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Abstract: Shape Memory Polymer (SMP) actuators are smart materials that adapt and switch shape in response
to environmental conditions, allowing controlled and dynamic building systems. The integrated SMP strip
enabled the adaptive facade shading system to operate independently and with flexibility under certain ther-
moresponsive conditions to regulate building performance. This study aims to improve adaptive facade per-
formance in a hot-humid climate by determining optimal thermal activation factors for the shape memory
polymer. This was achieved by comprehensively examining and analysing the impact of various SMP activa-
tion parameters on energy efficiency, thermal comfort, and visual comfort. In addition, dynamic IES-VE build-
ing energy simulation was used to evaluate the thermal performance of the adaptable facade. The results were
validated using a multicriteria approach to compare with the existing glass fagade of a high-rise apartment.
The results showed that the coactivation technique, which combines solar radiation and air temperature trig-
gers, proved to be the most efficient strategy to improve the performance of the adaptive facade. This strategy
minimised heat gain, lowered indoor temperatures, reduced glare, and enhanced daylight comfort, resulting
in notable energy savings through reduced cooling consumption. The study concluded that the utilisation of
SMP actuators with fine-tuning activation parameters significantly optimised adaptive facade performance,
promoting functionality, efficiency, and sustainability in buildings.

Keywords: adaptive facade; shape memory polymer (SMP); actuator; thermoresponsive; building
perfromance; simulation

1. Introduction

High-rise apartments are rapidly being built worldwide due to population growth, urbanisation,
and lifestyle preferences. As a result, the development of vertical living spaces in dense urban areas,
such as the city of Jeddah, has increased dramatically [1]. However, these apartments face several
challenges in sweltering hot climates, including high cooling consumption [2] and thermal and visual
discomfort [3,4]. Light construction and completely transparent facades are identified as the primary
characteristics of high-rise apartments [5] that are not adapted to the sweltering climate, as the gain
of solar heat through glazed facades would have caused the occupants to experience significant ther-
mal discomfort and required a considerable amount of cooling energy, accounting for more than 70%
of total electricity usage in the Saudi country [6]. In 2021, the Saudi Arabian Ministry of Housing
established an energy efficiency code, Mostadam [7], in accordance with Vision 2030 [8] to reduce
energy use and carbon emissions targets. However, Mostadam mainly emphasises technical effi-
ciency solutions, such as advanced HVAC systems and lighting, for new projects, with less focus on
encouraging property owners to upgrade existing buildings, unlike schemes such as Singapore's
Green Mark Incentive Scheme [9]. Furthermore, the code does not promote innovative and sustaina-
ble retrofitting solutions or technologies.
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Traditional solutions such as fixed shading and insulation help mitigate heat transfer in build-
ings, but their inability to adapt to environmental changes limits their efficacy, as they provide con-
stant shading, regardless of the fluctuation of outdoor conditions [10]. Instead, shading devices
should adapt to daily or seasonal boundary conditions for the future sustainability of buildings.
Therefore, an adaptive facade is a building envelope that can dynamically respond and adapt to
changing environmental conditions, optimising energy efficiency and overall performance [11]. Us-
ing various technologies and intelligent materials, designers create these systems to adapt to chang-
ing climate parameters, such as solar radiation, wind speed, and temperature, by adjusting their con-
figurations [12]. Moreover, adaptive facades align with the goal of near-zero energy buildings
(nZEBs) of the European Union (EU) by significantly reducing energy consumption and CO2 emis-
sions, thus improving the quality of the internal environment [13], [14]. Numerous studies have ex-
tensively examined the potential advantages of adaptive facade systems in terms of improving en-
ergy efficiency [15], improving internal comfort conditions, and minimising environmental effects
[16], including different types such as shading devices, switchable windows, louvres, and other sim-
ilar features [17].

The motion of the adaptive system can be operated by human intervention [18] through (manual
or interfaces) or automatically [19] through sensors or actuators by integrating intelligent materials
(eg SMP, SMA, PCM) [20-22]. Smart material-based actuator shading devices offer the advantages of
advanced technologies that function without external sensors or monitor units using the natural re-
sponse of materials to environmental stimuli [23]. Elements of a building, such as an adaptable enve-
lope, adaptive shading devices, and self-actuating structures, may all benefit from integrating intel-
ligent material actuators because they significantly improve structure flexibility, indoor comfort, en-
ergy efficiency, and cost-effectiveness [24].

This study suggests the incorporation of an SMP as an actuator function, allowing the adaptive
shading system to switch transitions between open and closed positions, based on previous research
on thermoresponsive intelligent materials [20,25,26]. Shape-memory polymer ( SMP) actuators are
chosen for architectural use over other thermoresponsive materials due to their unique reaction tem-
peratures, recovery of shape, flexible form options, various manufacturing processes, and shape-
memory effects [27]. The behaviour mechanism of SMPs allows them to be "programmed" to retain
their original shape, undergo significant deformation, and return to their initial form when exposed
to specific stimuli such as temperature and solar radiation. The memory of SMPs plays a crucial role
in their operation, which is determined by the transition temperature Tg. To achieve this memory
effect, a double SMP layer is used with two different glass transition temperatures, Tgl and Tg2, is
used [28]. Above Tg, the SMPs exhibit a soft state, while below Tg, they become rigid.

Previous applications of SMPs as actuators have shown promise, although their use in the archi-
tectural field is still in the early stages of design, research, and development. In particular, Steven
Beites [29] presented a prototype of an SMP joint, demonstrating the viability of these applications
as actuator mechanisms for opening and closing. Similarly, J. Yoon [20] created a hinge prototype
that uses thermal stimuli for activation. Therefore, this previous research has demonstrated the pos-
sibility and potential of adding SMP actuators as operational in structural systems. However, further
research is required to optimise the design and operation of these systems, such as discovering opti-
mal thermal activation, performance evaluation, material testing, operational efficacy, and an adapt-
able facade system under varying climate conditions. The early design phase investigates the perfor-
mance of adaptable facades and their thermal activation parameters. The study claims that changing
activation parameters can improve energy efficiency and thermal and visual comfort in a hot climate.

2. Adaptive Shading Based on SMP: Principles and Design

Implementing Shape Memory Polymer (SMP) as an actuator in adaptive shading systems allows
dynamical management of the thermal response of the building, adjusting peak load times based on
climatic variables, and modulating seasonal energy needs. The activation parameters of the SMP ma-
terial determine how the adaptive shading system works to achieve the desired building perfor-
mance. The open/closed switching mechanism of an adaptive fagade-based SMP is responsive to


https://doi.org/10.20944/preprints202307.0931.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 July 2023 do0i:10.20944/preprints202307.0931.v1

changes in external conditions. Therefore, the selection of appropriate stimulus parameters is essen-
tial to ensure that the adaptive facade system operates efficiently and effectively in different weather
conditions [30] and is necessary to meet the needs of the building and its residents [31]. Numerous
investigations have explored various climatic variables for the activation of the adaptive system and
have evaluated its effectiveness based on the goal of building performance and the specific location
and climate zone of the building [32], including solar radiation [33-35], air temperature [20,36], hu-
midity [36]. Typically, researchers have implemented controls for the adaptive shading system that
exceed specific thresholds, using solar radiation control to maintain comfort. However, each study
had distinct objectives and climates; therefore, there is no agreement on the efficacy of the activation
parameter.

