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Abstract: Adaptive fagades represent a viable and effective technological solution to reduce the
building energy demand for cooling while achieving interesting aesthetic effects on the building
envelope to screen solar radiation. During the last decade, many different design solutions, including
those based on shape memory alloys, have been experimented to obtain appropriate responses
without being dependent on electro-mechanically actuated systems. Several recent and ongoing
studies have been published in the scientific literature regarding the different actuator typologies, as
well as the different properties of the materials used, which usually determine the adaptive solution
characteristics after a series of complex and time-consuming simulations using specialised dynamic
modelling software. Due to the time and resources required, this kind of evaluation is usually
delivered during the last and more advanced design stage as a form of assessment of already-taken
architectural and technological choices. The study reported in the paper aims to offer a quick, time-
saving simplified algorithm to calculate the response of an adaptive facade, according to the ISO
13790 standards, to be adopted during the early design stage to evaluate the possible effects of design
decisions. The study includes three main steps: (a) the conceptualisation of the adaptive solution
considering the context conditions; (b) the definition of the calculation algorithm; (c) the application
of the method to a test room in a case study building located in Bologna for supporting the discussion
of the related outcomes.

Keywords: shape memory alloys; building facade; adaptive fagade; simplified algorithm; building
design process

1. Introduction, Context and Background

The increasing awareness regarding the need to effectively support the transition
towards energy-efficient models in the building sector and the attention paid during the
last decade to the shift towards nearly zero energy buildings (NZEB) [1] and positive
energy buildings (PEB) gave a new impulse to the research on better performing building
envelope solutions with the purpose of possibly optimising their response capacity to
varying environmental conditions. This is potentially true for most of building systems
and sub-systems, but it is particularly relevant with reference to building facades, where
innovative and experimental solutions able to adapt to externally driven changes have been
explored to replace or integrate the conventional “static” ones, and curtain walls particularly.

The main scope of “adaptive” fagades basically deals with reducing summer overheating—
which is largely increasing due to the impacts of climate change [2—4]—while maximising
passive solar gains during winter [5]. Despite the importance of reducing energy de-
mand during winter, which has always been a priority in most design strategies, the
ever-increasing effects of global warming are rapidly moving the attention towards the en-
ergy demand for cooling during the hot summer period, which represents the most urgent
scenario to cope with in many countries. This is usually achieved—even in conventional
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solutions—by adopting shielding systems to be placed over the glazed or opaque wall
surfaces to reduce the amount of incident solar radiation. In both cases, it is particularly
important to define the shading or screening percentage to calculate the reflected solar
radiation during summer and the loss of solar gain (if any) during winter. This strictly
depends on the shading system configuration and characteristics, which can be very dif-
ferent in the case of static or dynamic solutions [6]. The introduction of dynamic systems
represents the designers’ attempt to provide a proper response to the variations in the
involved environmental parameters, which usually occur on a daily or seasonal basis. It
can be argued that a number of different manually operated options can be observed in
the history of architecture and movable shading systems are not innovative themselves.
The novelty lies in the ambition to automatically manage the process to adjust the shading
system configuration according to the detected external environmental conditions. This was
initially achieved by adopting electro-mechanical centralised systems operated according
to input data registered by dedicated sensors.

According to Loonen et al. [7], the term “adaptive” is, therefore, to be regarded as the
capacity to dynamically vary the fagade’s configuration as a response to environmental
changes according to the detection of specific parameter variations, to which climate-
adaptive building shells [CABS] basically refers, with a specific focus on how to define
intelligent skin facades by Wigginton and Harris [8] and Michael and Jude [9], performance
assessments by Basurto et al. [10] and mechanism examples of CABS by Fattahi, Tabasi and
Banihashemi [11].

The scientific literature provides several studies about many different adaptive en-
velopes, covering the broad domain of kinetic systems and linked to traditional materi-
als [12,13] focusing on the control typologies, the relation between the dynamism and
the effect on the architectural layout [14,15], the prototyping and self-shaping building
skin [16,17], the functional features [9] and the perceptive issues [18].

Despite the progress made during the last decades, electro-mechanical systems still
suffer from their dependence on a supplied energy source and from quite high maintenance
costs, which reduce their diffusion at a larger scale. Alternative options were explored to
possibly avoid the use of any electric sources, leading to the distinction [19,20] between:

e Active systems when dynamism is remotely controlled by a CPU-driven electrical stimulus;
e Passive systems when dynamism is directly induced by the capacity of the material itself.

In this second case, the device is strictly associated with the so-called “smart material”
which operates as a sensor, processor and actuator at the same time [21]. Although a
shared definition in this field is still lacking [22-24], passive systems typically react to
environmental parameters such as temperature, humidity, light, etc., providing an instant or
very rapid response to their variations. Smart materials include shape memory alloys [25],
phase change materials [26], photovoltaic [27] and photochromic glass [28], thermo-bimetal,
etc., and others inspired by biology [29,30] and phytobiology [31].

