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Abstract

Facades are integral to building design, serving as the aesthetic outer shell and acting as a
thermal barrier. The Responsive Kinetic Facades revolutionize the concept of facades changing
the dynamism from a static structure to adaptive system, capable of responding to external
environmental stimuli of glare, and temperature variation. The study evaluates two unique
materials, Ethylene Tetrafluoroethylene (ETFE) and Auto Heal polymer for their performance
in adaptive facade systems. A systematic literature review was conducted following PRISMA
(Preferred Reporting Items for Systematic Reviews and Meta-Analyses) criteria, explaining the
data selection process with a PRISMA flow diagram. The study compares the energy efficiency
performance and thermal comfort of these materials when applied to the south fagade of a
high-rise office building in Jaipur, India, which experiences a composite climate. The assess-
ment aligns with Energy Conservation Building Code (ECBC) and American Society of
Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) recommendations !!~3!. The
performance metrics include annual energy consumption (kWh/m2), discomfort hours, Fanger
Predicted Percentage of Dissatisfied (PPD), and Fanger Predicted Mean Vote (PMV). Simula-
tion test was conducted under identical environmental conditions using Design Builder V7.0
(with an EnergyPlus engine). Results showed that the ECBC base case, without any shading
device has recorded the highest annual HVAC energy discomfort hours. The Auto Heal facade
achieved significant reduction in energy use and lowered thermal discomfort hours. In com-
parison, the ETFE facade though contributed to improvements but not as much as AutoHeal.
These findings suggest Auto heal as an alternative to ETFE for improving energy efficiency,
thermal comfort and sustainable urban development !,

Keywords: Adaptive Building Envelopes, Indoor Environment Comfort, Building Perfor-
mance, Energy Simulation, Energy Efficiency

1. Introduction
1.1.Background
High-rise commercial buildings are responsible for most of the global energy consumption and
carbon emissions, due to solar heat gains through their facades [2—4]. These structures in-
crease high thermal loads, specifically in hot climates. These facades tend to utilize mechanical
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systems widely, consuming 50% of their yearly electricity for heating and cooling [5]. Building
envelopes are not only serving as visual elements but successfully deal with climate change and
energy limitation, adaptive and responsive building envelope solutions that can rapidly respond
to evolving climatic conditions must be incorporated.

1.2.Identifying the necessity for adaptive building skins

Adaptive systems that may alter their properties which includes thermal conductivity, solar heat
gain, and visibility in real-time—are progressively replacing traditional static facades, which
are incapable to change in response to changing external environmental stimuli [6—14]. With
improving thermal comfort, reduction in HVAC loads, and optimizing daylighting, such fa-
cades improve the energy efficiency of the building. In composite climate of Jaipur, with hot
summers and cold winters, these adaptive systems can significantly reduce the need to resort on
the artificial source of energy. The objective of these innovative shells is to minimize energy
use while maintaining all year thermal efficiency for occupants [15].

1.3.Appropriate materials for adaptive building skins
The selection of the material is important to enable fagade adaptability. In this context, two
advanced materials stand out.

e ETFE is a fluoropolymer with superior thermal properties, and is lightweight, durable and
UV -resistant. To adjust with the modifying insulation, ETFE cushions can dynamically
inflate and deflate.

e Auto Heal, inspired by bio-regenerative mechanism is a self-healing advanced material

that combines a polar stretchable polymer with an ionized salt, to form a stable ion-dipole
structures. This material is transparent, and can repair itself when damaged, making it
ideal for applications in soft robotics, wearable electronics, and flexible displays.
In overcoming challenges in material science and building technology, both these unique
materials possess the properties that are needed for adaptive systems but differ in
thermal comfort impacts for the occupants and energy performance of the building under
composite climatic conditions.

1.4.Limitations in developing adaptive building skins

Despite it appears encouraging, there are few concerns in adopting adaptive facade systems.
Challenges may involve higher initial expenditure, the need for the professional expertise, and
combining with the existing infrastructure. Such issues are progressively addressed as tech-
nology evolves and understanding of energy efficient alternatives expand in compliance with
the building codes and standards. Soon adaptive facades will become more beneficial and
widely employed option with multidisciplinary collaboration and supportive regulatory
frameworks.

