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Abstract: The paper explores the potentials of shape memory alloys (SMAs) for the design of auto-
reactive fagade systems without using additional external energy. The exploration is conducted and
assessed through the design of a facade concept for the city of Athens in Greece, aiming to improve
both the indoor and outdoor environment by means of a kinetic autoreactive system featuring a
dual-seasonal function, with a focus on the building’s direct and indirect impact on the urban heat
island (UHI) effect. The paper covers a demonstration of the methodology followed, using a feed-
back-loop logic informed by environmental and energy performance evaluation studies in Grass-
hopper to optimize the geometry and movement of the shading component. During the fagade de-
sign process, a comprehensive and systematic computational toolset is being developed, targeted
on the abovementioned performance evaluation studies. Through the development and assessment
of the fagade concept, the objective is to explore the potentials and limitations for the application of
autoreactive envelopes in the facade design. At the same time, the aim is to exploit the possibilities
and optimization potentials offered through the developed iterative computational workflows, by
showcasing the methodology and interoperability logic of the digital tools used for the data inter-
change.

Keywords: adaptive; kinetic; dynamic; facade; urban heat island; shape memory alloys;

performance-driven design; environmental response; smart materials; computational modeling

1. Introduction

Rapid urbanization during the last decades has had several environmental, eco-
nomic, and social consequences. Among these, an issue of great concern has been the de-
velopment of the so-called urban heat island (UHI) phenomenon, characterized by higher
temperatures in the density of built areas than the ones of the rural surroundings, which
is both directly and indirectly related to serious energy, environmental, health, and eco-
nomic problems [1]. Apart from that, some other causes include materials with high ther-
mal storage capacity and anthropocentric sources, such as the emissions from air-condi-
tioned buildings, which are related to the building’s operational performance. In the Eu-
ropean context, this phenomenon is especially intense in the Mediterranean basin, with a
fast growth of energy consumption in the last years due to the widespread use of air-
conditioning systems and the increase of cooling demand. This situation becomes even
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more worrisome in the face of global warming and the significant rise of heat waves
(HWs) [2].

Especially in Athens, Greece, UHI has been present already since the 1980s. Research
studies have shown that there has been an increase of the energy building demands, ther-
mal risk, and vulnerability of urban population [3-5] and it has been reported that during
the HWs, there is even an intensification of the average UHI magnitude by up to 3.5 °C,
an outcome of a study reporting the heatwaves in Athens in 2012 [6]. The heat that is
dissipated from the buildings to the external environment increases the UHI phenome-
non, and, therefore, has a strong indirect impact. More specifically, in Athens, an average
increase of the cooling load of about 13% is estimated, with an annual global energy pen-
alty for unit of city surface and degree of UHI intensity of 0.74 kWh m2 K- [7].

The UHI is a complex phenomenon and is directly and indirectly related to serious
energy, environmental, health, and economic problems [3,8]. When it comes to the influ-
ence of buildings, it has been established that there is both a direct and an indirect impact
of the building’s energy performance on the increase of the UHI in the cooling-dominated
areas, such as Athens [8]. More specifically, the direct impact which is examined in the
current research relates to the reflected solar radiation directed from the building’s surface
towards the urban microclimate, whereas the indirect one concerns the released heat
which is generated from the building’s cooling systems and is then accumulated in the
urban environment. Other aspects that could also be considered part of the direct impact,
such as the infrared thermal transmission due to the surface temperature of external fa-
cades, were out of the scope of the current study. An improvement of the building enve-
lope and the energy efficiency might, therefore, reduce the ambient temperature and
building’s impact and, consequently, decrease the amplitude of the phenomenon.

In this direction, a certain level of climatic responsiveness and adaptiveness to ex-
treme heat changes in an energy-efficient way can arise as a promising strategy, in order
to reduce the building’s energy consumption. This gives way to the broad development
of responsive technologies, such as passive dynamic adaptive facade systems, which are
favored due to the real-time responsiveness to the also dynamic and unpredictable envi-
ronmental changes, acting as the threshold between building and exterior environment.
The abovementioned framework is the direction that was followed in the current research
study. This was further explored and developed with a focus on the incorporation of
smart and shape memory materials (SMMs), such as shape memory alloys (SMAs), by
means of a case study in Athens, Greece, and design concept to evaluate their potential
for facade application.

In short, shape memory materials (SMMs) belong to the energy-exchanging smart
materials and are one of the major elements of intelligent composites because of their un-
usual properties, such as the shape memory effect (SME), autoreactivity, large recoverable
stroke (strain), and adaptive properties which are due to the reversible phase transitions
in the materials. More specifically, thermoresponsive SMMs, and SMAs belonging to the
same category, can sense thermal stimulus and exhibit actuation or some predetermined
response, making it possible to tune some technical parameters such as shape, position,
strain, stiffness, and other static and dynamical characteristics [9]. An input of thermal
energy alters the microstructure through a crystalline phase change, which enables mul-
tiple shapes in relationship to the environmental stimuli [10], making them promising
materials for the integration in passive responsive fagade applications.

The scope of the current paper was placed on the systematic methodology that was
developed for the evaluation of the energy and environmental performance of the pro-
posed facade system and the assessment of its effect in relation to the direct and indirect
impact of the building on the UHI effect. However, it should be noted that the focus was
placed mostly on the environmental and thermal performance of the proposed system,
whereas the visual and indoor comfort were not addressed to a great extent at this stage.
These aspects would be part of further and complementary studies and optimizations to



Appl. Sci. 2022, 12, 82

3 0f38

provide a more holistic shading device that would meet all requirements related to build-
ing performance and user’s comfort.

Based on the above objective, the aim was to address the following main research
question:

“What is the potential contribution of an autorective fagade system integrating thermo-
responsive SMMs to the UHI reduction in the Mediterranean climatic context of Ath-
ens?”

2. Materials and Methods

The design methodology was divided into three stages. The first stage consisted of
the literature study, where the background information was accumulated to be applied in
the design integration, including studies on the material properties and dynamic behav-
ior. After setting a theoretical base, the following stage involved the design phase, which
was informed in parallel by research and iterative performance evaluation studies in a
feedback-loop process.

In the performance analysis and evaluation stage, computational simulations were
implemented to optimize the design. This was assisted by the feedback from the perfor-
mance validation, to provide design variations in conjunction with energy and environ-
mental simulations throughout the design process. These simulations received the
weather and solar radiation data for the region of Athens, Greece (EPW weather data files
obtained from the EnergyPlus online database [11]) and attempted a connection to the
UHI and its impact on the microclimate and surrounding environment. Besides that, ther-
mal behavior modeling under targeted conditions was realized in a CFD simulation soft-
ware, as well as energy, radiation, and daylight simulations in different operation periods
of the SMM-based shading device. The above iterative process was based on an interop-
erability toolchain workflow, where most of the digital tools were integrated in the same
computational design environment (Grasshopper), transferring data from, and informing,
each other in a feedback-loop logic. Figure 1 provides an overview of this toolchain ana-
lyzed for the purpose of each analysis study. The different plug-ins (Dragonfly, Ladybug,
Honeybee) formed the base of the study analyses, where Dragonfly is able to generate and
include urban climate data and conditions, addressing some of the UHI parameters, such
as the albedo of materials and anthropogenic heat, which is accomplished with the help
of the urban thermodynamic engine Urban Weather Generator [12]. Ladybug was focused
on the solar radiation and sun ray trace analysis studies, while Honeybee was also tar-
geted at the energy analysis and energy use intensity calculation. Throughout this data
transfer and exchange, additional energy simulation engines were integrated, which were
necessary for the processing of the energy simulation runs, such as EnergyPlus [11] and
OpenStudio [13], together with Radiance [14], DaySim [15], and THERM [16], which tar-
geted the more specific studies, such as daylight analysis (which was not covered in the
current paper) and energy heat flow modeling.