When the adaptive capacity is an intrinsic feature of the building envelope sub-system,
it is usually classified as an intrinsic control system, self-adjusting according to temperature,
humidity, light, etc., or whatever the driving stimuli [32-34]. This led many studies to
focus on the specific response of materials: Aresta (2018) [35] and Yoon (2018) [36-38] on
temperature-responsive materials; Li (2018) [39] on shape memory polymers [SMP]; Hol-
stov et al. (2015) [40] on thermo-bimetals; Reichert et al. (2015) [41], Holstov et al. (2017) [42]
and Abdelmohsen (2019) [43] on wood /natural fibre-based systems; and Vazquez et al.
(2019) [44] on other possible combinations. Other studies (Persiani et al., 2016 [32]; Formen-
tini and Lenci, 2018 [45]; Barozzi et al., 2016 [46]; Loonen, 2013; Ricci et al., 2020 [47,48])
focused more on the energy implications in terms of demand for operating and/or saving
potential derived from the adoption of adaptive solutions. Because active systems largely
depend on energy infrastructure, passive systems are preferable in the case that a very
NZEB or PEB concept is targeted. Accordingly, the study reported in the present paper
mainly focuses on the use of this second typology despite the fact that it can be reasonably
expanded to include the first one.
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The initial design assumption is, therefore, the use of a self-sufficient system, passively
actuated to possibly optimise indoor thermal comfort according to daily environmental
condition variations and without the end-users being asked to contribute to setting the
system. However, as evidenced by Bakker et al. (2014) [49], a fully automated system can
reduce the level of acceptance and satisfaction of the occupants, especially in relation to
visual requirements.

Another significant limitation of passive solutions is generally that the system’s re-
sponsiveness is “set” during the fabrication process and cannot be changed during the time
following (Khoo et al., 2011 [50]).

The effectiveness of any adaptive system, particularly of self-sufficient ones, strictly
depends on the facade concept and the actuator typology. As evidenced by Persiani et al.
(2016) [32] and Vazquez et al. (2019) [44], this can lead to very different classifications of
system behaviour. However, according to Lopez et al. [51], four main categories can be iden-
tified: temperature-responsive, light-responsive, humidity-responsive, and CO,-responsive
solutions. In most cases, the solution belongs to the first two categories, sometimes also
considering seasonal variations according to Correa and Augustin [52].

Passive actuators operate as transducers exploiting the capacity of the sensitive ma-
terial to convert a certain typology of energy into motion, generating the dynamic effect
of the kinetic component. The conversion into kinetic energy is mainly due to thermal
expansion, hygroscopicity and the shape memory effect.

Due to their conductivity properties, thermal expansion is mainly associated with
metals (or bimetal) and also with other materials such as paraffin wax, by Molter et al. [53],
XPS panels, by Barrett and Barrett [54] and hydrogel, by Khoo and Shin, 2018 [31,50].

Wood has been recently experimented among hygroscopic materials, for both its reduced
costs and the potential to customise the bending pattern, by Abdelmohsen et al. [43,55] and
Anis [56]. Shape memory materials—mainly shape memory alloys (SMAs), shape memory
polymers (SMPs) or shape memory hybrids (SMHs)—have a dual solid phase actuated by
the specific environmental trigger.

These materials have two main phases: in the first one, they are inert and easily
deformed, while in the second, they recover the initial molecular structure and the related
shape that can be set “at will” according to a predefined layout [13,21,57].

The adoption of passive actuators in shading systems of adaptive shells represents
a viable and cost-effective solution to improve energy savings, reduce the remote control
implications, formally characterise the architectural facade layout by Drozdowski [58],
Moloney [59] and Elghazi [60], or integrate energy production devices by Dewidar [61] and
early design stages by Negendhal and Nielsen [62]. However, the very basic scope is to
reduce the incident solar radiation and the derived overheating during the summertime
while allowing for maximum solar gains during wintertime, keeping the optimal natural
light levels during both seasons. If evaluating the behaviour of the building by considering
the impact of the adaptive facade adoption is possible using dynamic software (such as
Trynsys, EnergyPlus or others), estimating the benefit derived by a single shielding element
(or module) during the design stage is more difficult, particularly regarding actuation
settings. The outcomes strictly depend on the relationship between the actuator and the
system components, both in terms of language and in terms of technical complexity. The
actuator can be a separate independent part of the entire kinetic component or embedded
into its structure, although it is still a separate part, or be perfectly coincident with the
kinetic component itself.