1.5 Literature Review
Recent studies on responsive kinetic facades show, that by modifying their characteristics in
response to varying external climatic conditions, adaptive building skins have the ability to
improve the building energy efficiency by lowering energy consumptions and maintain the
thermal comfort for the users. The dynamic facades allow buildings to perform at their optimal
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level round the year, by constantly adjusting their solar heat gain co-efficients, transparency
and thermal resistance.

Materials like Ethylene Tetrafluoroethylene (ETFE) have grown increasingly proo minent
in the pursuit towards environmentally friendly construction owing to their remarkable insu-
lating attributes, excellent visibility, and lightweight design[16—19]. ETFE was originally de-
veloped by DuPont in the 1940s and is currently used for notable buildings such as the Me-
dia-TIC Building in Barcelona, the Beijing National Aquatics Center, and the Allianz Arena in
Munich [20-27].

In accordance to studies, ETFE provides less mechanical stress and installation expenses
whilst decreasing energy consumption by up to 30% as when compared with glass [28-31].
However, research indicates substantial holes in ETFE's durability over time across several
climatic regions, especially with regard to how it adapts to fluctuations in temperature and
degradation in the environment. Additionally, there is still an absence of comprehensive studies
on how it affects the environment, notably the implications of the manufacturing process and
the end of life outcomes [32]. Scientific data concerning ETFE's thermally and acoustic prop-
erties continues to be insufficient, inspite of its strong recognition as sustainable and recyclable
material [5,7,33—40]. Furthermore, limited research has been conducted evaluating ETFE with
other responsive facade materials [6,8,34,41]. There is an urgent need to extend the study as
how effectively this material could be used as adaptive facade system in high-rise structures
especially with regards to comfort distribution, management systems, and occupant involve-
ment under different climate zones to assist in build an energy-efficient urban settings . The
lack of discussions regarding building standards and regulations that applicable to adapted
ETFE building facades limits their widespread adoption *. More importantly, the material's
maintenance requirements, longevity, and overall visual effectiveness in facade systems have
not been established 114427441,

Simulation tools like as Rhinoceros, Grasshopper, Ladybug, Honeybee, and Radiance are
being applied by many researchers to validate the thermal performance advantages related to
ETFE 3], Factors like K-value, transmission of light behavior, melting range, and discomfort

46571 The ability of ETFE as a responsive fagade

hours, yet, remain less thoroughly understood !
material for enhancing indoor air quality and building energy efficiency has been illustrated 1*3-
611, but its integration with other intelligent technologies, including nanomaterials, has not been
fully studied [°?]. The inadequate level of assessment of simulation findings with pragmatic case
studies is an important issue [*],

Currently, auto-healing polymers have become an enormous breakthrough in the discipline
of material science. Self-healing materials, that initially were intended for usage in medical care
and aerospace usage, are now an achievable option for the construction industry. Due to their
inherent ability to self-heal damage, these materials which include metals, polymers, ceramics,
and composites, significantly increase durability, sustainability, and functionality [48][49].
Both architects and engineers are experiencing greater possibilities to reconsider fagade tech-
niques with increased lifespan efficiency and robustness in structure [**!. One such development
in building construction is self-healing concrete, which minimizes intrusion of water, prolong
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structural resilience, and heals microcracks, all of which cut repair costs (78] In the same
manner, building facades treated with self-healing materials may repair surface damage and
extend the lifespan of the substrate that supports them. Self-healing polymers, such PMMA,
PVC, and polycarbonate, have been considered the most emerging materials in this field. These
are presently extensively used due to their adaptability and longevity "1, The effectiveness
of smart polymeric coatings for microcrack repair has been improved by the use of natural
ingredients such as tung oil and linalyl acetate. Polymer-clay hybrid materials that can self-heal
when exposed to water are noteworthy advancements that provide an eco-friendly method of
facade durability (8],

An extremely advanced family of self-repairing materials includes auto-healing polymers
made from ion-dipoles. They create utilization of strong, reversible interactions which en-
courage self-healing and adaptation to the environment using dynamic supramolecular con-
nections among charged ions and molecules that are polar 2%, This phenomenon is being
acquired with both intrinsic (such as reversible covalent or hydrogen bonding) and extrinsic
(such as encapsulation) means [65-67]. A significant development is a bio-inspired material
that mimics the self-healing abilities of Wolverine, a Marvel comic character material which is
transparent, stretchable, and self-repairing. It is developed by integrating an intensely ionized
salt with a polar stretchable polymer. These materials heal using interaction where molecules
that are polar attract ions that are oppositely charged, retain their structural strength under
stress, and exhibit flexibility identical to rubber ¥ ®7. They additionally offer environmental
responsiveness, longevity, and stimulus by electromagnetic fields, amongst other attributes.