Based on the above workflow, the evaluation methodology consisted of assessing the
SMM adaptive facade system’s performance, based on the performed energy and envi-
ronmental simulations. The objective was to estimate the impact of the system on the ur-
ban microclimate from the reflection of the solar radiation, as well as the effect on the
reduction of the building’s cooling demands.
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Figure 1. Overview of the digital tools workflow in the Grasshopper environment, highlighting the
main plug-ins (Ladybug, Honeybee, Dragonfly) and energy simulation engines (OpenStudio, Ener-
gyPlus, Radiance, DaySim, THERM), as well as the individual study analyses.

The study and evaluation of the performance of the proposed facade design were
divided into two stages based on how they address the building’s direct and indirect UHI
impact, and can be explained as follows:

®  The first step was related to the direct UHI impact, which concerned the proportion
of sun rays reflected towards the atmosphere, realized in a component, facade seg-
ment, and an urban level. This step was influenced mostly by the geometrical fea-
tures of the component and the arrangement of the facade, considering a horizontal
or a vertical arrangement of the component along a facade segment.

® Once a sufficient proportion of the reflected radiation to the atmosphere was
achieved (over 75%), the next evaluation criterion concerned the indirect impact,
which was related to the building’s energy performance, and more specifically, its
cooling load demands.

The above stages set the minimum of requirements, which formed the facade guide-
lines, that would give a design with satisfactory results to provide useful feedback for the
performance evaluation and possible further optimization of the facade system. Due to
the complexity of the UHI phenomenon, however, more factors were intertwined, for ex-
ample, the passive operation of the fagade mechanism on either a daily or a seasonal basis,
as well as the impact of the facade orientation. In an ideal operational scenario, all the
requirements would have to be satisfied to achieve an optimal adaptive environmental
and energy performance. In practice, though, since the fagade design was focused on a
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fully passive operation, the above ambition would lead to a mechanism which is too com-
plex and unrealistic to operate. The objective of these feedback-loop workflow and opti-
mization stages was, therefore, to identify the sweet spot where the system is as little com-
plex as possible with minimal presence of mechanical and structural parts, to maximize,
at the same time, the building’s environmental performance in relation to the UHI effect.
The feedback-loop workflow of the direct impact evaluation is shown in Figure 2.

For the scope of the paper, the design concept development is briefly explained to
provide the design case example, and more focus is placed on the energy and environ-
mental performance based on the direct and indirect impact evaluation, showcasing the
computational workflow and interoperability toolchain logic developed during the pro-
cess.
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Figure 2. Flowchart of the feedback-loop iterative process of the UHI’s direct evaluation workflow.

2.1. Concept Design

The goal of the facade design was to propose a low-energy and low-tech fagade sys-
tem capable of predictably changing in shape in response to temperature changes through
the ingrained properties of the material it is made of, without the need for external energy
or complex mechanical parts, and by optimizing the use and number of actuators required
to achieve the desired result. In this way, by applying the shape memory effect of the
material, a control of the thermal transmission of the building envelope can be achieved,
as well as a reduction of the thermal transfer through an optimal dynamic performance of
the facade skin.

The facade design proposal concerned the development of a self-shading skin inte-
grated in an exterior fagade system, aiming to regulate the heat exposure in both the cool-
ing- and heating-dominated periods. The base of the idea was that the envelope structure
consists of an inner solar absorbing coating layer and the outer SMM-based shape-morph-
ing skin, which forms a dynamically responsive and reflective articulated surface (Figure 3).
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Figure 3. Design concept for the dual-seasonal function.

An important aspect for the energy and environmental performance evaluation of
the design was to first establish a set of design goals. These can be divided into the two
distinct fagade performance operations, during cooling- and heating-dominated periods,
and how they address both the direct and indirect UHI impact in each case. This distinc-
tion was enabled by the dynamic movement of the facade component, which passively
allowed for the dual movement and transition throughout the seasons to adapt to the dif-
ferent heating, ventilation, and shading needs. The goal was to reduce the cooling de-
mands of the building during hot periods and the heating demands during the cold sea-
sons, while minimizing the building’s solar radiation reflectivity towards the urban envi-
ronment throughout the year. However, since a fully automated system might not reach
the maximum possible effect, the possibility to override the function could potentially be
incorporated as a design option to enable the user’s freedom of operational control.

Regarding the summer scenario, the goal was to increase the undulated shading sur-
faces. By doing so, the self-shading is increased, reducing the direct solar radiation that is
absorbed on the facade surface while increasing the number of surfaces that are positioned
perpendicular to the solar rays, and reflecting the radiation back to the atmosphere. In
relation to the indirect impact, the undulated surfaces also act as primary shading devices
that obstruct the direct sunlight to the interior of the building from the south, but also
from east-to-west. When it comes to the air cavity function, the goal was to achieve an
open-air cavity ventilation that works as a heat attenuation zone, which exhausts and
helps circulate the hot air that is accumulated inside, with the skin acting as an independ-
ent exterior shading.

The situation is reversed during wintertime, when the increase of the incoming solar
radiation is desired to reduce the building’s heating demands. To achieve this, the move-
ment was more focused on decreasing the undulated shading surfaces, to admit more
sunlight to the interior and to increase the solar radiation, which is being absorbed
through the outer surface layer. At the same time, considering the lower position of the
sun during the cold months, the top surface, which tracks the sun’s seasonal movement,
was also lowered to be in a perpendicular position, similarly to the summer situation, and
to switch the top side to a more absorbent one in terms of materiality. In accordance with
the energy performance, there was an increase of exposed surfaces that can absorb heat,
such as the inner glazing or a highly absorbent coating in the opaque building surfaces
inside the cavity, in combination with a closed-air cavity ventilation system, which func-
tions as a heat buffer with multiple amplification zones.
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The concept development of the final design is illustrated in Figure 4. In principle,
two SMAs were positioned on the bottom edges of the bottom pyramid and were con-
nected to a pivot axle connected on its turn at the common edge of the top and bottom
parts. The deformation of the SMAs initiated the rotation of the axle, which caused, on
one hand, the rotation of the bottom pyramid, and on the other hand, the linear movement

of the top part. The two end positions can be seen in Figure 5.
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Figure 4. Conceptual sketches illustrating the SMA operating mechanism and components.
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Figure 5. Close-up views of the fagade component and mechanism during the summer and winter
situation.

2.2. UHI Direct Impact Evaluation
2.2.1. Sun Ray Trace Analysis Studies—Component and Facade Level

The first explorations of the initial geometry concept were based on the proportions
of the component and how these relate to their environmental performance in terms of
solar radiation, to receive a first indication on the impact of the self-shading effect and
how the proportions affect the overall scale and performance, as seen on the figure below
(Figure 6). However, since the most important factor to evaluate the direct impact was the
reflectivity of the sun rays back to the atmosphere, a first round of sun ray trace analyses
on a segment of the facade was realized. The first results already showed that the original
geometry reflected only about 10% of the rays. This was mostly due to the rays reflected
from the top pyramid downwards, and led to a geometry refinement, having a more flat-
tened pyramid on top. Apart from that, the rotation of the bottom pyramid was optimized
to have the top surface perpendicular to the sun rays from June to December as a first case
(Figure 7).
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Figure 6. Overview of the various geometry alternatives based on proportions and sizes and a first
solar radiation study.
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Figure 7. Overview of the various geometry alternatives based on proportions and sizes and a first
solar radiation study.