Therefore, this study investigates the ideal activation parameters for the adaptive facade perfor-
mance based on SMP in a hot environment, considering variables such as air temperature, solar ra-
diation, or a combination of the two. The operation of the adaptive switching mechanism is dictated
by the SMP strip, which is thermally sensitive. The sun's heat is a thermal trigger for the SMP strip,
allowing it to bend and adjust the shading system.

As shown in Figure 1, the adaptive fagade shading module comprises triangular polycarbonate
sheets glued to an SMP strip that acts as an actuator. Sun heat causes the SMP strip to bend, shutting
off the shading sheets. When the temperature drops, the strip cools and returns to its original posi-
tion, closing the shade. The design and functioning of this adaptive shading system represent a well-
synchronised dynamic between building performance and environmental conditions.

Adaptive Solar Shading Activated

Movement of friangular polycarbonate sheets SMP stripe as self-actuator

Figure 1. SMP actuator-based adaptive solar shading system.
3. Method

3.1. Thermal Activation

In hot climates, determining the exact temperature or solar radiation threshold at which the
shade system starts to operate is critical to balance occupant comfort and energy savings. Therefore,
the study comprehensively analyses international standards and guidelines to recommend indoor
thermal comfort. Measures, such as ASHRAE standard 55, ISO 7730, and EN 15251, provide
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guidelines and metrics for indoor thermal comfort. In the UK, the Chartered Institute of Building
Services Engineers (CIBSE) has created meteorological data and static overheating criteria for this
reason [37]. The simulation software assesses the requirements by evaluating the thermal perfor-
mance of the building and determining the hours of overheating based on an interior temperature
threshold. The threshold is typically set by the static criteria of the CIBSE to classify a building as
overheating if the internal temperature exceeds 25 °C for non-residential buildings and 28 °C for
apartments for more than 1% of the hours occupied. The Passivhaus standard [38] establishes a
threshold of no more than 10% of occupied hours per year with temperatures above 25 ° C for living
areas and 30 °C for other areas, such as corridors.

In Saudi Arabia, Mostadam [39] provides the standard for thermal comfort. The standard is
based on the PMV/PPD model, which is adapted from the international standard ASHRAE 55 and
ISO 7730. The satisfied people of Jeddah demonstrated that the comfort limits of the PMV ranged
between 20.3 ° C and 26.7 °C, ensuring a comfort zone when the PMV is -0.5 to +0.5, and the PPD is
less than 10%. However, there is some evidence that adopting these international standards in hot
climates can result in summer overcooling, which wastes energy and can cause discomfort for build-
ing occupants. Furthermore, recent research by Nuaimi [40] showed that the international standards
of PMV are in hot regions (such as the Global South) compared to field data from cities in India, the
Philippines, and Thailand, causing 49% more discomfort due to overcooling than ideal interior tem-
peratures. Another study by Elnaklah et al. [41] found that the current international criteria for PMV
thermal comfort do not predict thermal experience for 94% of the occupants, as shown by a meta-
analysis of four cities in the Middle East (Jeddah, Amman, Dubai, Doha) with 39% discomfort due to
overcooling in summer.

An alternative approach to determining interior comfort is provided by the American Society of
Heating, Refrigerating, and Air Conditioning Engineers (ASHRAE-55) [42]. This technique takes ad-
vantage of the adaptive thermal comfort model [42], which claims that the interior temperature
threshold is influenced by the mean ambient temperature of the local climate, as well as the prefer-
ences of the occupants. Integrating the adaptive thermal comfort method into this investigation pro-
vides valuable information on temperature thresholds that align with the prevailing climatic condi-
tions. Furthermore, the application of the adaptive thermal comfort model becomes vital in deter-
mining the appropriate indoor temperature range that ensures the comfort of residents while main-
taining energy efficiency in hot and humid climates like Jeddah, where outdoor temperatures can
soar to 45 °C. Researchers and organisations have proposed several approaches to establish accepta-
ble indoor temperature ranges based on outdoor conditions. Among these approaches, the widely
used adaptive model by Nicol and Humphreys [42] integrates the theory of adaptive comfort and
considers the impact of outdoor temperature and humidity on indoor comfort. Another frequently
used model is the adaptive Szokolay model [43], which predicts acceptable indoor temperatures in
hot and humid climates. Although both models provide valuable information on adaptive thermal
comfort, the Nicol and Humphreys models offer a more comprehensive approach, accounting for a
wider range of factors that influence thermal comfort. The equations are as follows: (1) Nicol and
Humpbhreys, (2) Szokolay:

Tc=13.5+0.54 To 1)

Tc=17.6+0.31To (2)

where: To is the monthly mean of the outdoor air temperature

To assess weather in Jeddah, Climate Consultant 6 software was used with weather files (EPW
files) covering 15 years (2007-2021). The software extracted data on average air temperature and rel-
ative humidity, as depicted in Figure 2, illustrating annual averages. In particular, July and August
emerged as the hottest months, while January and February were the coldest.
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Figure 2. Average air temperature and relative humidity in Jeddah.

As shown in Table 1, the results of the Szokolay, Nicol and Humphreys models based on average
outdoor temperatures, which are calculated year-round, offer an alternate way of determining the
appropriate range of indoor comfort temperatures in hot climates like Jeddah city. The average out-
door temperature in July and August was 33°C. The Nicol and Humphreys equation yields a comfort
temperature of 31.3 °C and a comfort range of 29.3 to 33.3 °C (+/- 2). The second Szokolay equation-
based examination found a comfort temperature of 28 °C and a comfort range of 25.5 to 30.5 °C (+/-

2.5).
Table 1. The adaptive thermal comfort limit in Jeddah with the Nicol and Szokolay formulas.

Comfort limit Nicol and Humphreys (range -/+ 2)°C Comfort limit Szokolay (range -/+ 2.5) °C
Months A?;.tfll"(;:p z};f:fr:)i: Lower Upper Months Outizzl;‘\vg. z};f:fr:)i: Lower Upper
Jan 24 26.4 244 284  Jan 24 25.0 22.5 27.5
Feb 25 27 25 29 Feb 25 25.3 22.8 27.8
Mar 26 27.5 25.5 295 Mar 26 25.6 23.1 28.1
Apr 29 29.1 27.1 31.1  Apr 29 26.5 24 29
May 31 30.2 282 322  May 31 27.2 24.7 29.7
Jun 32 31 29 33 Jun 32 27.5 25 30
July 33 31.3 29.3 333  July 33 28 25.5 30.5
Aug 33 31.3 29.3 333 Aug 33 28 25.5 30.5
Sep 32 31 29 33 Sep 32 27.5 25 30
Oct 30 29.7 27.7 317  Oct 30 26.9 244 294
Nov 28 28.6 26.6 30.6  Nov 28 26.2 23.7 28.7
Dec 25 27 25 29 Dec 25 25.3 22.8 27.8

Based on the Nicol model, this investigation established the 33 °C air temperature threshold as
the activation point for the air temperature-activated adaptive shading system. This determination
was made considering the data obtained in August, the hottest month. Figure 3 shows Jeddah's
monthly mean adaptive thermal comfort based on the outside temperature.
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Figure 3. The monthly adaptive thermal comfort limit in Jeddah, based on the Nicol formula.