The application of auto-healing polymers in adaptive dynamic fagades has not received
significant consideration in architectural modeling, in spite of their immense potential. Sus-
tainable construction and the indoor environment could be substantially improved through the
combination of these materials with dynamic conversion strategies, particularly for high-rise
structures in urban environments.

The Ministry of Power (MoP)'s Bureau of Energy Efficiency (BEE) created the Energy
Conservation Building Code (ECBC) in India, that defines minimal energy efficiency standards
for building components like HVAC systems, lighting, and building facades. ECBC, which
launched in 2007, facilitates the execution of advanced simulation modeling techniques in
order to promote data-driven design decisions. International regulations like ASHRAE 90.1
(for energy performance) and ASHRAE 55 (for thermal comfort) offer rigorous standards for
efficient performance of envelopes for buildings that fall in compliance with ECBC [!:3-88-90],

Following these guidelines, a simulation-based study to evaluate these two smart materials
as a Responsive kinetic facade was conducted. A hypothetical building model (benchmarking a
prototypical office building) was created in DesignBuilder V7.0 (with an EnergyPlus engine)
software, with defined geometry, location, and composite climate data [#?°]. First, a baseline
case with a conventional static facade having no external shading or dynamic elements was
simulated to establish reference performance for energy consumption and indoor comfort. This
base model was calibrated to meet ECBC and ASHRAE guidelines and serves as the reference
point. Next, two responsive facade scenarios were implemented on the same model using ETFE
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and Auto Heal as the adaptive materials. In both cases, the facade was assumed to be capable of
reacting to identical external climatic conditions, to modulate heat gain and loss. Integrating the
study with the established standards and simulating real-world operational conditions, this
research paper provides a detailed evaluated analysis of these materials as adaptive facade
systems for the building energy efficiency and indoor environment quality.

In summary, numerous studies on ETFE as a responsive adaptive fagade material focuses
on its sustainability and energy efficiency. Significant issues remain as far as long -term per-
formance under various climatic conditions. Additionally, the integration of self-healing
technologies with ETFE remains uninvestigated. There is also a lack of comparative analysis
between ETFE and other adaptive facade materials. In this study, in spite of having different
chemical compositions, ETFE and Auto heal perform same function as responsive fagade to the
thermal and optical features in real time. To the best of our knowledge, no previous research has
compared these two unique materials for adaptive building envelopes in a whole building
simulation test. This study fills the gap between the material characteristics and building energy
performance by providing new insights into adaptive material selection for responsive building
envelopes. Further by comparing these two materials, impacts on the thermal comfort of the
occupants, building energy efficiency and the overall sustainable built environment can be
better comprehended.

The research questions listed have been discussed in the various parts of this paper that are
synced with the sections of this study: Section 2 explains the structured methodology frame-
work used in this paper; Section 3 describes the two facade scenarios i.e. ETFE and Auto heal
being assessed for thermal comfort and energy consumption using advanced DesignBuilder
simulation tool; Section 4 explains results and discussion where both materials are compared to
the baseline scenario without any shading, depicting AutoHeal’s superior performance. Also, a
detailed table presents comparisons with the prior ETFE based researches; Section 5 describes
the conclusion that AutoHeal is better than ETFE enhancing the thermal comfort and reducing
the energy consumption. While future scope promotes the concept of exploring its application
in wider scale.

2. Methods: A Systematic Literature Review
In order to ensure a transparent approach for an extensive understanding of this study, a Sys-
tematic Literature Review (SLR) *192] was carried out using PRISMA guidelines >3, Figurel
shows, the structured framework for data processing in three stages: data identification, data
screening, and data included.