During the ray trace analysis, a backward ray-tracing method was followed using a
combination of a forward ray trace analysis and the “Bounce from Surface” component of
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the Honeybee plug-in. The advantage of the latter method is that it also enables the visu-
alization of the sun rays after several bounces, considering the rays reflected from the
neighboring surfaces before bouncing off to the atmosphere or the urban environment. In
this study, the analysis considered 2-3 bounces and evaluated the reflectance both be-
tween the different proportions and between a horizontal and a diagonal arrangement. A
summary of the results can be found in Figure 8, where it was concluded that Option 2
showed a good enough performance with both a larger rotational range with a starting
angle between 45°-50° and a strain ratio within allowable limits of 3-5% strain. Some fur-
ther observations were the existence of a “blind” angle, which corresponds to the rays
being reflected from the top pyramid downwards through the in-between geometry gaps
in certain time periods, as also seen in the diagram below. The analyses showed that the
bottom pyramid'’s size and arrangement had the most impact on obstructing the sun rays
from the top ones with a wider geometry being more efficient towards this goal. In this
respect, the diagonal fagade arrangement exhibited a better performance as well, because
those rays were reflected back to the atmosphere by the neighboring components and the
ones below, as a result of the more scattered component distribution, while the horizontal
one had a negligible impact. These observations led to the final refinement set of compo-
nent proportions for each pyramid to be used for the next studies, which were length-to-
height: 1/0.5 and base-length-to-pyramid-height: 1/0.5, with an overall component pro-
portion of 1/1.

1a)
top pyramid 15° rotation

reflected rays above bounce surface:

60% on June 21st 12hrs
60% on June 21st 10-18hrs

Horizontal arrangement
top pyramid 15° rotation

reflected rays above bounce surface:

75% on June 21st 12hrs
85% on June 21st 16hrs

“blind” angle

1b)
top pyramid 10° rotation

reflected rays above bounce surface:

85% on June 21st 12hrs
90% on June 21st 10-18hrs

2)
top pyramid 10° rotation
reflected rays above bounce surface:
75% on June 21st 12hrs
80% on June 21st 10-18hrs

Diagonal arrangement
top pyramid 15° rotation

reflected rays above bounce surface:

85% on June 21st 12hrs
70% on June 21st 16hrs

3)
top pyramid 10° rotation
reflected rays above bounce surface:
60% on June 21st 12hrs
85% on June 21st 10-18hrs

Horizontal arrangement

Diagonal arrangement

Top views

Figure 8. Top: Summary of the sun ray trace analysis studies and in comparison to the fagade ar-
rangement. Bottom: The impact of the “blind” angle impact and the difference between the hori-

zontal and diagonal arrangement.
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2.2.2. Outdoor Microclimate Studies— Urban Level
Cumulative Irradiance Heat Maps

Following the component level, the stage of evaluation of the direct UHI impact on
the urban level involved the simulation and visualization of the cumulative irradiance on
the urban environment, assuming the scenario of an urban street canyon in Athens with
the proposed south-oriented facade design. The most important part of this study laid on
quantifying the reflected part of the solar energy and assessing the effect of the facade
geometry on its reduction on the street level and the neighboring buildings, in comparison
to a typical facade surface, different surface types, and window-to-wall ratios.

For this study, two approaches were followed, in accordance with the design tool’s
possibilities. In the first case, the Honeybee Daylight Analysis component was used to
calculate the cumulative irradiance on the street level, which accounts for direct, diffuse,
horizontal infrared, and reflected solar radiation from the surrounding surfaces. In this
case, it was also possible to include information of the surface types, ranging from fully
absorbent (R:0, G:0, B:0) to fully reflective ones (R:1, G:1, B:1), and the glazing ratio, com-
paring a fully opaque (0%) to a curtain wall (85%). However, it was not possible at this
early design stage to insert and consider more detailed material inputs and properties.
The analysis was conducted for the extremely hot week (03-09/08) as the worst-case sce-
nario.

However, even though the first methodological approach provided an indication of
the cumulative radiation on the street level, the distinction between the different types of
radiation and the contribution of the reflected part was not entirely clear. For a more com-
prehensive understanding, a complementary approach was followed, using the Ladybug
Radjiation Analysis component this time. The difference in this case was that the radiation
accounts only for the direct and diffuse radiation (the infrared radiation is included by
default in both cases). By decoupling these two analyses, it could then be possible to ex-
tract the value of the reflected radiation and compare the results, allowing for small di-
vergence in the values due to possible slight differences in the two calculation processes.
The flowcharts of the workflow for these two approaches are illustrated in Figure 9.

Cumulative

Generate

cumulative sky

& comp

foneybee plug-in
components

radiation (kWh)
777777 o Grid based ] Run Daylight e
simulation Analysis — aiffes

- reflected

[

Generate cumulative Radiation
rrrrrr »| Select sky matrix f------p
sky matrix Analysis
K

Figure 9. Flowchart of the two workflow approaches for the radiation analysis study and the de-
sign tools used for each case.

Comparative Sun Ray Trace Analyses

Lastly, a final validation check on the direct environmental impact of the facade was
conducted in relation to the direction of the reflected sun rays as a full building fagade
and not as an isolated component or segment, and in the context of the urban street canyon
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with surrounding buildings opposite to the analyzed one. Since the fagade is south-ori-
ented, the study concerned only the rays reflected from the proposed facade to the sur-
roundings and not from the opposite-facing building. The analysis considered the date of
21 June between 12:00-13:00, when the sun is at its highest peak, and the comparison was
then realized between the current design and a typical flat facade.

2.3. UHI Indirect Impact Evaluation — Building’s Energy Performance Evaluation Studies

As previously explained, the UHI indirect impact evaluation relates to the building’s
energy performance, as well as the effect of the facade skin and the cavity function pri-
marily on the reduction of the cooling loads and, consequently, also on the inner comfort.

For the evaluation process, the studies were focused mostly on the dual-cavity func-
tion in the cooling- and heating-dominated periods, to simulate the dynamic air and heat
flows throughout the day and to visualize the temperature fluctuations through the cavity
section to the interior. For these purposes, the studies were divided into analyzing the
summer and winter situation, with the summer one to be the most critical one for the
evaluation of the proposed fagade system on the indirect impact, and the winter one to
work more as a validation control and understanding of the proposal for the cavity func-
tion. During the summer scenario, the focus was placed on estimating the cooling de-
mands and assessing the parameters and boundary conditions that influence the perfor-
mance and, in the end, comparing the results to the existing single facade scenario. On the
contrary, for the winter situation, it was more insightful to simulate the heat and air flows
inside the closed cavity zones and to visualize the temperature fluctuations from the ex-
terior to the interior of the building to assess the effect of the thermal heat buffer zones
and to make a comparison with different boundary conditions and cavity widths. Finally,
as a side study, a daylight analysis was conducted to evaluate the shading effect in the
interior of the building with different component scales, to what extent the inner comfort
is affected, and the percentage of reduction of the admitted daylight, in relation to the
existing facade with no external sun-shading.

