling Energy
and facade configuration.

Figure 17. Simulation results for AOF typologies with Level 4 of complexity.
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advanced ventilated air cavity. Auckland is also the climate which has the lowest
DE and this could have influenced its higher improvement.

In the same vein, the application of ventilated air cavities does not exclude the
improvement of the overall thermal performance. Yet they do not have a better
impact than AOF typologies with no ventilated air cavities. Besides, no increase in
DE is detected with respect to SPR when the variation of the convective heat trans-
fer of air cavities is the only integrated adaptive thermal behaviour, or when they
are combined with Kinetic Claddings (i.e. a.AC.3 and a.AC + b.KC.3). Overall,
lightweight facxade configurations offer less improvement with respect to the SPR
than heavyweight facxade configurations

Impact of the design decisions on the thermal performance, complexity level
and adaptation cycles

The evaluation of the most promising AOF is enlarged and additional simulation
outputs are analysed to understand more in detail the opportunities and challenges
of these facades. As exposed in the previous section, the most promising AOF
typologies are:

-c. AIS.1: Off-site wall with no air cavity which integrates an Adaptive
Insulation component and its external cladding has low solar absorptance
-b. KC. + c.AIS.1: Off-site wall with no air cavity which has an actively con-
trolled Kinetic Cladding, which is able to vary the Solar Absorptance of
the facxade and which integrates an Adaptive Insulationcomponent.
-a. AC + b.KC + c.AIS.3: Mediumweight Ventilated Wall which has an
actively controlled Kinetic Cladding, which is able to vary the Solar
Absorptance of the facxade and the convective heat movements of the air cavity
and which integrates an Adaptive Insulation component.

Adaptation range of Kinetic Claddings depends both on the selected finishing
facxade materials and on the opening degree of the exterior cladding. Initial round
of simulations assumed the geometry which can offer the highest adaptation range
(60%). The parameter analysis serves to quantify the impact on the thermal perfor-
mance when the exterior claddings have an adaptation range of 6% and 28%.

Figure 18 presents how the variations in the outer cladding geometry have a lit-
tle impact on the IDE. Auckland is the place where the reduction of the adaptation
range minimizes more the IDE, and even though, the difference between the two
design options is inferior to 2%. for Medium – Lightweight Ventilated Wall with
controllable convective heat transfer of air cavities, with automated Kinetic
Cladding and Adaptive Insulation components (a.AC + b.KC + c.AIS.3) When
looking at HE, the application of geometry with a smaller opening degree coeffi-
cient has a more significant negative impact. For instance, IHE Almeria IDE is
reduced to 80% for the design geometry providing 28% of adaptation range and
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around 65% for the cladding with 6% of adaptation range. Even though, its IDE
hardly varies, as the HE of Almeria is very low for both the analysed facxade typol-
ogy, ICE is almost not affected by geometry changes. This outcome is not surpris-
ing, as the outer layer of the simulated facade options have low solar absorptances.
Thus, for the analysed case studies, the presented designs of the outer layer geome-
tries can be considered as candidate design-options because the IDE of examined
locations are barely cut down.

The complexity of the AOF options should be considered to evaluate the poten-
tial of an adaptive facxade respect the static benchmark facade. The Off-site Wall,
no cavity with Adaptive Insulation components (c.AIS.1) is extrinsically controlled
by a single dynamic technology. On the other hand, the Off-site Wall, no cavity
with automated Kinetic Cladding and Adaptive Insulation components
(b.KC + c.AIS.3) and the Medium–Lightweight Ventilated Wall with controllable
convective heat transfer of air cavities, with automated Kinetic Cladding and
Adaptive Insulation components (a.AC + b.KC + c.AIS.3) need the integration
of multiple dynamic technologies which are actively controlled. Moreover, the
most complex facxade configuration also results in more annual adaptation cycles
than simpler solutions (Figure 19) For the examined case studies, the Medium–
Lightweight Ventilated Wall with controllable convective heat transfer of air cav-
ities, with automated Kinetic Cladding and Adaptive Insulation components
(a.AC + b.KC + c.AIS.3) can have more than 2500 adaptation cycles per year.
This means that the kinetic cladding, the moving elements which control the con-
figuration of the air cavity and AIS needs to guarantee around 4 daily changes