2.1 Data identification
The initial step was to search documents through scientific databases such as Scopus,
ScienceDirect, Google Scholar and PubMed, using specific keywords: ETFE, adaptive facades,
self healing, AutoHeal polymer, thermal comfort, energy efficiency and simulation tools. The
prime sources of data are the journals and magazines, books and conference proceedings pub-
lished between 2010 and 2025. The total number of 657 records were identified.
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Figure 1. Methodological framework of the research

2.2 Data screening: inclusion and exclusion parameters

The following inclusion and exclusion parameters were defined to proceed further with the

screening of the documents identified in the previous stage:

Inclusion parameters:

The information gathered must be published in English.

The study must be peer-reviewed and easily available.

The publication must provide data on the use of ETFE as adaptive building skins, as well
as the thermal and mechanical properties of both ETFE and AutoHeal polymers.

The publication should stress on the material performance in a composite climate specif-
ically about the thermal comfort for occupants and the energy efficiency of the building.
The publication should focus on the use of energy modelling tools, like DesignBuilder for
evaluating material performance under real-world climatic conditions.

Exclusion parameters:

Irrelevant studies and duplicates

Non-English language

Full text not available

The total number of records screened were 561. Using the exclusion criteria stated above, total
171 records were excluded. The records assessed for the eligibility were 396 in number.
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Whereas 271 records were assessed for relevance using Inclusion criteria. Furthermore, re-
searches lacking simulation based evaluation of these materials and without the reference of
thermal comfort and energy efficient buildings, were excluded from the data screening method.

2.3 Data included:
Only 125 records were selected as included data from the papers finalized in the data
screening. The final papers were opted on the basis of their relevance to thermal properties, and
sustainability in the construction industry.

3. Simulation Setup and Tools
After using PRISMA methodology for the systematic review and data processing , the next step
included the use of advanced simulation tools for the whole building performance analysis. An
extensive simulation was conducted using whole-building energy modeling to evaluate each
(94981 Building performance simulation is exten-
sively utilised to optimise building envelopes and systems. This technology enables the as-
sessment of different facade material’s impact on energy efficiency and occupant comfort
without the need for physical prototypes 1%, Design Builder V7.0 (with an EnergyPlus
engine) software was chosen for its advanced capabilities in assessing the building energy
performance 31927191 Hourly timestep analysis was executed to record the seasonal and di-

facade material under uniform conditions

urnal fluctuations in annual simulations i.e. January to December. This tool is well-established
for predicting annual energy consumption, thermal comfort indices, and daylighting, aligning
with best practices encouraged by ECBC and ASHRAE 90.1/55 standards 1% Figure 2
shows the baseline building model that was utilised for all simulations. The office block, lo-
cated in Jaipur, Rajasthan, India, is in a composite climate region with hot summers and cool
winters. The geometry and orientation of the model were maintained consistently across all
simulation runs. Key building parameters (floor area, number of floors, occupancy density,
internal loads, etc.) standard reference models ) were utilized and modified to accommodate
the local climate [*°1. The building envelope in the base case consisted of typical construction
materials meeting ECBC 2017 with prescriptive requirements % for wall U-values = 0.630
W/m2K, Roof U-value = 0.330 W/m?K, Glass U-value = 3.00 W/m?K and solar heat gain co-
efficients, SHGC = 0.27, Equipment Power density (W/m?) = 16.14, Lighting Power density
(W/m?) = 9.5 and Occupancy density (People/m?) = 0.05. In the base case, no shading devices
or kinetic features were used, providing a clear performance benchmark under static facade
conditions [107-198],
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Figure 2. Building 3D view in Design Builder tool Building details for making Building Sim-
ulation Model:
e Area:375m? (25m X 15m)
e Floor to floor height : 3.0m
e 15 Storey, office building having glazing on the south wall

For climate data, an EnergyPlus compatible, Jaipur EPW file, representing the composite cli-
mate was used. All simulations for the different facade scenarios used the same weather data to
ensure comparability. The HVAC system in the model was configured to be a standard efficient
system (e.g., variable air volume with economizer) sized according to the building load. In-
ternal thermostat setpoints, occupancy, and lighting schedules were kept consistent in all cases.
This uniform setup isolates the effect of the facade material as the primary variable.