The study workflow for these analyses can be seen in the flowchart below (Figure
10). The approach followed an interoperability and decoupling method, due to software
limitations and to exploit the possibilities of the most suitable software for the require-
ments of each study. More specifically, for the cooling demands analysis, the Honeybee
plug-in in Grasshopper was used, which enables the simulation of the different thermal
zones, internal loads, and ventilation options and can provide an estimation of the energy
use intensity (EUI) indicator for the analyzed periods. Since it is an early design stage, this
approach provided sufficient and accurate enough results to give a first indication of the
building’s energy performance.
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Figure 10. Overview of the toolchain and the data interchange between the different design tools
used for the thermal simulation studies.

In parallel, since the cavity system functions in a more dynamic way, CFD simula-
tions were also necessary. These were realized using the open-source online digital soft-
ware SimScale [17], which could be compatible with geometries imported from Rhino,
and, without necessarily requiring extensive experience in fluid dynamics and CFD mod-
eling, it can provide satisfactory, yet with certain simplifications, results. This method was
coupled with data provided by the Ladybug radiation analysis, which was used to re-
trieve the solar radiation value to be assigned as an additional radiation heat flux (W/m?)
on the fagade surface for one day. The SimScale simulations were used to visualize the full
height cavity flows during the summer situation and the impact of air inlets and outlets,
but mostly to also visualize the winter cavity system.

Finally, for the winter situation and as a complementary analysis, the THERM plug-
in in Grasshopper was also used, which can provide the temperature fluctuations from
the outside to the inside boundary, by selecting material properties and boundary condi-
tions, including the layer behind the cavity zone. Even though it is not a dynamic simula-
tion, it could still provide sufficient results for a specific date and time condition.
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2.3.1. Cooling Demands Estimation Studies—Energy Use Intensity (EUI) Indicator

The conclusions from both the direct impact evaluation and the background litera-
ture research have indicated that the building’s energy performance and the indirect im-
pact of the cooling systems eventually have a stronger effect on the UHI intensification.
In this section, studies on the energy use intensity (EUI) indicator were realized to esti-
mate the cooling demands per area in different scenarios and ventilation strategies of the
proposed facade system and compared to the existing case study office building as a
benchmark condition. The studies were focused on the cooling-dominated periods (April-
October) of the fagade system’s operating schedule, with a focus on the summer peak.

The workflow followed is explained in the flowchart below (Figure 11) and, during
the methodology, the Honeybee plug-in was used in combination with the integrated En-
ergy Simulation engines EnergyPlus and OpenStudio. Due to some limitations of the soft-
ware and the way the processing functions, certain simplifications were applied, which,
however, had a negligible effect on the validity of the results. For example, the geometry
needed to be slightly simplified to enable surface adjacencies and to avoid simulation er-
rors when translating the geometries to the different boundary thermal zones. Another
simplification included the solar distribution to only account for the exterior direct and
blocked solar calculation, with the beam solar radiation to be assumed to fall on the floor
without considering the interior reflections. This was due to the presence of convex ge-
ometries, which cause errors during the interior solar calculation, because of the many
reflecting angles.

Visualize Results
- Read EP Result Constiict Engrgy _—
Balance in 2-D Bar Charts
§ N Read EP - Calculate EUI |-
Surface Result

Figure 11. Flowchart of the energy use intensity calculation workflow.

Additionally, one floor of the building was taken as the test geometry with dimen-
sions of 10 m (fagade length) x 6 m (room depth) x 3 m (floor-to-ceiling height), which was
divided into two thermal zones, the interior with the inner layer as one, and the cavity
zone with the outer layer as a second one. For the purposes of the current study, an inner
facade with 60% window-to-wall ratio was assumed as a base case scenario for the anal-
yses. The outer boundaries of the interior were considered as adiabatic surfaces, whereas
the inner layer, which was the interface between the interior and the cavity, was assigned
as an “Air Wall”, which in EnergyPlus is translated as enabling the air and heat exchange
between the two zones [11]. The influence of this setting, however, was also tested in the
following simulation cases to evaluate the different ventilation and air flow scenarios.
Apart from that, the boundaries of the cavity zone were also assigned to be adiabatic and
the outer facade layer, which involves the proposed design, was set to be an exterior
boundary. The cavity was assigned as an unconditioned plenum zone and as a default
dimension; it was assumed to be 400 mm wide, which was a measurement proven to have
efficient air and heat flow performance in double fagade systems, based on literature re-
search [18], however, this was also chosen as a variable to be used for validity check.
Lastly, since materiality had a meaningful role in the amount of solar radiation admitted
to the interior, in relation to the properties of the opaque, but mostly the translucent, tex-
tile part of the exterior layer, the specific energy performance values were also assigned
to the corresponding materials. Here, also, the option to adjust and assess various alter-
natives for the translucent part was left open, to explore the solar control possibilities with
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low-e integrated coatings or fritted patterns and different solar heat gain coefficient
(SHGC) values, and their impact on the reduction of the cooling loads.

The input parameters for the evaluation studies can be seen in the overview figure
below (Figure 12), including the interior and boundary conditions and the setups for air
flow, internal loads, and material properties, with a cooling setpoint at 24 °C and a heating
setpoint at 15 °C [19-22]. The inputs highlighted in red are considered as variables.
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Figure 12. Overview of the input parameters and boundary conditions for the energy use intensity
calculation.

2.3.2. Thermal Analysis—Heat and Air Flows Simulations

In parallel to the assessment of the cooling demands, thermal analyses were con-
ducted to simulate and visualize the heat and air flows inside the cavity and to obtain an
approximation of the temperature fluctuations between the outside and the interior
boundary zones.

As explained before, for these studies, an interoperable decoupling methodology was
followed, combining radiation analysis and temperature surface output data through La-
dybug plug-in to be used as input of the additional radiative sources for the SimScale
convective heat transfer simulations. In this way, the convective and radiation heat trans-
fer could be solved with the absorbed solar radiation treated as a heating source on the
fagade skin surface. This is a compromised alternative due to the difficulty in accurately
modeling the radiation heat transfer and the complex nature of this type of analysis. By
using EnergyPlus to solve the radiation heat transfer, this step can provide surface tem-
peratures and heat flux values under certain weather conditions to be assigned in the CFD
simulation as boundary conditions. The CFD simulation can then return the air tempera-
ture distribution and the corrected convective heat transfer coefficient, as well as airflow
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rates in the cavity, to update the heat transfer calculation by EnergyPlus. This decoupling
method has been proved to be effective in predicting the thermal behavior of double skin
fagades and has already been tested in similar research projects [23-25]. A similar ap-
proach was, therefore, also followed in the current study.

At the same time, the results from SimScale were compared to the static temperature
fluctuations calculated in the THERM plug-in and software environment. Even though
the two approaches follow a slightly different process information logic, and the thermal
analysis in THERM does not include air flows, it helped as a complementary study to
understand the temperature fluctuations, including the building envelope behind the cav-
ity, and to give an indication of the thermal buffer effect of the cavity during the winter.
Apart from that, it was also possible to assign additional material properties as inputs and
in the end during the comparison of the two workflows, to complement each other and
compensate for their possible limitations. The workflow, input parameters, and boundary
conditions for the THERM simulation are summarized in the flowchart in Figure 13 and
the overview in Figure 14.