The scientific literature does not provide comparative studies about the use of building
simulations as most of the papers are strictly focused on a specific issue (heat transfer,
computational fluid dynamics (CFD), energy performance, etc.) adopting a different
software. Abu-Zidan focuses on the computational implications of the CFD simulation of
tall buildings [63], while Lv et al. focus on naturally ventilated livestock buildings [64], and
Zheng et al. [65] on simulation at the urban scale. A common consequence is the need for a
considerable amount of time for both the preparation of the model and the computation,
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which is an issue even in experimental contexts (and even more in the ordinary design
market). As evidenced by Blazquez et al. [66], CPU computation time in building energy
performance is largely dependent on the number of equations derived from the modelling
approaches. As remarked by Magni et al. [67] and other studies [68,69], not only do the
modelling approaches influence computation time but they are time-consuming themselves,
shifting the attention to the so-called doftware usability of computing algorithm (SUCA).
Particularly with reference to complex solutions—as adaptive facades could be—SUCA
refers to:

(a) The training time as the time needed to train the personnel to the software use (i.e.,
Energyplus [70], Trynsys, ESP-r, IES.VE, Designbuilder, ACAD Multiphysics, COMSOL,
FLUENT);

(b) The time to insert data (depending on the involved parameters) during the modelling
phase [71];

(¢)  The computation time, which is influenced by the software architecture and the calcula-
tion capacity of the workstation.

Training time may range from a couple of weeks to months depending on the targeted
skill level and the user capacity, which can belong to the ICT or building sector with different
limitations according to the background. On average, modelling can take hours or weeks,
depending on the technical solution complexity and related features. Computation time may
vary, accordingly, from less than an hour to one week with ordinary calculation machines.

Although extensive comparative studies on this topic are not yet available—representing
a gap itself—modelling and computation time emerge as critical aspects during the design
process, especially when referring to preliminary studies. This represents an interesting
and underestimated issue that deserves more attention.

Starting from the calculation algorithms derived from ISO 13790 [72] “Calculation of
energy use for space heating and cooling” modified by ISO 52016, the research described in
this paper intends to provide a time-saving application for the steady-state calculation of
adaptive facades in line with the methodology conventionally adopted for the simplified
calculation of solar greenhouses or Trombe walls.

2. Scope and Objectives

The main goal of the study reported in this paper is to define a quick and time-saving
methodology for evaluating the contribution of adaptive facades to the improvement of
the building’s energy performance, in compliance with the calculation standards and the
above-mentioned predefined actuation criteria, to be adopted during the early design
stage. The proposed methodology is based on the use of Excel software which, compared
to the outcomes of the literature review, allows us to largely reduce the training time,
the modelling and input time and the computing time. The software is well-known in
architectural studios, the input phase can be reduced to a few hours or a day in case of
more complex geometries and the results require a few seconds, drastically shortening
computation time. It can be said that the results are not detailed and comparable with the
ones from more sophisticated simulation software. However, as demonstrated in previous
studies [47,73-76], the development and adoption of a quick, time-saving methodology is
not aimed at replacing the use of professional simulation software, but at rapidly exploring
alternative design scenarios and solutions during the early stage without investing a huge
amount of time and resources to possibly address the design process towards the most
promising alternatives, which can be analysed with software simulation at a further stage to
obtain more sophisticated, precise and reliable results. This different approach represents a
novelty in the current conventional process, considering the gap related to the time invested
for simulation purposes which emerged from the literature review. The limitations of the
proposed methodology are balanced by the less resource- and time-consuming nature of
the process typically thought to be adopted during preliminary studies. Figure 1 compares
the conventional workflow with the one adopting the proposed simplified algorithm.
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Figure 1. Comparison between standard workflow (above) and workflow following the proposed
simplified algorithm (below).

The research focuses on using steady-state calculation models required by the standards
for calculating energy performance. The adaptive fagade “adapts”, or better, “changes”
its configuration according to the external climatic conditions, which depend on some
variables, such as solar radiation in summer and winter, natural outdoor lighting and the
level of indoor lighting. In this research, only the incident solar radiation was considered
as the primary driving variable (being the one largely influencing the overall energy
performance). The research focuses on how to manage the adaptive response capacity with
the aim to evaluate the benefit of the shielding system on transparent, absorbing surfaces
according to a simplified steady-state calculation model compliant with the ISO 13790
standard [72] and EN 52016 [17].

The paper structure includes the following sections corresponding to the main steps
of the study: (a) methodology development, where the shielding system conceptualisation
is described, and the genesis and the use of the algorithm for modelling and analysing the
shielding system effects are explained; (b) applicative case study description, where a demo
in a test room of a building located in Bologna is reported; (c) results discussion, where
the outcomes are critically commented on to demonstrate the effectiveness of the proposed
method with the support of evidence-based numerical results; and (d) conclusions.

3. Methodology

The starting position assumed as the design brief is to define a quick, time-saving,
simplified method to investigate the main characteristics of an adaptive facade system based
on modular elements able to comply with the different orientations of the building facades
and considering the environmental condition variations. Accordingly, the methodology
focuses on the key factors determining the energy performance of the facade following the
ISO 13790 standard calculation algorithm. In other words, the research intends to translate
the geometric configuration and the materials of the adaptive facade into the evaluation
process based on standard calculation, working, in particular, on two factors:

e  The shielding coefficient Fg;
e The gpsorption factor .
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This allows for the determination of the thermal energy requirement, useful for sum-
mer cooling. Thus, the main aim is basically addressed to support the design conceptuali-
sation for the summer period, although the possible impacts on the passive gains during
the winter period are considered as well.