3.1 Simulation Inputs and Assumptions
e Occupancy Parameters:
- Density: 0.05 people/m? (i.e., 20 m?*/person), based on ECBC standard.
- Schedule: ECBC Office OpenOff Occ schedule aligned with ECBC 2017 Table 9-13.
- Activity level: 0.90 (light office work / standing / walking).
e HVAC and Environmental Control:
- Cooling System: VAV with air-cooled chiller.
- Fuel: Electricity from grid.
- Seasonal COP: 3.0
- Min. Supply Air Temp: 12°C
- Cooling Setpoint: 26°C (occupied), 32°C (setback).
- Heating: 22°C setpoint, 12°C setback — minimal in Jaipur climate.
e Ventilation:
- Fresh Air Rate: 2.5 L/s-person; 0.3 L/s-m? per ASHRAE 62.1/ECBC 2017.
e Internal Loads:
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- Lighting Power Density:
- 9.5 W/m? using ECBC Office OpenOff Light schedule.
e Radiant Fraction: 0.42
e Visible Fraction: 0.18
e Luminaire Type: Suspended
- Equipment Load: 16.14 W/m? with ECBC Office OpenOff Equipment schedule.
e Simulation Details:
- Tool: DesignBuilder v6.1 + EnergyPlus engine.
- Location: Jaipur (Composite climate zone, India).
- Weather Data: EnergyPlus TMY2 EPW file.
- Simulation Timeframe: Annual run (8760 hours).

3.2. Performance Metrics
To thoroughly compare the facade options, several key performance metrics from the simula-
tion results, were analysed:

Discomfort Hours: The total number of hours in an entire year when the temperature inside falls
beyond a specified comfort range. In this case the comfort range is determined by standard
criteria such as the acceptable range of PMV/PPD per ASHRAE 55 [[419]],

Energy Use per year :It provides the total building energy consumption per unit floor area,
mainly for HVAC (cooling and heating) and fans. It is expressed in kilowatt-hours per square
meter for the analysis period.

Fanger Predicted Percentage of Dissatisfied (PPD, %): This index predicts the percentage of
users who will experience thermal discomfort in the indoor environment %111,

Fanger Predicted Mean Vote (PMV): The PMV is an indicator of the average thermal sensation
on a scale from -3 (cold) to +3 (hot), with 0 being neutral. It takes several factors like air
temperature, radiant temperature, humidity, air speed, metabolic rate, and clothing level. Val-
ues close to 0 (between -0.5 and +0.5) are mainly considered comfortable [[4]].

The above-mentioned metrics were calculated for every simulation scenario to provide a de-
tailed picture: energy performance (via annual kWh/m?) and occupant comfort (via discomfort
hours, PPD, PMV) 10171,

3.3. Facade Scenarios
After running the base case simulation to obtain a performance baseline, the simulation test was
conducted for the following facades:

e ETFE facade: The building’s external skin is replaced or overlaid with an ETFE-based
kinetic facade. In simulation terms, this was represented by modifying the envelope
properties to mimic ETFE foil cushions. ETFE is highly transparent with relatively low
thermal insulating value as a single layer, but in a cushion system (multiple layers of ETFE
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with air cavities) its effective U-value can be much lower B!181201 In our model, the

ETFE facade was assumed to dynamically adjust (for instance, by inflating or deflating

cushions, or by deploying shading within the cavity) in response to outside conditions.

Based on dynamic inflation, effective U-value = 1.6 W/m?K, SHGC = 0.35 was taken as

reference values for simulation test [>!2122] This setup aims to reduce solar gains on hot

days and increase insulation on cold days, following principles observed in prior ETFE
dynamic facade research.

e Auto-heal facade: The building facades use Auto heal, a self-healing material, as the ki-
netic layer. The purpose of including Auto Heal is to test if a material with self-repairing
capability and presumably good insulation can outperform ETFE in maintaining comfort
and reducing energy demand. To characterize the thermal stability and composition of the
material, TGA (Thermogravimetric analysis) was conducted under various temperature
conditions up to 600 °C by METS (Middle East Testing Services) Laboratories, Ajman,
UAE [123-125]

In both adaptive scenarios, the control strategy for the kinetic facade was simplified in the
simulation: the facade was set to fully deploy its maximum shading/insulating state during
periods of excessive solar gain (to minimize cooling load), and to retract or become maximally
transparent during cold periods or when solar heat is beneficial (to reduce heating load). This
on/off control approximates a responsive system, provides a reasonable estimate of potential
performance improvement. By keeping the control logic consistent for both ETFE and Auto
Heal, we ensured a fair comparison between the materials.