Figure 18. Sensitivity analysis for IDE [%] results in relation to the solar adaptation range
variation.
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(Figure 19). The Adaptive Insulation component of the Off-site Wall, no cavity
with automated Kinetic Cladding and Adaptive Insulation components (c.AIS.1)
has less than 1500 adaptation cycles per year, which would be less than 2 daily
changes. These results depend on the facxade configuration, control definition and
external boundary conditions. Thus, designers need to consider that the adaptation
cycles of dynamic technologies will also depend on the climates where they are
located.

All in all, the Off-site Wall, no cavity with automated Kinetic Cladding and
Adaptive Insulation components (b.KC + c.AIS.3) and the Medium–Lightweight
Ventilated Wall with controllable convective heat transfer of air cavities, with auto-
mated Kinetic Cladding and Adaptive Insulation components
(a.AC + b.KC + c.AIS.3) imply a higher sophistication and complexity, but their
ability to adapt more times also lead to higher IDE in the analysed case studies
(Figure 19).

Figure 20 summarizes the output of the three candidates AOF design options
and illustrates the reduction in DE, HE and CE [kWh/m2] of final design options
with respect to the Static Performance Benchmark. It shows how solutions with
automated Kinetic Cladding (KC) and Adaptive Insulation Component
(b.KC. + c.AIS.1), which KC has an adaptation range of 60%, is the best AOF in
all locations, as it is the one reducing the most HE value. The results also demon-
strate that the increasing the complexity level enhances the thermal performance.

Figure 19. Annual Adaptation Cycles for final design options in different locations and
achieved IDE. Both the design and the climates will have an effect on the life-cycle that the AOF
must guarantee.
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Discussion

The presented study supports evidence from previous simulations works (Jin et al.,
2017; Park et al., 2015; Pflug et al., 2017) in the positive impact of heavyweight
Adaptive Opaque Facxade configurations for reducing Delivered Energy. In accor-
dance with previous studies, presented annual results in absolute values [kWh/m2]
have demonstrated that Adaptive Insulation effectively reduces Cooling Energy of
the room, and in a less significant way, Heating Energy. When the Heating Energy
reduction was calculated regarding SPR in absolute values, the absolute reduction
was not very high, as the analysed climates have low Heating Degree Days (HDD).
Even though, the little heating energy needs which Static Performance Reference
had almost disappeared if AOF were properly applied. This outcome suggests that
the application of complex AOF typologies in residential buildings, which are able
to capture solar heat gains and dissipate internal heat gains when necessary (such
as analysed c.AIS + b.KC.1 and a.AC + b.KC + c.AIS.3 facxade configura-
tions), could nearly eliminate the need of heating systems (e.g. Almeria, Auckland
and Lisbon). Thus, analyzing the results in relation to Static Performance
Reference [%], an Annual Improvement of the Cooling Energy (ICE) of the room
about 20%–25% was achieved for best AOF configurations and the Annual
Improvement of the Heating Energy was always superior to the 45%.

All the results in literature are in the same direction and their differences are
mainly due to the different adaptation ranges, the selected control strategies or cli-
mates and building patterns of use. The current work modelled the behaviour of

Figure 20. DE, HE and CE reduction of final design options with respect to DE, HE and CE of
the SPR in different locations.
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Adaptive Insulation by assuming an adaptation range of 4–0.10m2K/W. The
results reported by (Park et al., 2015; Pflug et al., 2017) showed a less significant
Annual Improvement of the Heating Energy of 10% and a more significant
improvement of the Cooling Energy of 40%–55%. This difference in results could
be partially due to the fact that in the previous research, the AIS was modelled to
have a thermal resistance of 2 and 2.8m2K/W respectively. Thus, they perform
worse under Heating Demand conditions and better under Cooling Demand situa-
tions. Besides, the good results of the presented study regarding IHE correspond
to those facxade typologies which do not only integrate an AIS system, but they also
have a kinetic cladding which actively modulates solar heat gains on the facxade sur-
face. The present work modelled for the first-time synergies between different
adaptive mechanisms in a same AOF system. The identified novel AOF typologies
were proven to be more complex, but also more efficient from the thermal perfor-
mance point of view. Moreover, the integration of complex adaptation mechan-
isms offers such benefits when they are in highweight/mediumweight facxade
configurations, which means that effectively charging and discharging the thermal
mass of AOF has a crucial effect. This outcome is also in line with the results
reported by Jin et al. (2017).