Methodologically speaking, the design phases can be listed as follows:

1.  Conceptualisation and definition of the geometry of the shielding system, of the
technology and of the properties of the shielding materials;

2. Calculation of the Fg, and « values related to the adaptive facade under investigation;

3. Elaboration of a quick, time-saving algorithm for calculating energy needs for cooling
(Qc gn) according to ISO 13790.

3.1. Conceptualisation and Definition of the Geometry of the Shielding System

The assumed design challenge is the definition of an adaptive building shell based on
floor-to-floor modular panels replicated on the facades of a multi-storey building with a
variable exposition to identify a flexible solution coherent with a relatively homogeneous
architectural elevation layout.

The modules cover both the building’s transparent and opaque surfaces, which are
assumed to be properly insulated and glazed. After some different possible configurations
were explored, a few typologies were then selected to enter the simulation phase. During the
process, some key elements were assumed as particularly relevant for both user preferences
and indoor comfort:

e  The module was required to have the same pattern in order to maintain the same aspect
in the different facades, allowing a quite clear vision of the landscape in each direction;

e  The module was expected to provide a good contribution to the opaque ventilated
fagade while ensuring adequate natural light levels inside the building when placed
in front of the glazed surfaces;

e  The module was supposed to be manually operated in a fully open position to allow a
system override according to the occupants’ preferences (which is not the scope of the
adaptive shell optimisation but is considered a priority by the end-users).

The final module is 3.2 m tall (assuming the supporting structure is fixed at the edge
beam level of each floor) and 0.8 m long to make it easily operable in case of need (Figure 2).
For the same reason, and to reduce the overall fagade weight, each module is obtained by
an aluminium frame (whose squared section hosts the actuators) supporting a perforated
aluminium sheet with a pattern of circular openings in two different sizes. The larger one
(0.08 m) hosts a rotating aluminium flap, which acts as an adaptable, dynamic element,
and a smaller one is introduced to ensure adequate natural light levels and to balance the
panel openness factor. Each flap can rotate on its vertical or horizontal axis depending on
the facade orientation (horizontally in the south direction and vertically in the east or west
direction). All the flaps in the same row or column are driven by the same actuator placed
within the module framework.

The actuator is made of two springs, one conventional spring and one SMA spring.
Shape memory alloys have the characteristic of deforming according to temperature vari-
ation, and the SMA spring works as an antagonist of the conventional one. When the
temperature increases, the SMA spring is deformed, consequently compressing the second.
This generates a rotation in the axis that connects all the same row or column flaps, which
varies from an angle of 90° (open flaps) to an angle of 0° (closed flaps). The dynamism is
fully controlled in a passive way depending on the solar radiation levels: as it varies, the
orientation of the shielding system varies.
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Figure 2. Dimensions of the module, of the flaps and of the activation system according to fagade
orientation: horizontal rotation in the case of south orientation, vertical rotation in the case of east or
west orientation. (Credits: Camilla Lucchetti and Cristian Montevecchi).

As Figure 2 summarises, the two adaptive modules are accompanied by a third module
of corrugated metal sheet with the same pattern of flaps to be used on the north-oriented
facades. This third typology can be moved manually, rotating on its side vertical axis, and
is thought as a full blind device only.

As already mentioned, the side rotation of the whole module is also possible for the
adaptive modules in case occupants need an override to obtain a full open view of the landscape.

The geometry of the different shielding configurations must be modelled considering
the orientation of the facade (east, west, south) and the opening angle of the flaps (0°, 45°
and 90°) for a total of nine possible configurations.

3.2. Calculation of the Fy, and a Values Related to the Adaptive Fagade under Investigation

The shielding coefficient Fg},, calculated according to ISO 13790 [72], takes into account
the open area for each of the three opening angles of the mobile elements of the facade
according to the formula:

Fgn = 100 — (Af/Ap) [m?] (1)

where:
Ap is the module area [m?];
Af is the area of the unshielded holes given by the Formula (2) [m?].
The area of the holes is given by

Af=n x 7t x 12 [m?] 2)

where:

r is the radius of the moving part of the shield, in meters;

n is the number of moving parts of the shield.

The Fg, values are equal to 0.05 when the flap is rotated by 0°; 0.22 when the flap
is rotated by 45°; and 0.62 when the flap is rotated by 90°. These values are used for
calculation purposes.
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Adaptive facade shielding transparent glazed surfaces—the role of Fy}, value

The flaps’ rotation influences the shielding factor Fg,, which will necessarily vary
depending on the period of the year and on the related solar radiation. For example, in
August, Fy, << 1, while in January, Fg, = 1.