4. Results and Discussions
After running the simulations, the performance of the two smart facade materials, ETFE
and Auto Heal, was compared against the ECBC-compliant base case. The subsequent dis-
cussion interprets the key findings shown in Table 1 and 2. The total building energy con-
sumption and the percentage of energy savings in Figure 12 and Figure 13.

4.1.Baseline Performance

The ECBC Base Case, without any shading device, noticeably had the highest energy con-
sumption and indoor discomfort values. The annual HVAC energy use was the high load is
mainly due to extensive solar gains and thermal losses through the static facade, resulting in
greater HVAC demand of about 96 kWh/m?. Correspondingly, the base building experienced
1588 discomfort hours over the year, indicating that for nearly 18% of the time in a year, indoor
environment fell outside the comfort zone refer Table 1. The PPD was about 25.3%, meaning
one in four occupants were predicted to be uncomfortable on average, and the PMV of +0.82
suggests the indoor environment tended to be uncomfortably warm for occupants (near the
upper limit of the comfort range). Since the baseline simulation scenario meets the minimum
standards, there is a need for improvement for enhancing the building energy efficiency and the
indoor comfort for the users. Figure 3, Figure 4 and Figure 5 shows the monthly comfort graph,
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yearly bar chart for comfort and yearly bar chart for energy consumption respectively using
ECBC base case.
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Figure 3. ECBC base case - The comfort graph (Monthly)
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Figure 4. ECBC base case - Bar Chart for the Comfort (Yearly)
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Figure 5. ECBC base case - Bar chart for Energy Consumption (Yearly)

4.2 ETFE facade performance

Incorporating a ETFE facade led to a noticeable improvement over the base case. Annual en-
ergy use dropped to 95 kWh/m?, which is a 1.36% reduction in HVAC energy consumption
relative to the base case. While this energy saving is modest in percentage terms, it reflects the
ETFE system’s ability to slightly reduce heat gains and losses by adapting to. The discomfort
hours decreased to 1530.67 hours, about 58 fewer hours than the base case. This indicates that
the ETFE adaptive facade system kept the building in the comfort range for more hours of the
year, likely by mitigating extreme thermal conditions. The PPD improved to 24.11%, so fewer
occupants are predicted to feel dissatisfied, and the PMV moved to +0.76, closer to the neutral
comfort point, referring to Table 1.

The ETFE adaptive facade provided some enhancement in both energy efficiency and
indoor environmental comfort, validating the concept that a dynamic envelope can outperform
a static one. Figure 6, Figure 7 and Figure 8 show the monthly comfort graph, yearly bar chart
for comfort and yearly bar chart for energy consumption respectively using ETFE on the fagade
as a shading material.
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Figure 7. ETFE - Bar Chart for Comfort (Yearly)
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4.3 Auto heal facade performance

The facade with the Auto Heal material demonstrated the best performance among the tested
scenarios. The annual energy consumption dropped to 93 kWh/m?, which is a 3.41% saving
compared to the base case and ETFE case. Significantly, the Auto Heal facade had the lowest
number of 1477.53 discomfort hours, PPD was 22.64%, and the PMV came down to +0.67, the
lowest of all the cases tested, signifying the superior performance of Auto Heal across all the
parameters, i.e. lower energy use, fewer discomfort hours, lower PPD, and a PMV enable it as
an innovative material for adaptive fagade system. Refer Table 1. Figure 9, Figure 10 and
Figure 11 show the monthly comfort graph, yearly bar chart for comfort and yearly bar chart for

energy consumption respectively using ETFE on the fagade as a shading material.
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Figure 9. Auto heal - The comfort graph (Monthly)
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Figure 11. Auto heal - Bar chart for Energy Consumption (Yearly)

Table 1. Performance of Base Case vs. Adaptive Facade Scenarios.
(Annual values are given per square meter of floor area; PPD and PMV are comfort indices.)