The adaptive Nicol model also allows for a wider range of acceptable temperature variations,
which may be particularly relevant in hot-humid climates such as Jeddah, where occupants prefer a
slightly warmer indoor temperature. Furthermore, a study by Nicol and Humphreys found that peo-
ple in hot-humid regions adapt to high temperatures, such as 33 ° C in Pakistan and even 34 °C in Sri
Lanka when the airspeed increases to 0.6m/s.

However, accurately identifying the solar radiation threshold for activating the shading system
is essential to optimise its operation, effectively balancing heat gain control and maximising the day-
lighting performance. Using IES-VE, the average direct sun radiation level in Jeddah was calculated
to be 275 W/m?2, applied to the system activation point. This approach involved estimating the direct
solar radiation threshold, as shown in Figure 4, considering the average value measured in August.
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Figure 4. August's average levels of direct solar radiation in Jeddah.
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However, daylight performance is often given less priority in Saudi Arabia, mainly due to cul-
tural and practical considerations. One reason for the lower emphasis on daylighting is the relatively
small proportion of lighting energy consumption compared to cooling and overall energy use in
buildings. According to a report by the Saudi Energy Efficiency Centre, lighting represents only ap-
proximately 14% of total energy consumption in commercial and residential buildings in the country
(Saudi Energy Efficiency Centre, 2021) [44] and is much less than 70% of the energy consumed by
cooling and maintaining thermal comfort in buildings in the hot and arid climate of Saudi Arabia.
Another factor contributing to the lower importance of daylighting performance in Saudi Arabia is
the widespread use of artificial lighting in households due to cultural and privacy concerns [45]. In
many Saudi homes, it is customary to keep curtains and blinds closed to maintain privacy and avoid
exposure to the outside world. Therefore, artificial lighting often illuminates indoor spaces, even dur-
ing the day.

When evaluating daylight performance in Saudi Arabian buildings, the Mostadam code [7] pri-
oritises specific requirements over the daylight factor (DF) as a metric. For instance, it emphasises
achieving a minimum average daylight illuminance of 200 lux for residential spaces, with at least
50% of the required illuminance coming from daylight. On the contrary, the EN 17037 European
Daylight Standard [46] prescribes a minimum DF of 2% for visual comfort, equivalent to a minimum
level of illumination of 300 lux under conditions of clear sky. Therefore, considering the EN 17037
European Daylight Standard is a valuable metric for assessing daylight performance in this study.

3.2. Simulation tool and weather data

To investigate the impact of the adaptive facade system on the energy and thermal performance
of buildings, the selection of appropriate Building Performance Simulation (BPS) software is crucial.
Various options are available on the market [47](eg EnergyPlus, ESP-r, ICE, and IES-VE) to model
and simulate the thermal performance and energy of buildings under different conditions, such as
changes in climate, occupancy patterns, and building systems. For this investigation, IES- VE soft-
ware is used due to its ability to simulate dynamically and assess the thermal performance of the
adaptive facade and its impact on indoor conditions and energy in response to factors based on op-
erational profile, such as occupancy patterns and external environment control, such as temperature
and solar radiation. Furthermore, the study uses the IES-VE programme and(EPW) files to extract
precise weather data for Jeddah, covering 15 years from 2007 to 2021. Using long-term historical
weather data is a common practice to establish a baseline and evaluate building performance under
realistic and documented climatic conditions that have occurred in the past.

Located on the coast of the Red Sea in western Saudi Arabia, Jeddah is located at coordinates
(21°68'N and 39°16'E). Jeddah falls under the Kappen Climate Classification of BWH, which signifies
an arid desert-hot climate. However, due to its proximity to the Red Sea, Jeddah experiences a unique
hot and humid climate [48]. Based on the analysis conducted using the IES software, Jeddah experi-
enced its highest temperatures in July and August, reaching a peak of 49 °C on August 24. In contrast,
the coldest months are January and February, with temperatures dropping to a low of 15 °C on Jan-
uary 9. Figure 5 illustrates Jeddah's sun path and angle, utilising the sun cast feature in the IES-VE
software, revealing that the sun's path is orientated southward during the winter and moves towards
the middle and northward during the summer.
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Figure 5. Jeddah Sun Path Diagram Generated by IES -VE Simulation.

3.3. Apartment Conditions: as a case study

This study examines a high-rise apartment in the city of Jeddah. The building has a significant
amount of glazing on its facade and a low thermal mass, representing the typical architectural style
observed in the area. With a height of 205 metres, 48 floors, and a total of 78 residential apartments,
this skyscraper was constructed in 2017. Each floor comprises two identical apartments, each with an
average area of 420 square metres, and the building offers apartments with three different orienta-
tions. Figure 6 shows the layout of the apartment on the 25th floor, which serves as the benchmark
for evaluation and validation. The apartment has three different facade orientations: South, East and
West. In particular, the living room (84m?) and bedroom (20m?) are located toward the west and
south facades. As a result of the intense penetration of solar heat through these orientations, over-
heating and potential discomfort for residents are expected to increase.

11,07 5m

Figure 6. The layout and viewpoint of a skyscraper residence in Jeddah.

The study conducted detailed modelling of the bedroom and living room, including its details,
layout, building materials, interior finishes, lighting and occupancy. These data were collected
through site observations, resident interviews, and project management records. The thermal prop-
erties and construction materials of the benchmark apartment are summarised in Table 2. In addition,
internal heat gain data was obtained from the ASHRAE Guide [49] to ensure precision in the simula-
tion. Lighting, appliances and people( parents with three children) according to an operating profile
all contribute to the modelling of internal heat gain, as shown in Table 3.
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Table 2. External thermal and structural criteria of the apartment.

Thermal Characteristics of Apartment Conditions

Surface Variables Values Materials Description
U-value 1.46 W/m2K Layers from outside to inside:
_ Thickness 230 mm 1- Sandstone 100mm
g Solar absorptance 0.9 2-Cavity 100mm
o 3- 10mm cement-bonded
Emissivity 0.7 4-Gypsum board 20mm
U-value 2.68W/m2k
2 Thickness 24mm Double-insulating glass:
S Emissivity 0.83 1- Outer 6mm
g Transmittance 0.71 2-Cavity 12mm
= SC Shading Coefficient 0.45 3-Inner 6mm
Glazing Ratio WWR 80%
o0 Urvalue 312 W/m?K 1- Reinforced Concrete100mm
s 5 Thickness 200mm
L = 2-Screed 50mm
=8 Solzilr zflb‘sorptance 0.55 3 Marble 50mm
Emissivity 0.9
= § Urvalue Lo2W/m?K 1- 25mm Plasterboard
g .S Thickness 100 mm .
2 % Solar absorptance 0.55 2-Cavity S0mm
£ g o 3- 25mm Plasterboard
Emissivity 0.9

Table 3. The internal gain and operating time of the equipment.