The flaps of each module can assume various configurations depending on the summer
or winter regime as follows:

- All closed (shielding is 100%);
- All open (shielding is about 30%);
- Flaps 45° rotated (the shielding is about 70%).

In winter, as there is no overheating risk, the number of total flaps opening will be
assumed to maximise the natural light inflow.

The role of the modules is not only relevant in investigating the shielding capacity in
front of the glazed surfaces, but also in understanding how much solar radiation is reflected
when it is placed in front of the opaque wall.

Adaptive facade shielding transparent glazed surfaces—the role of o value

Similar to the Fyy, factor, the absorption coefficient « must also be determined for the
specific case based on the material of the shield (e.g., aluminium) and of the openings/holes.

The calculation of the absorption coefficient « takes into account the two materials
that characterise the absorption of the shield:

- The value of the material used (anodised aluminium) valid both for the panel (1)
and for the flaps («2) and for which «1 = o2 = 0.14;
- The value of the free holes with a3 = 1.

The coefficient am is calculated with Formula (3):
oam = (Ap — Af) x al + Af x «3)/Ap [—] 3)

The values of &, are equal to oy = 0.186 for flaps rotated 0°, ot = 0.327 for flaps rotated
45° and oy = 0.669 for flaps rotated 90°. These values will be used for calculation purposes.

3.3. Elaboration of the Simplified Algorithm for the Calculation of Qc,en

The thermal energy needs in summer, according to ISO 13790, are calculated with
Formula (4):
QC,gn = Qint + Qsol [kWh] (4)

where:

Qint is the sum of the internal heat gains;

Qso1 is the sum of the solar heat gains due to solar radiation.

As part of the simplified algorithm for calculating the contribution of the shielding
system, we consider the internal contributions as constants, while the contributions due to
solar radiation (Qs) are calculated according to the Formula (5):

Qsol = (Zk (Psol,mn,k) t+ [Zl (1 - btr,l) X (psol,mn,u,l] t [kWh] (5)

where:

©sol,mn k is the time-average heat flow rate from solar heat source k, expressed in W,
calculated according to Formula (6);

@sol,mn,u, is the time-average heat flow rate from solar heat source 1 in the adjacent
unconditioned;

space, expressed in watts (negligible in the case study);

by, is the adjustment factor for the adjacent unconditioned space with a heat source;

1, defined in ISO 13789 (negligible in the case study);

t is the time period of the considered month or season, expressed in megaseconds.

Psolk = 1:‘sh,ob,k X Asol,k X Isol,k - 1:‘r,k erk [W] (6)
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where:

Fqh ob k is the shading factor of reduction for external obstacles for the effective solar
collecting area of surface k;

Aok is the effective collecting area of the opaque and transparent surfaces k with a
given orientation and angle of inclination in the considered area or space [m?];

Lol k is the solar irradiance—the mean energy of solar radiation over the time interval—
of the calculation, per square meter of collection area of the surface k, with a given orienta-
tion and angle of inclination [W/ m?];

Fik @ is the additional heat flow due to the thermal radiation towards the sky from
the building element k, expressed in watts (negligible in this specific study).

The catching area can refer to the opaque enclosure, according to Formula (7), and to
the transparent enclosure, with Formula (8). In both formulas, the values of Fg, and om are
calculated as in the previous point

Asol,op =g X Rge x Ue X Ac [mZ] (7)

where:

ag. is the dimensionless absorption coefficient to solar radiation of the opaque
element [—];

Rse is the external surface heat resistance of the opaque part, determined according to
ISO 6946 [77] [m2 K/W];

U, is the thermal transmittance of the opaque element [W/m? KJ;

A, is the surface of the opaque part, expressed in square meters [m?].

Asol,w = Fsh,gl X gl X (1 — Fp) x Aw,p [mZ] (8)

where:

Fgp g is the shading reduction factor due to the shielding effect on the absorbing
element [—];

8¢l is the total solar energy transmittance of the transparent part of the glass element
(solar factor) [—];

Fr is the frame area fraction given by the ratio between the area of the frame (At) and
the area of the glazed part Av, calculated as Fr = At/ Ay [—];

Aw,p is the area of the transparent surface of the window in m? (glazed surface).

The application of the calculation algorithm allows for the estimation (for each module)
of the amount of energy needed for cooling (Qc,gn) for a single panel.

The “Results” section describes the outcomes of the application of the algorithm to the
geometry of the module described in the conceptualisation section. The algorithm and its
simplification criteria can be applied to any other geometry.

3.4. Strengths and Limitations

The proposed methodology investigates the key parameters through equations that
can be easily implemented in an Excel file to make the input data process easier and faster.
This is the main strength of the process, which reduces the time for both the modelling
and the computation compared to the time-consuming performances from the literature.
The process allows for an easy check of data and can be divided into sub-sections to make
the control of more complex configurations easier. Additionally, the use of Excel does
not require particularly qualified users, strongly reducing the training time, which is not
usually accounted for as a primary resource in the evaluation process and which, instead,
is of great relevance in conventional professional conditions of architectural studios.