Facade Scenario Annual HVAC Energy | Discomfort | PPD | PMV
(kWh/m?) Hours (%)
ECBC Base Case 96 1588.27 2528 | +0.82
ETFE Facade 95 1530.67 24.11 | +0.76
Auto Heal Facade 93 1477.53 22.64 | +0.67
97 Facgade Scenario (Basecase and material)
ECBC, 96
g 96
§ o ETFE, 95
<
85 o
.LEJ o3 Auto Heal, 93
3
g 92
<
91
ECBC ETFE Auto Heal

Figure 12. Illustrates these comparisons in terms of energy savings (kWh/m?) in relative to the

base case, highlighting that Auto Heal achieved the highest reduction in energy use.
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Table 2. Percentage savings of Base Case vs. Adaptive Facade Scenarios.

S.No | Material | Fuel totals (kWh/m?) | Percentage Savings (%)
1 ECBC 96 Base Case

2 ETFE 95 1.36

3 Auto Heal | 93 3.41

4

35 Auto Heal, 3.41

2.5

Percentage Savings (%)

15 ETFE, 1.36

0.5

ETFE Auto Heal

Fagade Scenario (Basecase and material)

Figure 13. Illustrates Energy savings achieved by each facade material compared to the ECBC
base case. The Auto Heal facade showed ~3.4% reduction in annual HVAC energy consump-
tion, more than double the ~1.36% reduction achieved by the ETFE facade.

Based on the quantitative findings of the simulation test conducted, in reference to the
ECBC base case, ETFE when used in dynamic fagade system resulted in a 1.36% reduction in
yearly HVAC energy consumption. Whereas, the facade with Auto heal achieved a more sub-
stantial reduction of 3.41%. This prominent difference can be linked to the integral properties
of Auto heal polymer, which provides more adaptability and resistance under varied climatic
conditions.

The thermal comfort analysis conducted further supports the higher efficacy of Auto Heal
in terms of occupant satisfaction. The base case fagade scenario recorded 1,588 discomfort
hours, a PPD of 25.3%, and a PMV of +0.82, the ETFE facade system revealed improved
metrics to 1,530 discomfort hours, a PPD of 24.1%, and a PMV of +0.76. The Auto Heal,
validated the most improved benefits, reducing the thermal discomfort hours to 1,477, a PPD of
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22.6%, and PMV of +0.67for Auto Heal. These substantial gains not only are statistically
important but also indicate real advantages in user comfort and reduced energy consumption.

The existing literature on responsive facade material has largely focused on ETFE, high-
lighting its optical modulation and structural characteristics, with limited attention to long-term
reliability or self-healing properties. However the exploration of materials like Auto heal,
originally used for robotics and wearable electronics, in this domain represents a noticeable
gap. It brings in a new aspect by bringing together resilience with adaptive thermal performance
thereby improving the energy efficiency of the building. This comparative study provides
valuable insights into the performance of conventional and advanced materials in adaptive
facades. The findings offer a strong basis for expanding this research across varied climates to
further explore the potential of such materials in addressing energy use and comfort challenges.
This research focuses on the first critical performance comparison of ETFE and Auto Heal
polymers by running a simulation test for facades, filling a critical knowledge gap and con-
tributing to the enhanced progress in the field. Table 3, provides a data based evidence to
promote the application of Auto Heal polymer in responsive building envelopes, for sustainable
and energy efficient built environment.

Table 3. A comparative analysis between the current research and previous study on building
efficiency using ETFE as a material for adaptive facades.