Internal Heat Gain

Operating times

Space Type Gain 11pm-7am 7am-3pm 3 pm-11pm
5 people 75 w/person off off on
Living room appliances 550 w off off on
lighting 252w off off on
2 people 50 w/person off on on
Bedroom appliances 50 W off on on
lighting 60 W off on on

3.4. Configuration and operating schedule

The adaptive facade shading system incorporates an innovative SMP material as an actuator,
allowing it to dynamically adjust to outdoor variables such as solar radiation and air temperature.
The open and closed mechanism of the switch system was performed using the external louvre fea-
ture and the operational profile settings with control thresholds in the IES-VE software to calculate
an operating schedule. The operational profile function in IES-VE software governs this process,
while a daily thermal template manager defines the system's state control based on a thermal activa-
tion threshold. Three distinct activations guide the behaviour of the system: operation based on the
temperature of the outside air temperature (= 33 °C), operation based on direct solar radiation, there-
fore, the coding reads (= 275 W/m?), and a combination of both factors; thus, the code is written (to
>=33) I (idn >= 275). Figure 7 shows these conditions and their corresponding formulas.
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In the final step of the setting process, Figure 8 shows the selection of exterior shading types for
the bedroom and living room using the project construction tool. Louvres respond to climatic activa-
tion factors determined by control settings, allowing them to open or close accordingly. For example,
if the outdoor temperature exceeds 33 °C, the louvre device will be lowered and set to 0, providing
maximum shading. In contrast, when the outdoor temperature falls below 33 °C, the louvre shading
will increase and be set to 1, allowing more natural light and ventilation.
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Figure 8. The final setting step uses a louvre shading with activation conditions.

The following schedule outlines the operation of the shading system based on the settings and
conditions described above. Figure 9 illustrates the dynamic behaviour of the shading system's oper-
ation on the west and south facades, estimated for August 24. Daily fluctuations influence the switch-
ing behaviour of the adaptive facade shading system in climatic conditions and activation thresholds.

On the south facade, the operating time shows that the adaptive shading will be closed for 8
hours between 8 am and 16:00 and will remain open for the rest of the day if the combination scenario
is implemented. Alternatively, if the solar radiation activation scenario is selected, the system will be
closed for 3 hours between 11:00 a.m. and 14:00, but will remain open for the rest of the day. Lastly,

the air temperature scenario will be closed for the entire day, except for 7 hours between 1 am and
8:00 am to be open.
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However, the west fagade timetable shows the exact period of operation by 8 hours in the combo
scenario, while the closure time changed between 9:00 am and 17:00. Furthermore, the air tempera-
ture-driven activation timeframe for adaptive shading aligns with that of the southern facade. How-
ever, there is a slight difference in the solar radiation scenario; the closure time is afternoon from
13:00 to 17:00, an hour longer than the southern facade. Figure 10 shows the closure period of the
adaptive shading system under different control situations.

R West Facade . South Facade
Operating Time Operating time
Times Times
012345678910111213415161718192021 222324 012345678910111213141516171815202122232%
Combination Combination OFF
solar Radiation solar Radiation
Ait Temperature AirTemperature [ OFrf
Oopen Mclosed Dopen Mclosed

Figure 9. The timetable of system operation under multiple activations - August 24.

24
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M Air Temperture M Solar Radiation Combination

Figure 10. Total operational hours of adaptive facade under multiple activations - August 24.

4. Results

The results were validated by comparing the thermal performance of the adaptive facade with
the bare glazing facade on a summer day, focussing on thermal comfort, energy efficiency, and visual
comfort to evaluate the effectiveness of activation parameters. The effectiveness of various activation
parameters in regulating solar radiation, mitigating solar heat gain, optimising daylighting, reducing
glare, and improving indoor temperature and occupant comfort are evaluated. The evaluation was
carried out on August 24, considering three different activation scenarios: air temperature, solar ra-
diation, and a combination. The living room and bedroom of the apartment were evaluated using the
IES-VE simulation tool with ApacheSim and Sun-Cast's model.

The simulations calculated the room's temperature and thermal comfort under different climate
control strategies, with the cooling system turned off to avoid any interference with the overheating
assessment. However, to evaluate the overall performance of the building, the cooling system was
activated to a set point temperature of 23 °C, recommended by ASHRAE Standard 55 for indoor
thermal comfort. The energy consumption and cooling load were analysed to determine the efficiency
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of the adaptive shading system. The results of these simulations provide valuable information on the
effectiveness of activation parameter strategies in optimising adaptive shading performance, consid-
ering the three criteria thermal comfort, visual comfort, and energy efficiency.

4.1. Thermal Comfort Evaluation

4.1.1. Indoor Temperature

In hot climates, building temperature regulation is crucial for occupant comfort. Excess solar
gain increases indoor temperature, occupant discomfort, and health risks related to heat. Thus, adap-
tive shading controls solar gain and interior temperature of the building. This study used the operat-
ing temperature to represent the internal temperature since it incorporates the air temperature and
the average radiant temperature. The simulation results of the three adaptive facade control scenarios
were compared with the reference model of the living room (double-facing south and west) and the
bedroom (single-facing south) to determine the effectiveness of the climatic variables control method
in optimising adaptive system performance. On August 24 a summer day, the simulations were con-
ducted at (6 a.m., 9 a.m., 12 p.m., 3 p.m., and 6 p.m.) to account for the solar gain influence at different
times.

The simulation results demonstrate the effectiveness of adaptive shading activation variables in
increasing interior temperatures throughout the day compared to the base-case facade. Figure 11
shows a comparison between the current facade and the adaptive facade controlled by three different
scenarios of climate variables in the operative temperature of the living room and bedroom. The re-
sults showed that the combination scenario had the most notable improvement in indoor tempera-
tures and reduced overheating in both the living room and the bedroom, followed by the air temper-
ature scenario, while the solar radiation scenario was the worst, showing no change in the living
room at any time except a slight improvement in the bedroom in the morning.
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Figure 11. Interior temperature in baseline Vs. Adaptive fagade activation parameters - August 24.