The study does not focus on the technological and structural implications of the
module and of the adaptive solution. Although some preliminary analyses were performed
to ensure the solution could be properly implemented and supported by the substructures,
these aspects are not reported in the paper, which only explores the definition of shielding
pattern in relation to solar radiation levels. Maintenance and management aspects are not
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investigated in detail for the same reasons, although the choice to proceed with passive
actuators clearly suggests the preference for a system which does not require periodic
actions to be totally self-sufficient and embedded in the module frame. Furthermore, it has
to be remarked that the calculation of the energy loads does not consider the embodied
energy of components and systems which belong to the very specific field of the LCA
approach and whose contribution would affect the building envelope anyway and would
not be strictly influenced by the adaptive nature of the proposed solution.

The possible effect on the outdoor microclimate, derived by a difference of albedo, was
not considered in this research because the study was not focused on this specific scope.

4. Applicative Case Study

The time-saving calculation algorithm described in the methodology was applied to a
test room of a residential building located in Bologna. As anticipated in the conceptualisa-
tion section, the main objective was to provide an effective adaptive shielding system able
to consider the different facade orientations without drastically changing the layout and
pattern of the modules within the building elevations.

The test room was located in Bologna, Italy. The city of Bologna (see Figure 3) is
located in the north of Italy, 50 m above sea level, classified E according to the Italian
climatic zones (DPR 26/08/1993 n.412) with 2502 day degree. The city is characterised
by a humid-temperate climate, classified as marine climate subtype Cfb according to
the Koppen scale [78,79] with hot humid summers and cold rigid winters. According to
ASHRAE 169 [80] classification, the heating degree days (HDD) of Bologna are 2259.

Figure 3. Bologna location within Emilia Romagna region in Italy.

As Figure 4 suggests, the building is articulated in differently oriented volumes due
to the plot constraints and alignment determined by the development plan of the site.
However, one of the key points in the design brief was to possibly provide a homoge-
neous layout of the elevations, ensuring the privacy of dwellings facing each other and
considering the surrounding buildings while maximising the view towards the landscape.
These limitations and requests influenced the preliminary definition of the adoptable
shielding systems, leading us to choose the flat modular second skin described in the
conceptualisation section.
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Figure 4. General view of the building articulated in differently oriented volumes for which a
homogeneous fagade layout was required.

According to the typical plan layout, a test room (Figure 5 and Table 1) of 3.7 x 4 m with

2.7 m height was defined, and it was assumed to be exposed with one side to the external
environment in three possible alternative configurations: south, west and east orientations.

Test Room

Module

Figure 5. Typical plan test room.

Table 1. Room heat transfer coefficients.

Surface—S (m?) Thermal Transmittance—U (W/m2K) SxU
Floor 14.80 0.30 4.44
External walls—1 10.80 0.28 3.02
External walls—2 7.29 0.28 2.04
Windows 8.64 0.30 2.59
Ceiling 14.80 1.30 19.24
Room heat transfer coefficients (W /K) 31.33

The glazed surface was shielded by the modular adaptive elements, and the three
orientations were considered for calculation purposes, assuming the rotation of flaps
corresponding to 0°, 45° and 90°, adopting the related Fy, and o values, for a total of nine
possible combinations.



Energies 2022, 15, 8168

12 0of 19

5. Results

This section reports the implementation of the proposed methodology in the applica-
tive case study concerning the design solution described in the conceptualisation section
applied to the test room. In particular, the results are related to:

- Energy needs for cooling (Qcgn), which vary according to the orientation and the
rotation of the flaps;
- Evaluation of the operating time range of the SMA actuator.

5.1. Energy Need for Cooling Correlated to Test-Room Orientation and Flap Rotation Angles

Regarding energy needs for cooling, Table 2 shows that—in the case of east-oriented
modules—the heat flow from solar radiation ¢, varies according to the flaps’ rotation
angle from a maximum of 7089 kWh with a 90° rotation to a minimum of 636 kWh with a
0° rotation, corresponding to a shielding module completely closed and a 92% reduction in
the load due to solar radiation. A reduction of 64% is obtained in the case of 45° rotation.

Very closed proportions are also maintained for the west- and south-oriented modules,
with slightly higher values due to the different incident solar radiation with reference to
the chosen location.

The results demonstrate that the simplified algorithm can determine the variation in
heat contributions due to solar radiation based on the opening level of the shielding flaps.

Table 2. Resulting solar gains (Qc,gn) with shielding modules oriented to East, South and West
according to the three rotation angles of the flaps.