The reason why in this paper the Cooling Energy was not reduced as many as in
other works could be in part due to the control strategy definition. When there was
no cooling demand, the adaptive insulation was in insulation state and this could
have caused overheating periods. A further optimization of the control-strategy
would most probably enhance the obtained results. In fact, this is consistent with
literature, as Jin et al. (2017) noted that advanced control strategy enhanced con-
siderably the thermal performance. They reported an Annual Improvement of the
Heating Energy of 60% and of Cooling Energy of up to 69% with the use of
Model Predictive Control, for an optimized adaptive insulation wall system (adap-
tive insulation with comparable range of variation to this study, external to the
thermal mass of the wall).

The application of ventilated air cavities which can control convective heat
transfer did not enhance the thermal performance significantly. Current research
used a rule-based control within EnergyPlus by using Energy Management System
to model this adaptive mechanism. The defined control measured the wind velocity
of the outside conditions and assessed if the facxade was under heating or cooling
demand conditions to set the best performing facxade configuration. However, the
convective movements altering the thermal resistance of the ventilated air-cavity
are also affected by incident solar radiation, the material of the facxade cladding
and its geometry (Ibañez-Puy et al., 2017; Sánchez et al., 2017). Future works
should indicate in a more detailed way how different boundary conditions affect
the thermal resistance of air cavities.

According to the results of the present work thermochromic coatings do not
reduce the annual total Delivered Energy. By reviewing the literature, only one
study evaluated the Thermochromics integration in opaque facades and the ther-
mal energy reduction at building level (Zheng et al., 2015). They reported that
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thermochromic coatings perform more favourably than cool coatings.
Nevertheless, they also stated that the effect of these thermochromic coatings were
more notable in the places where the temperatures varies greatly between seasons.
This would explain why the effect of thermochromic coatings is not visible in the
analysed case study climates, as they have mild-winter seasons and warm summers.
However, this explanation does not seem applicable to variable solar absorptance
when it is actively controlled, as the current paper demonstrates that they can have
a positive impact on the Annual Improvement of total Delivered Energy.
However, Thermochromic claddings analysed in this study could have had a
poorer thermal performance not only due to the fact that they were passively con-
trolled, but also because their adaptation range was limited to the 20%, whereas
the studied Kinetic claddings which high potential had an adaptation range of
28%–60%. Thus, more research is needed to understand the possible
Thermochromics contribution to reduce thermal energy demand.

Conclusion

The presented research shows the simulation results of 15 AOF typologies within
Energy Plus, by using its conduction finite difference (CondFD) solution algorithm
and Energy Management system. The simulation strategy was demonstrated to be
compatible with different characteristics of AOF typologies and adaptive thermal
mechanisms. For the first time, AOF typologies able to vary the solar absorptance
of Kinetic Claddings and AOF which integrate controllable convective heat trans-
fer of air cavities were simulated. As far as the authors know, this was also the first
study analysing the thermal performance of AOF typologies integrating synergies
between different adaptive mechanisms. The presented simulation based assess-
ment also enables for the first time a more comprehensive performance evaluation
by considering other operational aspects, such as the annual number of adaptation
cycles or the nature of the adaptive mechanisms, which defines the operational
complexity needed to integrate the proposed dynamic technologies.