Table 4 shows that the combination scenario in the living room on August 24 shows the greatest
reduction in the average indoor temperature, decreasing from 40.5°C to 35,3 © C with 5.2°C differ-
ences. The highest reduction of 20% at 9 am in indoor temperatures dropped from a reference of
40.2°C to 31.9°C, an 8.3°C decline. Furthermore, the living room base model showed a maximum
temperature of 41.5 °C at 3 p.m., while the combination scenario improved the temperature to 38.6°C,
a difference of around 2.9 °C, approximately 7%. Similarly, the combination scenario was the most
effective in the bedroom, with the most significant decrease of 10% at 12 p.m. from the baseline tem-
perature of 42.7°C to 38.5°C, leading to a fall of around 4.2°C. Furthermore, the bedroom base model
indicated a maximum temperature of 43 °C at 3 p.m., while the combination scenario reduced the
temperature by approximately 3.9 ° C or 9%.
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Table 4. Interior temperature in the baseline Vs. Adaptive fagade activation parameters - August 24.
Type of Space Living room °C Bedroom°C
Time 6am 9am 12pm 3pm 6p.m 6am 9am 12p.m 3p.m 6p.m
The basic case 39.5 402 40.7 415 413 417 423 427 43 429
The Air Temperture 384 391 392 394 393 402 408 409 412 413
The Solar Radiation 40 405 413 417 415 411 416 425 431 43
The Combination 33.7 319 369 386 376 38.6 384 385 391 397

Furthermore, the activation parameters were evaluated under different circumstances through-
out the year, including the hottest and coldest months, to determine the effective one. Table 5 illus-
trates the annual mean difference in indoor air temperature between the bare and adaptive facades
in the activation parameter scenarios. The results showed that the combination scenario offers the
greatest improvement during summer and winter. However, the variables of air temperature and
solar radiation control an adaptable facade in various ways. The solar radiation scenario is more ef-
fective in winter than the air temperature scenario in summer. Thus, the annual results showed that
the combination variable most effectively lowered the interior temperature, with the second being
followed by solar radiation control.

The annual results showed that the adaptive facade combination control reduces the average
internal temperature by 6 ° C or 16% and 7.1 ° C or 18% in the living room and bedroom, respectively,
from 37.4 to 31.4 ° C and 39.6 to 32.5 ° C. Furthermore, solar radiation is a second ideal scenario,
reducing the mean temperature by 2.2 ° C and 3.1 ° C in the living room and bedroom, respectively,
while the worst-case scenario involves air temperature control, increasing the average temperature
by approximately 0.5 °C.

Table 5. Interior temperatures in the baseline Vs. Adaptive fagade activation parameters — Yearly.

Type of Space Living room Bedroom
Period Annual Annual
The basic case 37.4 39.6
The Air Temperature 38.1 40.2
The Solar Radiation 35.2 36.5
The Combination 31.4 32.5

4.1.2. Discomfort Hours

In this study, the adaptive comfort method evaluates the hours of overheating and discomfort
that consider the dynamic interaction between the occupant and the local climate and tries to give a
more flexible approach to thermal comfort. As stated previously, comfort levels range between 33.3°C
and 29.3°C based mean outside temperature of August using the Nicol TC equation. The operative
temperature is a helpful indicator for assessing the comfort level of a building's interior since it con-
siders both the air temperature and the mean radiant temperature. Comparison of adaptive facade
activation options in the living room and bedroom to discover the most effective solution to improve
thermal comfort. Figure 12 compares hours above the comfort level for a living room facing the south-
west on August 24. The results showed that the adaptive facade controlled by the combination im-
proved thermal comfort at the given times, whereas the adaptive shading controlled by the air tem-
perature scenario and solar radiation failed to achieve the comfort level. Compared to the reference
model, where the temperature exceeds the comfort threshold for 24 hours and the discomfort ratio is
100%, the adaptable facade controlled by a combination reached the target comfort level in living
rooms in 4 hours between 6 and 10 a.m. Furthermore, the living room temperature was not comfort-
able at 12 pm, 3 pm and 6 pm, except at 6 am and 9 am, once the outside temperature dropped.
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Figure 12. Comparing living room comfort hours under varying activation parameters August 24.

On the contrary, Figure 13 shows that only the adaptable facade controlled by the combined
scenario improved thermal comfort in the bedroom facing the south on August 24. Compared to the
baseline model, where the temperature exceeds the comfort threshold all day, the adaptable facade
controlled by a combination of variables actuated the close position and achieved the target comfort
level in the bedroom for 2 hours between 7 a.m. and 9 a.m. Furthermore, the bedroom temperature
did not reach a comfortable level at 6 am, 12 pm, 3 pm or 6 pm on July 6, unless at 9 am, when the
outside temperature was 31 °C.
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Figure 13. Comparing bedroom comfort hours under varying activation parameters August 24.

Figure 14 shows that the discomfort ratio in the baseline living room was 90% and in the bed-
room 97.7% annually. Therefore, using a combined scenario improves the comfort of the living room
and bedroom by 50.8% and 44.7 %, respectively. The second scenario is solar radiation, which in-
creases comfort hours by 26% in the living room and by 24.7% in the bedroom. However, the air
temperature scenario did not improve comfort hours; it increased discomfort. Figure 15 compares the
discomfort hours of the combined scenario with the baseline. Of the 8760 occupation hours, the living
room experienced 7870 hours and the bedroom experienced 8595 hours, exceeding the adapted
comfort threshold. The adaptive facade through combination control decreases these hours by 3437
and 4644, respectively. The adaptive facade of the combined control improves thermal comfort for 4
661 hours in the living room and 3 551 hours in the bedroom.
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Figure 14. Comparing yearly discomfort ratios in Figure 15.Comparing the annual improvement

hours.
4.2. Visual Comfort Evaluation

4.2.1. Daylighting Performance

Maintaining a balance between optimising natural lighting and preventing heat is challenging
when fully closed adaptive facades are activated. Therefore, this study proposes a compromise solu-
tion of a 50 cm air cavity between the building and the adaptive system, allowing natural light even
when the shading is closed, as shown in Figure 16.

Room I

Transmission Reflecting

Adaptive Facade

Internal Space External

Air Cavity

Figure 16. Optimising daylighting in the adaptive system by an air cavity.

In this study, the impact of the adaptive facade was evaluated using the European Daylight
Standard, EN 17037 [46], which considers the daylight factor (DF) and measured illuminance levels
in lux. For visual comfort, the EN standard prescribes a minimum daylight factor (DF) of 2% and a
minimum illuminance level of 300, covering at least 50% of the occupied floor area in a space lux
under a clear sky. The dynamic mechanism of the adaptable facade that affects the evaluation of
daylighting performance at a given time on August 24 at 3 p.m. was simulated in IES VE using the
Radiance IES tool. The results showed that the combination scenario and air temperature scenario
were the same, activating the closed position on both the south and west sides, while the solar radi-
ation-activated closed mode only on the west side and unactivated on the south side kept the shading
open.

Figure 17 illustrates the significant improvement in daylighting and visual comfort achieved by
the adaptive facade compared to the baseline living room activated by air temperature or a combina-
tion scenario. The average daylight factor (DF) in the adaptable facade is 2.2%, which meets the target,
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while in the baseline facade, the DF is greater than 9.0. This indicates that the adaptive facade pro-
vides better daylight conditions and reduces the need for artificial lighting. Furthermore, the adaptive
facade ensures that only 54.3% of the living room area experiences a daylight threshold lower than 2
DF, resulting in improved visual comfort throughout the space. Thus, artificial light is required for
the living room's rear, with the adaptable facade activated in a closed position on both sides.