Facade Orientation EAST SOUTH WEST

Flap Rotation Angle 90° 45° 0° 90° 45° 0° 90° 45° 0°
Qcgn 9422 4893 2970 12,685 6071 3263 13,170 6246 3307
Qint 2333 2333 2333 2333 2333 2333 2333 2333 2333
Do 7088 2559 636 10,352 3738 930 10,836 3912 973

5.2. Evaluation of the Operating Time Range of the SMAA Actuator

The calculation algorithm allows the setting of the opening of the shielding flaps in
relation to the incident solar radiation that hits the SMA actuator. According to the available
literature on SMA-based solutions [45,81], an actuator operating in a range between 170
W/m? and 350 W/m? is adopted. These values determined the rotation angle of the flaps.
In particular, it was established that:

- If the solar radiation is less than 170 W/m?, the flaps are fully open, corresponding to

a 90° rotation angle and, accordingly, the reduction factor Fg, is 0.62;

- If the solar radiation is more than 350 W/m?, the flaps are closed, corresponding to a

0° rotation angle and, accordingly, the reduction factor Fg, is 0.05;

- If the solar radiation is more than 350 W/m?, but less than 170 W/m?, the flaps are
semi-open, corresponding to a 45° rotation angle and, accordingly, the reduction factor

Fgp, is 0.22;

Assuming these conditions, the daily operating hours (6:00-20:00) have been simulated
for four days particularly representative of the seasonal trends: 20th March (equinox); 2nd
June (summer solstice); 21st December (winter solstice); and the hottest day of the year
according to local climate data set, namely 29th July.

On 20th March (equinox—Figure 6a), between 6 and 10 in the morning, the east-
oriented facade is exposed to solar radiation that is less than 170 W/m? and, consequently,
the flaps assume a fully open configuration (90° rotation) to allow for maximum heat and
natural light inflow. From 11 to 16, they rotate to a 45° position to reduce the solar radiation,
whose intensity in the considered time interval is between 170 W/ m? and 350 W/m?2.
From 17, when the solar radiation intensity is less than 170 W/ m2, the flaps rotate to a 90°
position, back to the fully open configuration. On the same day, for the west-facing facade,
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from 6 to 11 in the morning, the flaps adopt the same fully open configuration, shifting to
the 45° and 90° rotations between 12 and 18 due to the increase in incident solar radiation
and, of course, a completely closed configuration during the sunset to return to a fully open
configuration after 19.

The south-oriented facade assumes a fully open configuration (90° rotation) between 6
and 10 in the morning, shifting to a 45° rotation around 11 to finally assume the completely
closed configuration (0° rotation) during the hottest hours of the day between 12 and
15. During the afternoon, when the solar radiation moves in the west direction, the flaps
progressively turn into the semi-open and fully open configurations between 16 and 17.

On 21th June (summer solstice—Figure 6b), between 7 and 8 in the morning, immedi-
ately after the sun has just risen, the east-oriented facade rapidly moves from a fully open
to a semi-open configuration in response to the increase in the solar radiation, which per-
pendicularly hits the surface from around 9 until 11, when the flaps rotate to a 0° position
in order to completely shield the surface and avoid unsuitable passive gains. From 12 to 17,
the flaps rotate to a 45° semi-open configuration in response to less intense radiation and
finally assume a fully open configuration after 18. The west facade configuration varies
during the first half of the day between a fully open and a semi-open condition, finally
shifting to a completely closed one after 14 when the intensity of solar radiation increases
and stays above 350 W/m?. The graph representing the south fagade shows a symmetrical
layout describing how, in the hottest hours of the day between 11 and 15, the flaps assume
a completely closed configuration (0° rotation) with 2 h of semi-open 45° flap position
immediately before and after (during 9-10 and 16-17 time intervals, respectively). During
early morning and late afternoon, the facade is, instead, in a fully open configuration.

On the day of 29th July (the hottest day of the year according to a historic dataset—
Figure 6d) on the east fagade, when the sun has just risen, between 6 and 8 in the morning,
the flaps are open and rotated by 90°. From 10 to 12, the flaps are completely closed as
the solar radiation impacts the facade perpendicularly, and it is, therefore, necessary to
completely shield the surface to minimise solar gains. From 13 to 17, the flaps assume
a 45° semi-open configuration, shifting to a fully open one around 18, when the solar
radiation mainly hits in the west direction. The west facade assumes fully and semi-open
configurations during the first part of the day; from 6 to 13, the flaps are 90° and then 45°
rotated. From 14, however, it is necessary to completely shield the surface, and the flaps
move to a 0° rotation angle. From 20, when the solar radiation is less than 170 W/ m?2, the
flaps rotate again to a fully open configuration (90° rotation). The south-oriented fagade
assumes a completely closed configuration during the hottest hours of the day, from 11
to 16, with a slightly asymmetrical 45° semi-open configuration period before and after,
corresponding to 9-10 and 17 time intervals. In the remaining time slots, the flaps assume a
fully open configuration.