Define THERM
Polygons with
materials

Define THERM

Boundary

conditions

Figure 13. Flowchart of the workflow for the THERM analysis.

As for the SimScale simulation setup, a steady-state convective heat transfer analysis
was realized for a duration of 3600 s. This time duration, however, led to certain limita-
tions, because it still simulated a fragmented time frame and could not show the full cavity
function throughout a whole day, which would then cause an increase in computational
time. The input geometries imported from Rhino were also simplified to be easily trans-
lated as one closed volume that was used for the air flow, where only the interior bound-
ary surfaces were modeled. For example, the surfaces needed to be continuous and not
intersecting, so areas where the multiple cavity zones were positioned needed to leave a
small gap and not be fully sealed. Another limitation concerns the applied additional ra-
diation heat, which was assigned as one average value distributed homogeneously on the
outer boundary surface, whereas during the solar radiation analysis it was mostly con-
centrated on the top surface of the bottom pyramid, which was more exposed to the direct
sunlight.
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Figure 14. Overview of the input parameters and boundary conditions for the THERM analysis.

The simulation runs were grouped into the two seasonal scenarios, summer and win-
ter, with sub-cases in each situation. In the winter scenario, with an ambient temperature
of 10 °C and a surface temperature of 13 °C (data retrieved from the Annual Weather and
Radiation analyses), the interest was placed on the heat accumulation inside the multiple
cavity zones, the increase in temperature that is caused due to the heat stack effect and the
impact of the cavity width, as well as to visualize whether the interior volume of the pyr-
amid worked indeed as a heat convection zone. The case studies in this setup included
one floor with two closed cavity zones, excluding the inner building, since there is no air
exchange between the two thermal zones. Case#1 was the basic setup with a 400 mm wide
cavity and no air inlets or outlets as an ideal scenario, merely functioning as a heat ampli-
fication zone, Case#2 featured slight openings through small vents to evaluate the more
realistic situation, and in Case#3, a narrower cavity of 150 mm was examined. In practice,
there are certain differences in the amount of air inflow, which meant that certain diver-
gence in the simulated results and reality was expected and taken into account.

On the contrary, the summer scenario, with an ambient outdoor temperature of 35
°C and a surface temperature of 31 °C (data from the Annual Weather and Radiation anal-
yses), was modeled as a full height open cavity in the six-story building with a top outlet
and the cases were related to the ventilation strategies explored in the previous section.
Caset1 allowed air inlets from the outer layer and enabled the air exchange with the inte-
rior through air outlets, Case#2 reduced the air flow to only air inlets and flow through
the cavity to the top exhaust outlet, and Case#3 investigated the effect of an only slightly
ventilated cavity and a top outlet. The summer scenario was focused mostly on the air
and heat flows in relation to the impact of the different ventilation strategies on the air
circulation inside the cavity.

In all the cases mentioned above, the outer layer was considered as an exterior
boundary, while the cavity and interior surfaces were assigned an adiabatic boundary
condition.
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An overview of the initial and boundary conditions for both the summer and the

winter situation can be found in the following figures (Figures 15 and 16).
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Figure 15. Overview of the input parameters and boundary conditions for the SimScale CFD con-

vective heat transfer analysis in the winter situation.
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Figure 16. Overview of the input parameters and boundary conditions for the SimScale CFD con-
vective heat transfer analysis in the summer situation.

3. Results
3.1. UHI Direct Impact Evaluation —Outdoor Microclimate Studies

The results from the cumulative irradiance maps can be seen in the overview in Fig-
ure 17, where with highly absorbent surfaces there was negligible impact between the
fagade types, since most of the radiation is absorbed and is irrelevant to the facade geom-
etry. This case, however, would lead to undesired effects on the overheating of the build-
ing’s interior and, thus, increasing the resulting indirect impact. On the other hand, when
reflective surfaces were involved, the proposed design’s impact was slightly more appar-
ent, but still showed a mere 3% reduction of the total radiation. Perhaps more important
was that the radiation was reduced mostly near the facade surface, avoiding unpleasant
comfort situations for pedestrians walking nearby. A further aspect concerns also the im-
pact of the fagade surface temperature on the UHI effect and the relation between the
different surface types, window-to-wall ratios, and cumulative irradiance on the urban
environment.
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Figure 17. Cumulative radiation values on street level in an Athens urban canyon (cumulative
radiation: direct, diffuse, and reflected radiation from all the surrounding surfaces).

The results in Figure 18, which were targeted more on the reflected part of the total
radiation, showed that the percentage of the cumulative radiation that is responsible for
the reflected radiation from the facade and the surrounding surfaces was reduced by
around 40% with the proposed design, with again a reduced radiation close to the facade
surface. However, that portion still accounted for only 6% of the total radiation, which is
a relatively small amount and, therefore, would lead to the conclusion that even though
the direct impact could be minimized with the proposed facade geometry to reduce the
overheating of the urban microclimate, the overall impact in this regard is not significantly
large.

The results from the comparative sun ray trace analyses can be seen in Figure 19. In
accordance with the radiation analysis grid results, the ray trace analyses showed that a
typical facade reflected the sun rays downwards towards the street level, if no other ob-
stacles were obstructing the rays’ direction. On the contrary, the proposed design reflected
most of the sun rays upwards back to the atmosphere. In addition to this, the small num-
ber of rays which did not fall in that category and deviated by bouncing more horizontally
due to the reflection on the different angles of the geometry surfaces, still did not bounce
towards the street level, but to a much higher level above the ground. They were also
scattered throughout the opposite building’s length and height thanks to the convex outer
geometries, avoiding undesired and increased solar focus points, as well as concentrated
heat areas in the surrounding urban environment.
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Figure 18. Analysis and partial values of the total cumulative radiation on street level in an Athens
urban canyon (cumulative radiation: direct, diffuse, and reflected radiation from all the surround-
ing surfaces).
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Figure 19. Comparative sun ray trace analyses of the proposed facade (left) and a typical fagade in
an urban street canyon, including the reflection towards the opposite building.
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3.2. UHI Indirect Impact Evaluation
3.2.1. Cooling Demands Estimation Studies—Energy Use Intensity (EUI) Indicator

The cases examined are summarized in Figure 20 and relate to a great extent to the
ventilation strategy and the material properties. More specifically, Case#1 assumed a
small inlet and outlet opening, whereas the rest of the parameters remained unaltered
with the default property of an ETFE textile with no additional treatment or coating. For
comparison on the air inflow impact, Case#2 considered a larger operable effective area,
to evaluate whether the air inflow resulted in a reduction of the cooling loads or led to
overheating of the cavity, while in Case#3, the cavity was assigned as only slightly venti-
lated with minimized vents open (in reality, a fully sealed cavity cannot be achieved with
the current design).

Case Test variables
# (w / w/o air exc?::gr:bt‘vz{vveeﬁ;mt‘r\:: czrjtj and the interior) Night-time ventilation (tr::sleuie:tal:zn) Caviiy widh
1 0.4m? (w air exchange) - 0.93 400mm
) 1m? (w air exchange) = 0.93 400mm
3 O (slightly ventilated) (w air exchange) = 0.93 400mm
4 O (slightly ventilated) (w air exchange) = 0.6 (solar control coating) 400mm
5 O (slightly ventilated) (w air exchange) - 0.6 (solar control coating) 150mm
6 0.4m* (w scheduled air exchange) yes 0.6 (solar control coating) 400mm
7 0.4m’? (no natural ventilation) (w/o direct air exchange) - 0.6 (solar control coating) 400mm
8 w/0 air exchange, no double skin function or natural ventilation (no cavity thermal zone), exterior facade skin only as sun-shading
k 1 S|
2 B 2 2
N
R
AL | . . ‘ | |
N | l
|
#2 | IAL #3 |I5 #4 |5 #5 | #6 { #7 ||A #8 (

Figure 20. Overview of the case studies and test parameters for the EUI calculation studies for the
cooling loads.