Figure 18 shows the impact of solar radiation on the adaptive facade, precisely at 3 p.m., where
the south side is opening while the west side is closing. The comparison includes the daylight factor
(DF) and the threshold for the baseline and adaptive facades. In this scenario, the adaptive facade
exhibits a slight decrease in daylight with an average DF of 8, potentially leading to some discomfort
due to glare. However, it is essential to note that no daylight factor thresholds (DF) were observed
below 2, indicating that additional artificial lighting is unnecessary.

a) DF levelin the base-case facade c) DF threshold in the base-case facade

©

b) DF levelin the adaptive facade d) DF threshold in the adaptlive facade

Figure 17. Daylight factors in the baseline Vs. adaptive fagade activated by combined temperature.

a) DF levelin the base-case facade c) DF threshold in the base-case facade

I

b) DF levelin the adaptive facade d) DF threshold in the adapfive facade

Figure 18. Daylight factors in the baseline Vs. adaptive fagade activated by solar radiation.
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Figure 19 shows the analysis of the level of illuminance (lux), where the adaptive fagade con-
trolled by the air temperature and the combination scenario achieved an average level of illuminance
of 323 (lux) in 46.6% of the living room area. Compared to the standard facade, the average illumina-
tion was 3200 (lux). In particular, the intensity of illumination achieved by this scenario was 53.4%
less than the 300 lux threshold, indicating that the adaptive facade could provide adequate natural
illumination and meet the code requirements, but needed artificial lighting.

Figure 20 shows the analysis of the adaptive facade controlled by solar radiation, which achieves
an average illuminance level of 2234 (lux) compared to 3200 (lux) for the baseline facade. The analysis
did not reveal illuminance levels below 300 (lux), indicating that artificial lighting is unnecessary and
can lead to reduced lighting energy usage.

a) Lux confour in the base-case facade c) Lux threshold in the base-case facade

b) Lux contour in the adaptive facade d) Lux threshold in the adapftive facade

Figure 19. [lluminance levels in the baseline Vs. adaptive facade activated by combined tempera-
ture.
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b) Lux contour in the adaptive facade d) Lux threshold in the adaptive facade

Figure 20. [lluminance levels in the baseline Vs. Adaptive facade activated by solar radiation.

4.2.2. Glare Analysis

Excess brightness can result in glare, which is a significant cause of visual discomfort. The IES-
VE simulation evaluates glare using the daylight glare probability (DGP) metric. This metric catego-
rises the percentage of people affected by glare into four categories:

1. Imperceptible; less than 35%
2. Perceptible;between 35%-40%
3.  Disturbing;between 40%-45%
4.  Intolerable: greater than 45%

Figure 21 illustrates the evaluation carried out in the living room at 3 p.m. on August 24 to de-
termine the level of glare. The results found that the glare level was 89.94 % higher than the 45%
threshold, which is considered intolerable and indicates that the glare in the living room was consid-
erably more intense and could cause discomfort.

Figure 21. DGP with the baseline facade.
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Figure 22 illustrates the installation of the adaptive shading system and its activation in response
to the combination scenario or the air temperature scenario. When activated, the system closed both
sides of the room, reducing glare by 26.25% but restricting visibility. This reduction is below the im-
perceptible threshold of 35%, indicating a significant improvement in visual comfort in the living
room with the activation of the combined parameters. However, as illustrated in Figure 23, when
solar radiation activates the adaptive facade, the shading closes on the west side of the room while
remaining open on the south side, allowing visibility, lowering the glare to 36.75% and showing a
perceptible threshold between 35 and 40%.

Figure 22. DGP analysis with combined activation Figure 23.DGP analysis with solar radiation acti-
vation.

4.3. Energy Efficiency Evaluation

4.3.1. Solar Heat Gain

Minimising solar heat absorption is critical for designing energy-efficient buildings in hot cli-
mates. Sun heat has the potential to significantly increase heat penetration into a building, leading to
discomfort for occupants, increased reliance on air conditioning, higher energy costs, and increased
greenhouse gas emissions. Therefore, dynamic shading strategies are applied to effectively track and
regulate solar heat absorption in building designs. Figure 24 illustrates the influence of solar radiation
on cooling loads in a room with glazed and adaptable facades when the adaptive shading of a build-
ing operates in closed positions during the day based on heat activation, preventing and reflecting
solar radiation, and improving energy efficiency.

Solar Radiation Solar Radiation
Direct Radiation

Protecting
&
Reflecting

I F
Glazed Facade Adaptive Facade

Internal Space External —— ! External

Figure 24. Impact of installing an adaptive fagade on heat gain and energy.

On August 24, the results compared the basic model and adaptive facades in the living room
and bedroom heat gain(kWh) received. Figure 25 compares the baseline total solar heat gain of 29.9
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kWh in the living room and 4.8 kWh in the bedroom and the adaptive facade under the combination
scenario. The results show a significant reduction in solar heat gain, with a 98% decrease in 0.5 kWh
in the living room and a 79% decrease in 1 kWh in the bedroom. Furthermore, the air temperature
scenario results in a reduction of 84% in the living room to 4.6 KWh and 77% in the bedroom to 1.1
KWHh, while a solar radiation control scenario results in the lowest reduction of 41% in the living room
to 17.4 kWh and no change in the bedroom.
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Figure 25. Heat gain in rooms with glazed facade Vs adaptive facade under all scenarios August 24.

Figures 26 and 27 show the impact of annual heat gain from the adaptable facade (MWh) com-
pared to the baseline facade in the living room and bedroom. The combined activation resulted in the
most remarkable improvement in the baseline living room and bedroom, followed by the solar radi-
ation technique and the air temperature scenario. Compared to the results of August 24, excessive
radiation during the winter months that activated the closed position for an extended time shows
that the adaptive facade controlled by solar radiation functions better than the air temperature.
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Figure 26. Heat gain in the glazed living room facade Vs adaptive fagade under all activations —
yearly.
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Figure 27. Heat gain in the bedroom glazed facade Vs adaptive fagade under all activations — Yearly.

Furthermore, Figure 28 compares the total results of the adapted facade with the glazed facade.
The living room received 15.7 MWh, while the bedroom received 4 MWh. The combo scenario re-
duced the heat of the living room by 97% to 0.5 MWh and the heat gain of the bedroom by 97.5% to
0.1 MWh. Furthermore, the solar radiation scenario reduced the heat in the living room by 73% to 4.2
MWh and in the bedroom by 93% to 1 MWh, while the control of air temperature reduced it by 45%
to 8.5 MWh and 37% to 2.5 MWh, respectively.
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Figure 28. Total heat gain in the glazed facade Vs adaptive facade under all activations — Yearly.

4.3.2. Energy use and cooling

Energy savings in hot climates are primarily based on cutting down on cooling demand to keep
the interior comfortable. Based on the simulation results, the adaptive facade shading system has
decreased the solar heat gain and indoor temperature and consequently decreased the cooling load
and total energy usage. On August 24, the results showed that adaptive facade control under all ac-
tivation scenarios significantly reduced cooling loads compared to the baseline facade. Furthermore,
the adaptive facade activated by the combination resulted in the most significant cooling reduction
in the baseline living room and bedroom, followed by the activation of the air temperature, and then
the activation of the solar radiation with the lowest drop.