Regarding the effect of different AOF typologies and facxade configurations, the
present study has shown for the analysed climates (which have mild-winter seasons
and warm summers) and for residential building that:

- Between the different adaptive strategies, the variation of the heat transfer by
means of Adaptive Insulation components has the most significant impact on
the thermal energy use reduction. The variation of the solar absorptance has
also a significant positive impact, especially in IHE, but only if this variation is
actively controlled and if is in combination with Adaptive Insulation compo-
nents. AOF typologies which do not integrate Adaptive Insulation components
do not provide any improvement with respect to the static reference benchmark;

- The annual adaptation cycles of specific dynamic technologies depend on the
specific climate, therefore it is crucial to quantify and potentially limit them
in order to reduce the complexity of the control while improving service life;
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- The integration of more complex adaptive mechanism combinations and active
technologies derive into a higher number of adaptation cycles, but for most
analysed climates it also resulted into doubling the overall energy performance.
Therefore, the balance between the complexity of the designed AOF system
and the obtained benefits need a careful consideration on a case by case basis.

A natural progression of this work is to include transparent and translucent Adaptive
Facades and advanced ventilation strategies into the simulation method, in order to
reduce even more the thermal energy demand. This would assist designers to propose
ambitious and sophisticated building envelopes for Nearly Zero Energy Building
(NZEB). Besides, further studies in advance control strategies for Adaptive Opaque
Facades, such as Artificial Intelligence algorithms and Model Predictive Controls,
might enlarge the obtained benefits. Last but not least, more experimental assessments
are needed to enhance the simulation models of the adaptive thermal mechanisms.
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Appendix

Definition the static performance benchmark for each climate

Table A1. Analysed static opaque facades to identify the SPR for each location.

Facade typology Possible
claddings

Solar
absorptance
[-]

Admittance*
(W/K)

Building
materials

Acronym

Lightweight off-site
wall (Figure 6(a)
and (b))

White paint
aluminium

0.30 2.33 EIFS finish +
mineral wool*
+ plasterboard

1.Wh.lw

Zink finishing 0.60 2.Zn.lw
Matt black 0.90 3.Bl.lw

Medium-weight and
heavyweight cavity
wall
(Figure 6(c))

Light colour
brick

0.40 43.40 Brickwork
outer leaf +
mineral wool*
+ thermally
improved
hollow clay
brick

4.Lbr.mw

Dark colour
brick

0.80 5.Dbr.mw

Heavyweight
exposed concrete
wall (Figure 6(d))

White paint 0.30 3435 Concrete cast
dense +
mineral wool*

6.Wh.hw
Fair-faced
concrete

7.Fc.hw

Matt black 0.90 8.Bl.hw

*The total admittance of the facxade was calculated for an insulation layer of mineral wool which had 0.16 m

of thickness. The specific heat of each facade material is detailed in Table A4.
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Properties of simulated facxade materials

Table A2. Performance benchmark for each case study climate.

Lisbon (PRT) Athens
(GRC)

Auckland
(NZL)

Almeria
(ESP)

Tenerife
(ESP)

Brisbane
(AUS)

U value
(W/m2 K)

0.40
(Decreto-Lei
n.o 251/,
2015)

0.45
(Ministry of
Environment
and Energy,
2017)

0.34 (New
Zealand
Standards
Executive,
2009)

0.44
(Ministerio
de Fomento,
2019)

0.56
(Ministerio
de Fomento,
2019)

0.36
(NCC
Building
Code of

Australia,
2019)

*The U-value applied to each static opaque facxade configuration was the one recommended or required by

the national regulation of each country. The thickness of the mineral wool was calculated accordingly.

Table A3. Static performance benchmark for each case study climate.

Climate SPR U value
(W/m2 K)

DE
(kWh/m2)

HE
(kWh/m2)

CE
(kWh/m2)

Lisbon (PRT) 6.Wh.hw 0.40 4.80 1.59 14.57
Athens (GRC) 6.Wh.hw 0.45 7.17 3.59 20.07
Auckland (NZL) 6.Wh.hw 0.34 2.12 2.19 4.38
Almeria (ESP) 6.Wh.hw 0.44 5.50 0.44 18.63
Tenerife (ESP) 6.Wh.hw 0.56 7.17 0 25.10
Brisbane (AUS) 6.Wh.hw 0.36 5.39 0 18.86

Table A4. Thermal properties of static facxade materials.