From Case#4 on, the SHGC of the translucent textile had a lowered value, and in
Case#5, a smaller cavity size was tested. Case#6 explored the ventilation scenario for an
only night-time ventilation to aid the exhaust of the accumulated heat that is trapped in-
side the cavity during the day, with a scheduled air exchange between the thermal zones.
In Case#7, no natural ventilation was enabled through the cavity, with no direct air ex-
change between the thermal zones, but allowing only heat exchange through the construc-
tion and some air flow through the cavity to the top exhaust. Lastly, the Case#8 scenario
explored the possibility to avoid the double skin function during the summer, eliminating
the cavity effect and not allowing any natural ventilation or air exchange to the interior.
In this case, the facade skin works only as an independent exterior shading device, with-
out creating any in-between thermal zone.

As for the existing single fagade case study, to avoid complications with natural ven-
tilation strategies, which was an unknown variable in this case, and to make comparison
as objective as possible, the air loads system was assumed to be conditioned and mostly
functioning through mechanical ventilation, while the glazing type was assigned as a ge-
neric double-pane window without low-e coatings. Additionally, in the cases where nat-
ural ventilation was enabled, it was set to be activated with a delta temperature setpoint
at -2 °C in relation to the cooling setpoint.



Appl. Sci. 2022, 12, 82

24 of 38

A summary of the results for the cooling loads per area can be found in Figure 21,
whereas the difference in percentage compared to the existing single facade was also cal-
culated. The energy balance (in kWh) and the floor-normalized cooling load for the build-
ing (in kWh/m?) charts for the analyzed period are shown below for each corresponding
case (Figure 22).

Case Cooling loads per m® (Energy Use Intensity)
e i 4 Difference in %
Existing single facade 120 kWh/m
#1 145.1 kWh/m? +21%
#2 188.7 kWh/m? +57%
#3 113.5 kWh/m? -5.4%

Figure 21. Results of the EUI calculations for the cooling loads of the case studies shown in Figure
20.

From the above studies, it can be concluded that during the cooling-dominated peri-
ods, the air inflow inside the cavity led to an overheating of the building due to the green-
house effect inside of it. A higher amount of air inflow resulted, therefore, in an increase
in the cavity temperature, as can be seen in Cases#1 and #2 with an increase of 21% and
57% of the cooling demands, respectively. The increase was also caused by the absence of
additional solar control coatings on the textile surface, which is one of the variables that
influenced the cooling demands value, as can be seen in Case#4, with a reduction of -13%,
as a result of the reduction of the SHGC coefficient value. A larger cavity also had a better
impact than a smaller one in that respect, because the smaller one would also lead to a
faster increase in the air flow temperature inside the cavity. When it comes to the ventila-
tion strategies, what can be estimated is that it would be more efficient to achieve a com-
bination of night-time ventilation to exhaust the accumulated hot air during the nonoper-
ating times of the office building, when it is not occupied, and to minimize the air ex-
change between the different thermal zones during the day, to avoid discomfort and to
minimize the need for air conditioning. More specifically, by comparing Cases #6, #7, and
#8, it can be concluded that the least interaction and air exchange between the interior and
the exterior environment has the most beneficial impact for the reduction of the cooling
loads, whereas the facade system would work better merely as an exterior shading device,
reducing the solar heat gains to the building’s interior by 21%, without interfering as a
double fagade and as a result trapping warm air in the in-between space. There is, there-
fore, no other added benefit during the summer, apart from the shading effect.

In this respect, a supplementary evaluation study involved the comparison of the
shading effect of the proposed fagade skin to other typical shading devices and their im-
pact on the reduction of the cooling demands, taking, as comparison, the unshaded exist-
ing fagade case and Case#8 from the previous study (here named as Case#1). The exam-
ples to be compared with were, namely, typical exterior horizontal venetian blinds and an
exterior fabric roller shade or perforated metal screen. In both of these cases, it was as-
sumed that the shading is on, if the outside temperature exceeds the cooling setpoint of
24 °C and if the horizontal solar radiation exceeds the setpoint of 400 W/m?.
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Figure 22. Energy balance charts (left) and EUI of the cooling loads charts (right) for each case
study shown in Figure 20.

The results summarized in Figures 23 and 24 showed no significant difference be-
tween the three shading examples, even with a marginally better performance of the typ-
ical shading devices. The effect of the fagade skin could not outperform the rest during
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this comparison to make it competitive against more cost-efficient and simpler shading
solutions, but at the same time it still showed a similar performance. The fagade perfor-
mance during the summer is, therefore, not sufficient on its own to justify such a design.
However, this led to the next evaluation round, to assess whether the dynamic movement
would bring additional benefits through its seasonal function and adaptation by creating
the multiple-cavity double skin function during the winter.

Case Shading type scenario Cooling loads per m® (Energy Use Intensity)
Difference in %
# Existing single facade with no sun-shading 120 kWh/m?
1 Proposed facade skin design only as sun-shading 95 kWh/m? -21%
2 Typical exterior horizontal venetian blinds” 92 kWh/m? -23%
3 Exterior fabric roller shade/perforated metal screen” 89.5 kWh/m? -25%

“Shading is on, if the outside air temperature exceeds the Cooling Setpoint of 24°C
and if the horizontal solar radiation exceeds the SetPoint of 400 W/m?

= —

_ | |

Existing facad:
xisting facade . #2 43

(no sun-shading)

Figure 23. Overview of the cooling loads results for the shading type scenarios and comparison to
the existing single facade with no external sun-shading and the corresponding cases in schematic
graphs.
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Figure 24. Energy balance charts (left) and EUI of the cooling loads charts (right) for each case
study shown in Figure 23.

3.2.2. Thermal Analysis—Heat and Air Flows Simulations

The results from the winter situation (Figure 25) showed that there is an increase in
the surface temperature around the inner boundary of up to 25 °C with a further increase
on the top surfaces of the cavity boundaries due to the air and heat stratification. Similar
results were found through the THERM static temperature fluctuation simulation, which
showed a heat buffer accumulated outside the insulation layer, reducing the heat losses
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|

i Indoor temperature:

and the temperature difference between the interior and the exterior during the cold
months. It can also be noticed that the simulations realized through SimScale capture only
an hour of operation and, in that way, show the effect in its starting moments when the
cavity begins to heat up, while the THERM model shows the temperature fluctuations as
a static building construction with no incoming airflow, which, however, receives a con-
stant additional radiation heat on the outer boundary layer. In this sense, Case#1 and the
THERM model can be approximate representatives of the two boundary conditions, the
beginning and the peak of the thermal effect, respectively, with the SimScale one to also
highlight the reverse situation when the model slowly transcends back to its original cool
state after the solar radiation intake is reduced during the late afternoon hours.

Outside temperature:

18°C 10°C

Temperature [ll  °C Temperature [ll  °C

: Thermal analysis

H (THERM  simulation) 10 13 16 19 22 25 10 13 16 19 22 25

S ot S : e - b
Simulation case #1 Simulation case #2 Simulation case #3

Figure 25. Convective heat transfer analysis simulation results for the winter situation.