On August 24, Figure 29 compares the cooling loads of the adaptive glazed facades activated by
various environmental variables in the living room and bedroom. The result showed that the living
room with a glazed facade requires 59.3 kWh of cooling load compared to the adaptive fagade acti-
vated by the combination, which reduced this by 38 % to 36.7 kWh. Using only air temperature
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control reduced this by 29%, bringing the total down to 42.1 kWh; under the solar radiation scenario,
the cooling load is reduced by 21% to 46.8 kWh. In contrast, the bedroom with a glazed facade has a
cooling demand of 34.2 kWh compared to the adaptive fagade controlled by the combination activa-
tor, reducing the cooling load to 24.2 kWh, representing a 29% reduction. Using a temperature control
strategy decreased the bedroom's cooling load by 21%, resulting in a total of 27.1 kWh. However, in
the solar radiation activator scenario, the cooling load was reduced by 15% to reach 29 kWh.
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Figure 29. Cooling load in the glazed facade Vs adaptive facade under all activations — August 24.
However, Figure 30 shows the difference in annual cooling load(kWh) between the baseline and
adaptive facades in the living room and bedroom. The adaptive system activated by integrating pa-

rameters leads to the most significant reduction in cooling demand in the living room and the bed-
room; second comes the solar radiation parameter and the last is the activation of the air temperature.
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Figure 30. Cooling load in glazed facade Vs adaptive facade under all activations — Yearly.

The results showed that the cooling load of the living room was annually 14,343 kWh on the
base fagade compared to the adaptive system under combination control, having the highest reduc-
tion of 52%, resulting in a cooling load of 6,882 kWh. The solar radiation scenario drops to 8,605 kWh,
a decrease of approximately 40%, while the air temperature scenario reduces the cooling load by 22%
to 11,185 kWh. However, the cooling usage in the bedroom was annually 3,742 kWh with a glazed
facade. Compared to the existing facade, the adaptive system with combination control cut the
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cooling load by 42%, leading to a total cooling load of 2,170 kWh. However, solar radiation control
reduces the cooling load to 2,507 kWh, which is a reduction of 33%, while the air temperature scenario
lowers the cooling load by 16% to 3.140 kWh.

Implementing the adaptive facade shading system that responds to changing weather condi-
tions has reduced the total energy consumption of apartment rooms, including cooling and lighting.
The results of the annual study indicated that when a combination of variables activates the adaptive
facade, this results in significant total energy savings by optimally minimising the cooling load, but
slightly increasing the usage of light. In contrast, the solar radiation scenario reduced the total energy
consumption related to lighting energy as a result of improving the apartment's daylighting condi-
tion, which reduces the reliance on artificial lighting sources.

In the living room, the total annual energy consumption, including cooling and lighting, was
15,815 kWh with a glazed fagade compared to the implementation of the adaptive facade governed
by the combination scenario, the energy consumption decreased significantly to 8,132 kWh by 48 %.
Furthermore, the solar radiation scenario reduced total energy by 43%, from 15,815 to 9,014 kWh,
while the air temperature scenario was reduced by 20% to 12,654 kWh. In contrast, in the bedroom,
the total annual energy consumption, including cooling and lighting, was 4.092 kWh with a glazed
facade compared to the adaptive system with a 40% reduction in combination control, resulting in a
consumption of 2,460 kWh. Furthermore, solar radiation control reduced the overall energy to 2,682
kWh, which is a reduction of 34.4%, while the air temperature scenario reduces the general power by
15 % to 3,471 kWh.

Figure 31 represents a notable enhancement in the adaptive fagcade activation by merging solar
radiation and air temperature. This improvement results in an overall reduction in energy use of
approximately 7683 kWh, about 39%. As a result, this energy savings measure effectively decreases
carbon emissions by approximately 3,800 kg, substantially contributing to environmental sustaina-
bility by lowering the demand for electricity generated from fossil fuels.

Total Energy C02 Emissions
20,000 Glazed Facade 10,000 Glazed Facade
18,000 9,000
16,000 8,000

14,000 7,000

£,000 9900 Kg

19,907kWh

12,000

Adaptive Facade Adaptive Facade

10,000 5,000

8,000 4,000
12,224kWh 3,000 6100 Kg

6,000

4,000 2,000

2,000 1,000 \

Figure 31. Annual energy savings and CO2 emissions, glazed facade Vs adaptive facade activated by
combined variables.

5. Discussion

This study aims to find the optimal thermal activation parameters for the SMP actuator to im-
prove the performance of adaptable facades in a hot-humid climate by examining and analysing the
impacts of various SMP activation settings on energy efficiency and occupant comfort and daylight-
ing. Based on all findings from the various design parameters, including air temperature, solar radi-
ation, and the combination in the operation of the adaptive facade with an SMP actuator, this can
offer a valuable understanding of the potential to improve the overall performance of the adaptive
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facade system. The results found that the operating schedule of the adaptive shading system, which

depends on the thermal threshold for SMP activation, plays a critical role in its overall performance.

On August 24, this study evaluated the effects of various thresholds on occupant comfort and
energy efficiency. Using a single activation, such as a 33 ° C air temperature threshold, operating the
system for 17 hours in a closed position was not sufficient to achieve the ideal balance between com-
fort for the occupant and daylight performance. Similarly, relying solely on a solar radiation thresh-
old of 275 W/m?, enabling the system to respond to intense sunlight for 4 hours, also failed to meet
comfort but improved visual comfort. However, combining these thresholds identified an optimal
operating schedule that achieved the desired balance of comfort for the occupant and energy savings
in 8 hours of function. Thus, the triggered adaptive system provides effective shading during the
needed periods and mitigates glare when the solar radiation is intense.

The result of optimal operation under combined activation showed that dynamic shading was
closed for approximately 8 hours between 8:00 am and 4:00 pm, which reduced direct sunlight, solar
gain, and radiant temperature, reduced the average indoor temperature by 4.9 ° C and 3.6 ° C in the
living room and bedroom, respectively, and improved thermal comfort for 4 hours in the living room
and 2 hours in the bedroom, saving energy by decreasing the cooling power in the living room from
218 kWh to 135 kWh by 38% and the bedroom from 34.2 kWh to 24.2 kWh by 29%. Furthermore, it
reduced the glare of the room to 26.25% (DGP), less than 35%, indicating imperceptible and improv-
ing visual comfort. However, it is important to note that the adaptive system in a combined scenario
requires artificial lighting for up to 50% of the room space.

However, to make the right decision and understand how the factors affect the interior perfor-
mance, compare the annual simulation results of the baseline and adaptive facades under various
activation parameters. Therefore, this work uses evaluation tools to determine the optimal parameter
control strategies that meet the required criteria and sub-criteria. The multi-criteria decision-making
method (MCDM) assesses thermal comfort, energy efficiency, and visual comfort for adaptive facade
shading systems. This method is based on a structured hierarchy of criteria and sub-criteria or objec-
tives [50] relevant to the evaluation of the performance of adaptive fagade systems. The model uses
the comparisons and weights of each criterion and sub-criterion and their performance on a set of
benchmarks to choose the most effective scenario.