Material Thickness (m) Conductivity
(W/m K)

Density
(kg/m3)

Specific
heat
(J/kg K)

Roughness

Mortar 0.001 0.7 1100 900 Medium smooth
Mineral wool
(MW)

According
to U ref

0.04 25 1000 Medium rough

Brickwork outer
leaf

0.115 0.84 1700 800 Medium smooth

Concrete cast
dense exterior

0.25 1.4 2100 840 Medium smooth

Concrete cast
Dense interior

0.20 1.9 2300 840 Medium smooth

Thermally
improved hollow
clay brick

0.29 0.24 800 800 Medium smooth

Plasterboard 0.012 0.16 950 840 Smooth
Cross laminated
timber (CLT)

0.12 0.13 450 1600 Smooth
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Table A5. Thermal properties of static facxade finishing materials.

Material Thermal
resistance
(m2 K/W)

Thermal
absorptance

Solar
absorptance

Roughness

White paint 0.92 0.3 0.3 Medium smooth
Zink finishing 0.9 0.6 0.6 Medium smooth
Matt black 0.96 0.96 0.96 Medium smooth
Light colour brick 0.9 0.4 0.4 Medium smooth
Dark colour brick 0.9 0.8 0.8 Medium smooth
Aluminium 0.3 0.3 0.3 Smooth

Table A6. Window design parameters.

Design parameters of double-glazing unit

U-value (W/m2 K) 1.4
Solar heat gain coefficient 0.55
Visible transmittance 0.74
Shadow system Blind with low reflectivity slats in the

exterior side of the window.
Min slat angle 180�, Max slat angle 45�
Control: cut-off solar radiation
according to the external air
temperature (T . 24�C)

Table A7. Thermal properties of static building materials.

Building
component

Material Thickness
(m)

Conductivity
(W/m K)

Density
(kg/m3)

Specific
heat
(J/kg K)

Roughness T hermal
resistance
(m2 K/W)

Interior
partition
(Layer 1 and
3)

Gypsum
plasterboard

0.0158 0.25 900 1000 Rough –

Interior
partition
(Layer 2)

Insulation
layer

– – – – – 0.15

Slab
(Layer 1)

Cast
concrete

0.3 1.4 2100 840 Rough

Slab
(Layer 2)

Air gap 0.015 – – – – 0.57

Slab
(Layer 3)

Floor tile 0.019 0.55 273.7 712 Rough –
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EMS details for each AOF typology

Table A9 summarizes the sensors and the algorithms which are needed to define
the adaptive behaviour of each facade typology. For some AOF typologies, the sen-
sor can be placed either in the outside and inside face of the AOF system or in the
outside and inside face of AIS. The decision was based on the IDE, by comparing
the results of the simulation models which sensors are placed in the interior layer of
the AOF (int) and in the inner layer of Adaptive Insulation (AIS). The decisions
about the sensor’s placement for each AOF typology and climate are summarized
in Table A10.
The control logic used in this research were rule-based and the EMS programs
applied for each AOF typology are available as Supplementary Material.

Table A9. Sensors and algorithms used within EMS to model when the adaptive response
happens according to the measured physical parameters.

Energy management
system class list

Measured physical parameter Actuated element

TCH CA AC AIS

Sensor Surface outside face
temperature

x x x

Surface inside face temperature x* x*
Surface temperature of the
exterior surface of the AIS

x*

Surface temperature of the
interior surface of the AIS

x* x*

Zone air system sensible heating
energy

x x x

Zone air system sensible cooling
energy

x x x

Site wind speed x
Global variable Average surface outside face

temperature of the last 48 h**
x x x

*For some AOF typologies, the sensor can be placed either in the outside and inside face of the AOF system

or in the outside and inside face of AIS.
**When there is no heating or cooling demand, average surface outside face temperature of the last 48 h**

was used to assume if it was a heating or cooling demand period.
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