In addition, in Case#2, there is an increase in the temperature inside the cavity and
the convective effect of the inner pyramid volume is also more evident, which can be jus-
tified by the increase in the heat flows induced by the increased air movement that is
heated up when entering the cavity. However, this creates, at the same time, a constant
air influx, which leads to heat losses at similarly high speeds, so the heat buffer effect is
then being reduced. Lastly, in Case#3, the narrower cavity on top also led to an increase
in temperature due to less air volume requiring less time to reach a higher temperature.
However, as seen by the cooling demands analysis and despite possible winter benefits,
anarrow cavity would cause an overheating during the summer, which is more critical to
mitigate for the scope of the current study. It can, therefore, be concluded that the function
during the cold seasons as a multiple-cavity system can have the potential to offer addi-
tional benefits as a thermal buffer zone for the reduction of the heat losses.

Regarding the summer scenario, the results summarized below (Figure 26) showed
similar behavior inside the cavity, with higher temperatures on the boundary surfaces and
in the narrow air volumes. The difference here is that there is a slight reduction of accu-
mulated heat when there are no air inlets between the interior building spaces and the
continuous cavity zone, as in Case#2. In accordance with the conclusions from the cooling
demands analysis, the air entering the cavity is warmer than the interior, causing over-
heating of the cavity and introducing hot air to the interior instead, in a greenhouse man-
ner. The temperatures reached are above the outdoor ambient temperature, ranging in
average from 35 °C-37 °C, with some local intensified boundary areas that exceed those
limits. This can also be seen in the areas around the air inlets, where there is a local increase
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Simulation

in temperature. Case#3 showed negligible difference compared to Case#2 and also needed
to be slightly modified to avoid continuity errors caused by excluding air inlets, so a min-
imum area of air inlets was also assigned at the bottom of the outer layer instead, to com-
ply with the pressure outlet on top.

Zoom-in Zoom-in Zoom-in

case #1 Simulation case #2 Simulation case #3

Temperature . °C
35 35.6 36.2 36.8 37.4 38

—— L

Figure 26. Convective heat transfer analysis simulation results for the summer situation.

4. Discussion

As a summary from the above evaluation studies, regarding the direct impact of the
facade design on the UHI effect, it can be concluded that the proposed geometry showed
a reduction on the reflected solar radiation at the street level and on the urban heat inten-
sification at a microclimate level. This was more apparent, especially, close to the fagade
surface and through dissipating the incoming solar rays from being reflected and accu-
mulated inside the urban canyons. The part of the reflected solar radiation on the urban
surroundings that the building is responsible for was, therefore, significantly reduced.
However, the direct impact on the overall building’s share on the UHI effect still remained
relatively small compared to the cumulative solar radiation that is caused by other sources
and is not obstructed by other mitigation strategies (Figure 27). In this sense, it can be
assumed that a reduction on the building’s direct contribution is not as impactful as the
indirect one, which concerns the building’s energy performance.

The indirect analysis studies and comparative evaluations provided some insights
on the environmental and energy performance of the proposed design. It was concluded
that during the cooling-dominated periods, the fagade skin has a higher performance
when functioning only as an exterior shading device, without interfering with the build-
ing’s air inflow, but working as a separate exterior structure obstructing the incoming
solar radiation. By doing so, the solar heat gains could be reduced and, consequently, so
could the building’s cooling demands by about 21%.
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Figure 27. Charts summarizing the direct impact evaluation conclusions.

Nevertheless, the shading impact of the proposed design did not outperform other
commonly used typical exterior shading systems, but still performed almost equally well.
The difference in the current design was due to the dynamic performance of the fagade’s
passive mechanism that shifted to the multiple-cavity double facade during the winter
and led to additional benefits in the reduction of the heat losses through the building con-
struction. However, solely in relation to the UHI effect, this was a secondary function that
was not directly related to the phenomenon and mitigation method, since the reduction
of the cooling loads has the main and more impactful role. It could be, therefore, said that
the overall energy performance of the building can, on one hand, be improved by inte-
grating such a passive adaptive facade system, when being evaluated through an annual
operation basis. On the other hand, the environmental performance, merely in relation to
the reduction of the building’s indirect UHI impact, was not much different to that by
simply implementing standard exterior shading systems or by adopting other standard
solutions (Figure 28).

. heating dominated s . ) ) %
. R = heating dominated .
‘ period R . \
4 o————— method: ' period 3
'
4 R heat buffer ' %
f
b cavity zones 1 '
g '
o—— - method:
X . o———— method:
cooling dominated exterior shading } )
b cooling dominated cooling loads reduction
period ) ’
period
overall building’s annual energy building’s indirect UHI impact reduction
performance improvement with the [building’s annual environmental
proposed dynamic facade design performance improvement]

Figure 28. Charts summarizing the indirect impact evaluation conclusions.

As a conclusion from the research process and assessment methodology, it could be
argued that the evaluation of the proposed facade system in the end depended, to an ex-
tent, on the comparison benchmarks and the perspective of evaluation. As seen during
the initial stages of the research layout, since UHI concerns a multilayered environmental
issue, the evaluation also lay on multiple levels. Some of these observations can be sum-
marized below and are illustrated in the diagrams in Figure 29:
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e  If the system is evaluated as a standalone solution and only compared to the existing
building situation before the retrofit, then the impact on the UHI effect is significant,
more visible on the indirect one, but also contributing positively to the direct one.

e If the comparison lies only on the direct impact, it has a better effect compared to
both the existing facade and other shading devices, since the judgement lies on the
materiality and reflectivity degree of the building’s geometry. In this case, however,
itis also noted that the building’s direct impact is not high enough, compared to other
potentially more commonly applied mitigation strategies and interventions, such as
vegetation or urban shading, to be able to provide a noticeable improvement on the
UHI reduction in the urban microclimate.

e If only the indirect effect is evaluated, then it has an impact on the reduction of the
building’s cooling demands of the existing building situation, working as an external
sun-shading skin and reducing the solar heat gains during summer. However, when
compared to other shading devices on the same criterion, then the effect is similar, if
not slightly less.

e  If the evaluation lies only on the impact on the UHI effect as an isolated scenario, as
it was the main objective of the study, then the fagade design performed overall better
than the other shading devices, because of the additional contribution in the direct
impact on the urban microclimate.

®  When the design is additionally being assessed as an overall dynamic fagade system,
including both energy and environmental performance, it brings added benefits to
the building’s annual operation. This is achieved by functioning as a closed-cavity
double fagade during the winter and, thus, reducing heat losses. In addition to that,
even though the cooling demands are reduced almost equally compared to the other
shading devices, the last ones operate only during warm and sunny periods.

® When compared to similar state-of-the-art facade systems, the question lies mostly
on feasibility variables, such as cost-effectiveness, operation complexity, and mainte-
nance. However, merely on the energy aspect, for example, a typical double skin fa-
cade would only have positive effects during the winter, especially in a warm climate
such as the Mediterranean one, and would possibly require additional sun-shading
within the cavity, since it would cause overheating during the summer. On the other
hand, the proposed facade design has an annual dynamic operation, shifting from
sun-shading function during the cooling-dominated periods to double facade during
the heating-dominated ones.

The assessment is, therefore, in general greatly dependent on the reference points
and what the objective focus in each situation is.