The main criteria considered in this study are energy efficiency, thermal comfort, and visual
comfort. The significance of these criteria was determined by prioritising the objectives of this study,
which aligns with the Saudi vision [8] of reducing cooling energy consumption, improving thermal
comfort, and promoting sustainable practises, while lighting energy accounts for less of the overall
energy use. The weights assigned to each criterion are as follows: energy efficiency is the most im-
portant, followed by thermal comfort and visual comfort, which are as follows:

1. Energy Efficiency Criterion; the value is 50%, including a reduction of solar heat gain by 15%, a
minimisation of cooling loads by 20%, a reduction of overall energy consumption by 10%, and a
reduction of carbon emissions by 5%.

2. Thermal Comfort Criterion; it is 30%, including reducing the indoor temperature by 15% and
minimising cooling loads by 15%.

3. Visual Comfort Criterion; it is 20%, including daylighting optimisation by 10% and reduction of
glare by 10%.

This method identifies key activation parameters that significantly impact the overall thermal
performance of SMP-based adaptive shading systems. The total weights are calculated for each cri-
terion and subcriterion to evaluate the efficiency of these parameters. Table 6 summarises the results
of the overall performance calculations made using Formula (3):

(subcriteria weight) x (result percentage) / 100 (3)

For example, consider the indoor temperature reduction subcriterion with a weight of 15% and
an annual result percentage of 25%. The calculation would be (15%) x (25%) / 100 = 0.0375, indicating
a contribution of 3.75% out of 15% of the total weight of the indoor temperature reduction criterion.
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Table 6. The general performance of the adaptable facade under all activation parameters.

Air Tem- Solar Ra- Combining

Space Criteria Sub-Criteria perature  diation both
Reduction of solar heat gain 6.7 10.9 14.5
. Minimisation of cooling load 4.4 8 10.4
Energy Efficiency .
o Reduction overall energy
50% . S 2 4.3 4.8
(Cooling+ Lighting)
g Lower carbon emissions 1 2.1 24
€ Total 14.1% 25.3% 32.1%
fb Reduction of indoor temper- 0 0.9 o4
E Thermal Comfort ature ’ ’
= 30% Reduction of discomfort 0 3.9 76
hours
Total 0% 4.8% 10%
Visual Comfort Reduction of glare 7 6 7
20% Optmasiton of daylighting 2 4.5 2
Total 9% 10.5% 9%
Overall performance 23.1% 40.6% 51.1%

According to Table 6, the annual evaluation indicated that the combined scenario is the most
successful way of activating to increase the performance of the adaptive facade shading system
throughout the seasons, achieving the highest score of 51.1%, followed by solar radiation activation
at 40.6%, and the lowest activation is achieved by the temperature at 23.1%. Furthermore, this sce-
nario effectively balances energy efficiency and comfort by reducing heat gain and cooling load and
improving indoor thermal and visual comfort conditions. Energy efficiency demonstrated the most
significant improvement among the performance criteria, followed by thermal and visual comfort.
Specifically, the enhancements achieved an impressive 32.1% out of 50% in the energy efficiency cri-
teria, resulting in a remarkable 10.4%out of 20% reduction in cooling load, representing 52% of the
subcriteria. However, it should be noted that there was a slight increase in lighting energy usage of
4%. Therefore, it resulted in an overall energy saving of 48%.

The overall thermal comfort criterion improved by 66.6%, representing a remarkable 10% of
30%. The average interior temperature was lowered by 6 °C, significantly reducing discomfort hours
by 49%. However, visual comfort performance demonstrated a significant 70% decrease in glare.
However, it did not optimise the distribution of natural light throughout the space, requiring artifi-
cial lighting in half of the room.

The variation in the effectiveness of the system when activated by air temperature or solar radi-
ation can be attributed to the specific weather conditions in Jeddah. The solar radiation activator
performs significantly better throughout the year because the Sun's path is shifting to the south, align-
ing with the apartment's orientation. This allows the adaptive shading system to effectively block
intense solar radiation and reduce heat gain, resulting in improved performance. However, the air
temperature activator performs better during the summer months because it considers the high out-
door temperatures during that time. The system can efficiently respond to the hot climate by closing
the shading devices and minimising heat gain. However, during the winter months, the outdoor tem-
peratures in Jeddah are relatively low, causing them to fall below the activation threshold of the
adaptive shading system. As a result, shading devices remain open for longer periods, limiting their
ability to effectively prevent heat gain. These findings suggest that the solar radiation activator is
more influential than the air temperature in optimising visual comfort and reducing lighting energy,
as solar radiation is a dominant factor in the climate of Jeddah.

Determining the optimal activation parameters for the adaptive shading system, which depends
on the SMP actuator, requires considering various elements such as the local climate, the orientation
of the building, and the particular performance goals of the adaptable facade. The combination of
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solar radiation and air temperature appears to be the most relevant climatic parameter for triggering
the system's reaction to changing weather conditions in Jeddah, Saudi Arabia. This combination
of parameters minimises solar gain and cooling load, resulting in energy savings and better occupant
comfort. The selection of these precise parameters is critical to obtaining optimal performance and
increasing the overall efficacy of the adaptive shading system.

6. Conclusions

The implementation of a thermoresponsive SMP actoutor based-adaptive shading system aims
to achieve functionality and efficiency goals in building design. This study investigated the effective-
ness of the activation parameters of the system to optimise energy efficiency and improve thermal
and visual comfort. Various activation scenarios were evaluated through extensive simulations of
IES-VE software, including solar radiation-based operation, air temperature-based operation, and
combined solar radiation and air temperature-based operation. In August, the hottest month, Nicol's
adaptive comfort approach, which found the suitable comfort limit range for the investigation, was
used to determine the air temperature threshold at 33 © C and the average direct solar radiation de-
fined as the threshold of 275 W/m2. The combination-based activation proved the most effective, al-
lowing the adaptive facades to respond dynamically and adjust to weather fluctuations. On average,
the adaptive facades operated for 8 hours, effectively reducing solar heat gain, optimising daylighting,
enhancing thermal comfort, and saving energy. On the hottest day, the system achieved a reduction
of 6 ° C in the mean indoor temperature and improved hours of thermal comfort, significantly reduc-
ing cooling energy. Implementing this energy-conserving approach results in a significant annual
reduction of approximately 39% in energy consumption and a decrease of 3,800 kg of CO2 emissions.

This study has certain limitations. The evaluation of daylighting performance was limited due
to the lack of an operational profile control feature within the IES-VE software, which only applies to
thermal calculations and excludes daylighting simulation. Furthermore, the physical behaviour of
the SMP actuators could not be included in the study due to the lack of material properties in the
simulation software. Thus, simulating the performance of SMPs poses challenges in capturing their
reaction time, reversible deformation, and temperature-dependent behaviours. Future research
should focus on scaling up the implementation of adaptive facades in real-world contexts to assess
their long-term performance. Alternative simulation tools or a combination of tools should be ex-
plored to assess the thermal response of SMP materials. Continuous monitoring and feedback from
occupants can help refine the system's operation and strike a balance between comfort and energy
efficiency. In addition, incorporating natural or mechanical ventilation calculations can optimise ther-
mal comfort and overall building performance.
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