During the whole day of 21st December (winter solstice—Figure 6d), the east-oriented
facade requires the flaps to assume a fully open configuration (90° rotation) to ensure the
maximisation of heat and natural light inflow; the same can be said for the west-oriented
facade except for the time slots between 12 and 16, where the solar radiation is almost
perpendicular, and the flaps rotate to a 45° semi-open configuration. The same can be said for
the south facade in the time range between 14 and 16. Considering the fact that the intensity
of solar radiation during the wintertime is lower, it never exceeds 350 W/ m?, there is no need
to assume a completely closed configuration (0° rotation) of the shielding elements.
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Figure 6. Operating times of the shielding flaps according to facade orientation, daytime and period

of the year. Axis x = daytime, axis y = reduction/shielding factor Fg},. (a) spring and autumn equinox,

(b) summer solstice, (c) the hottest day of the year and (d) winter solstice.
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6. Discussion

The results achieved by adopting the proposed simplified methodology allow us to
properly consider the influence of the investigated parameters in defining the functional
characteristics of the adaptive modules and their impacts on the building envelope’s
performances. Despite the assumed simplification, it is possible to properly assess the
solution’s effectiveness, quantifying the impacts and the operating settings as well as
evaluating the responsiveness of the facade’s architectural layout.

The main scope of the study was, however, to demonstrate that these outcomes could
be achieved by reducing the time usually required by software simulations.

The preparation of the Excel file according to the methodology required 1.5 h, and
the input data process required 3.5 h, for a total time to insert data equal to 5 h and was
performed by two junior researchers not specifically trained (training time equal to 0 h)
for the purpose but fond of architectural technologies and building energy performance
principles. Moreover, the computation time for Excel is nearly 0 h. The technical solution
for the adaptive facade was previously defined and provided to the tester as one of the
possible alternatives to be explored without any changes being made. Once the input data
phase was completed, although the results were immediately available in the Excel file,
an extra half an hour was added to check their consistency and to generate the graphical
output. Thus, the total time required by the simplified methodology was approximately
half a day (approximately 5.5 h.).

As the scientific literature does not provide comparative studies on time performances
or on overall time demand for the process, only information on the time of specific analysis,
the simplified algorithm was tested against a simulation software assessing the same
technical solution.

Two junior researchers, trained in the basic use of the simulation software IES.VE [82],
were involved and were asked to model the solution according to the level of detail reported
in Figure 2 with reference to the test-room conditions of Figure 5 and Table 1. The test
bed site location was assumed the same, and all other parameters were set accordingly. It
must be remarked that the scope was not to compare the results (whose level of detail is
completely different) but to compare the time required for performing each process. The choice
of the software, among the many possible choices in the market, was reliant to the tester’s
availability, skills, knowledge and background. The process can be replicated with other
commercial products but, on average, the overall time difference is negligible.

The modelling phase meant that the time to insert data required two working days of
8 h, and the computation time was about 1 h. In addition, a past training session of five 4 h
slots for each tester was to be considered. The process required a total of 37 h. Each of the
two processes was assigned to two people separately, but the time required was almost
aligned. Table 3 reports a comparison following SUCA criteria.

Table 3. Comparison between simplified algorithm, with Excel software, and IES.VE for each
SUCA criterion.

Software Excel (h) IES.VE (h) IES.VE 2 (h)
Training time 0 20 0
Time to insert data 5 16 16
Computation time 0 1 1
Total 5 37 17

Considering that the case study was not particularly complex and the configuration
was predefined, the time saved was about 86% and can become even higher in more
articulated solutions where both the modelling and computation time are longer. Even
without considering the training time required for the simulation software, the saving is
about 71%.



Energies 2022, 15, 8168 16 of 19

7. Conclusions

The simplified calculation algorithm allows us to estimate the effectiveness of the
shielding system considering the effects on energy needs (Table 1) and to predict the activa-
tion times of the shielding system based on the selected representative days, depending on
the orientation of the facade.

The research, applied to a specific case study but replicable in any other context,
provides professionals, both the ones involved in the overall building design and those
involved in shielding systems, with valuable elements to evaluate whether the investigated
option meets the project requirements at an architectural (design and texture) level; a
technological/functional (implementation and activation methods) level; and an energy
demand (energy saving contribution) level.

The authors are aware that more detailed approaches and the use of dynamic software
modelling are needed to fully define the solution deeply considering the effects on the
energy demand; however, they are significantly demanding in terms of time and resources
needed to be invested for calculation purposes. Therefore, the ambition of the proposed
methodology is not to replace these tools but to offer an alternative and rapid approach for
the early design stage when alternative options are still on the table and it is not sustainable
to undergo in-depth, time-consuming, costly evaluations for all of them with the risk that
many are ultimately proven to be ineffective.

The role of the proposed algorithm is to support the initial stage selection of the most
promising design solution, i.e., deciding upon a squared or circular shape of the adaptive
flaps (or whatever the adaptive system is) or exploring different sizes, leaving their in-depth
analysis and dynamic modelling to a further stage.
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