Finally, to spark further discussion, a comparison of the reflective values of the cur-
rent design’s shading membranes with other applied UHI mitigation strategies aimed to
evaluate the impact of the materiality of the proposed design to other common practices
and to reflect on the possible benefits of each case. The examples chosen for this compar-
ison were a standard white paint, an ultra-white one, cool-colored paints, and retro-re-
flective materials, because they are based on the principle of radiative cooling, which is a
passive cooling technology that offers potential to reduce space cooling cost and tackle
the UHI effect.

From the above applications, retro-reflective materials can have a more targeted con-
tribution to the UHI effect by avoiding the reflection towards the urban environment and,
therefore, are a more competitive solution against the design of the current project. The
question that followed then was to which extent of building applications and context this
solution would be equally beneficial without increasing the complexity of the interven-
tion.
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Figure 29. Building’s energy and environmental performance comparative evaluation charts.

It can be assumed, for example, that in a fully opaque fagade, the application of retro-
reflective materials could be a more efficient solution, since it is simpler to apply, more
time- and cost-efficient, and can achieve the same or even better results, since a PTFE
membrane can achieve about 70% of solar reflection, whereas it can be easily replicated in
many similar situations. In contrast, once the window-to-wall ratio starts increasing, then
more parameters are intertwined, with the user’s inner comfort having a more central role.
In this case, retro-reflective materials alone will not be sufficient to lower the building’s
cooling demands and additional measures will be required, such as solar and ventilation
control. In this sense, the proposed design can probably gain advantage, because of the
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added benefits it provides through an integrated solution with more variables taken into
account and incorporated into its dynamic and seasonal function.

Under the studied application scenario, the question and boundary conditions lie
mostly on the level of complexity up to which simpler solutions are no longer self-suffi-
cient as a standalone solution to provide high enough energy and environmental perfor-
mance, and consequently to have a significant impact on the UHI effect and urban micro-
climate. This threshold is where, due to the complexity of the context, the choice for the
current design can be justified, however seen as one building application and not a re-
peated strategy. Once the complexity and requirements increase even more, on the other
hand, then a passive mechanism is also potentially not enough as an argument by itself
and should be combined or overridden by a more reliable mechanical control and pro-
grammed automation. In the end, each case is better suited for a certain application range,
but the design goal and decisions remain, nevertheless, intact, aiming to provide a solu-
tion which is able to develop a fagade system with both high overall performance and
little internal complexity.

In addition, throughout the research process, the analysis studies were realized in
different facade test scales, ranging from component to facade segment to the urban level,
as well as the building’s interior, whereas it was observed that the simulation studies
could also be grouped based on the objective and focus of interest. This clustering could
offer an interesting potential and a recommendation for future development, to create a
digital tool as a result of this methodology toolchain (Figure 30). To this regard, the design
process relied highly on the parallel development and aid of computational tools for the
energy and environmental simulation and performance evaluation of the design. This
workflow promotes the importance of the digital tools in the service of the architect, de-
signer, or building physicist, among other relevant disciplines. In this direction, the cur-
rent project followed a systematic step-by-step workflow and explored the potentials of
this method with the objective to evaluate the design and building’s performance. The
design itself can, therefore, be perceived as just a demonstration case study and outcome
of the above iterative computational workflow that is applied in practice, out of many
other possible alternatives. In this sense, a different scenario with a different initial geom-
etry input and another set of parameters and requirements would lead to a different de-
sign result. At the same time, the study objectives and the workflow remain intact as the
core of the feedback-optimization process and as the available toolset at disposal to aid
the performance assessment and design development, as shown in Figure 31.

However, a common challenge that was also encountered during the current process
concerned compatibility issues due to the different versions of the various Grasshopper
plug-ins, components, and simulation engines, which can occasionally lead to simulation
errors or discrepancies in the calculations, resulting in a time- and energy-consuming
troubleshooting process. In the current research, since it was based mostly on comparative
study analyses, certain assumptions in the boundary conditions used and small discrep-
ancies in the result accuracies were taken into account and did not have a significant im-
pact on the conclusions drawn. For future development, resolving these issues and creat-
ing a more straightforward, compact, and user-friendly interface for professionals with-
out necessarily a computational background would be recommended as a follow-up of
the presented logic. This would provide an efficient and less-fragmented workflow, with-
out the division into many separate scripts, which might additionally require significant
computational processing time or lead to information losses during the modeling transi-
tion. The focus would then be placed mostly on the energy- and environmental-driven
design optimization by inserting the set of facade geometry parameters and postpro-
cessing the output results in a more efficient feedback-loop design process, without the
need to directly interfere with the background computational setup. What distinguishes
the presented iterative process is that at its core it is not bound to the specific design each
time, but rather offers a workflow platform as an independent step-by-step guideline,
with the design’s performance assessment as a clear objective.
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Lastly, it seems important to address the need for experimental measurements to val-
idate the results discussed in this paper and demonstrate the potential of the proposed
workflow. While this was out of the scope of the present study, experimental validation
with real scale prototypes is regarded as the clear next step to verify the results and con-
tinue developing the proposed technical solutions.

5. Conclusions

The proposed design was based on the development of a facade shading system,
which featured a double function during the summer and winter. This was enabled
through a dynamic movement triggered by the passive autoreactive behavior of the SMAs
and controlled through a pivot mechanism. The research question was focused on the
evaluation of the above dynamic operation and the adaptive movement of the system in
terms of the influence on the building’s direct and indirect UHI impact. To address this
objective, the performance goals aimed, on one hand, to increase the reflective effect to-
wards the atmosphere through optimizations in the geometry and movement, and, on the
other hand, to reduce the building’s cooling demands by reducing the incoming solar heat
gains and by means of self-shading.

In the end, the conclusions from each evaluation study led to the observation that the
presented fagade design with an optimized faceted geometry and diagonal arrangement
could potentially reduce the building’s direct impact on the urban microclimate with a
reduction of about 40% of the reflected portion of the total solar radiation and a more
apparent effect close to the fagade surface. However, compared to other possible mitiga-
tion strategies, the impact was negligible in making a difference in the overall UHI reduc-
tion, with only 6% of the total cumulative radiation on the street level resulting from the
reflected radiation from the fagade surface. On the contrary, the reduction of the cooling
demands and, consequently, the indirect UHI impact was more noticeable, with the pro-
posed fagade design able to reduce the cooling loads by about 21%.

From the above studies, it can be summarized that there is potential to explore and
enhance the use of SMAs in facade applications to increase the building’s performance,
thanks to their ability to enable dynamic movements with little energy and material re-
quired. The challenges lie mostly in the feasibility, the user’s control, and operation cycles
of such autoreactive systems and their implications when placed in a broader context. To
this regard, it is important to critically evaluate to what extent their implementation can
lead to added benefits, taking more parameters into account in practice during the entire
life-cycle operation. The question, and challenge, therefore, is how to optimally integrate
passive strategies to promote sustainability through adaptiveness and smart material-
based solutions and under which conditions, to be able to adequately adapt the indoors
to the outdoor environmental changes and maximize both the energy and environmental
performance.

Last, but not least, an important contribution of the current project is the integrated
systematic design approach through a computational workflow rather than the final de-
sign result, and it can be relevant to explore further its potentials for possible applications.
This is because it can offer a universal computational methodology and a series of system-
atic and comprehensive stages for the fagade study and evaluation that can be developed
and incorporated as a useful digital tool for the service of a broad range of professionals
in the field.
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