(AutoHeal polymer has never been used previously in building skins)

Paper Title Facade | Quantifie | Discomfor | PPD | PMV Remarks
Materi | d HVAC t Hours (%)
al Reductio
n %)
Current Study | ETFE | Calcu- Analysed | In- In- Quantified via
(ETFE) lated 1,530 clud- | clud- | simulation based
1.36% ed ed+0.7 | on ECBC
HVAC v 241 |6 reference case.
reduction Comparison with
v | Auto Heal poly-
v v mer
Current Study Self-a | Calcu- Analysed | In- In- Outperforms all
(Auto Heal) daptiv | lated 1,477 clud- | cluded | others in both
e Auto | 3.41% ed +0.67 | energy and
Heal HVAC 22.6 thermal comfort.
Polym | reduction Exhibites for the
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assess the de-
sign of light-
weight  struc-
tures:

studies of ETFE

case

er first time the high
v adaptability and
v efficient perfor-
v mance of Auto-
4 Heal. Best suited
for the adaptive
building skins.
Seasonal Opti- | Therm | Not Not Not Not Proposed control
mization of | o-optic | Calcu- Analysed | In- In- strategy,
Dynamic al lated clud- | cluded | analyzed U-value
Thermo-Optical | Dyna ed variability, but no
ETFE Facade | mic HVAC  energy
System ETFE results
Analysis of | ETFE | No Not Not Not Paper focuses on
Building Enve- | Facade | (Only Analysed | In- In- energy use in the
lope for Energy heating clud- | cluded | heating season,
Consumption load giv- ed and propose en-
and Indoor en) velope optimiza-
Comfort in a tions like insula-
Near-Zero-Ener tion and win-
gy Building in dow-to-wall ra-
Northwest Chi- tios.
na No comparison
with any other
material.
Application and | ETFE | Not Not Not | Not Eco-efficiency &
validation of | Buildi | Calcu- Analysed | In- In- sustainability of
eco-efficiency ng lated clud- | cluded | ETFE mem-
principles to | skins ed branes in refer-

ence to architec-
tural case studies.
No

with any other

comparison

material.
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building skins
Fabric Facade: | ETFE | Not Not Not Not Discusses light-
An Intelligent | Buildi | Calcu- Analysed | In- In- weight nature
Skin ng lated clud- | cluded | and potential of
Fabric ed the fabric for
sustainability.
No comparison
with any other
material.
Buildings with | ETFE | Not Not Not Not Focuses on the
ETFE foils: A | Foils | Calcu- Analysed | In- In- mechanical/struc
review on mate- lated clud- | cluded | tural properties
rial properties, ed and review the
architectural architectural
performance performance.
and  structural No comparison
behavior with any other
material.
Can  Ethylene | ETFE | Calcu- Not Not Not Simulation-based
Tetra Fluoro | Cush- | lated Analysed | In- In- study using
Ethylene cush- | ions clud- | cluded | IES-VE and val-
ions double-skin ed idated  against
fagade applica- real electrical
tions  improve load data.
building enve- No comparison
lope perfor- with any other
mance, reduce material.
energy con-
sumption  and
enhance visual
and thermal
comfort in UAE
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buildings?
Ellipsoidal ETFE | Not Discussed | Not Not The study is
Shape and Day- | Cush- | Calcu- qualita- In- In- based on the
lighting Control | ions lated tively but | clud- | cluded | ETFE  cushion
for the ETFE without ed technology.
Pneumatic En- any meas- No comparison
velope of a ured with any other
Winter Garden” comfort material.
data
Environmental | ETFE | Not Not Not Not The study stress
load of ETFE | Cush- | Calcu- Analysed | In- In- on the evaluation
cushions  and | ions lated clud- | cluded | of the ETFE ma-
future ways for ed terial on the en-
their vironment,
self-sufficient structural be-
performances haviour.
No comparison
with any other
material but in-
tegration  with
photovoltaic
cells.
Ethylene tetra- | ETFE | Not Not Not Not Analysis on ma-
fluoroethylene Calcu- Analysed | In- In- terial and it’s use
(ETFE) materi- lated clud- | cluded | as an envelope.
al: Critical is- ed No comparison
sues and appli- with any other
cations with material
emphasis on
buildings
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Importance  of | Case Not Not Not Not Focus on the
Smart Materials | study | Calcu- Analysed | In- In- different  smart
Application In | on lated but | but men- | clud- | cluded | materials.
Building Skins | ETFE | described | tioned ed No comparison

energy qualita- with any other

efficien- | tively material

Cy gains
Optimal control | ETFE | Calcu- Not Not Not Discusses the use
of  switchable | Facade | lated Analysed | In- In- of ETFE as fa-
eth- clud- | cluded | ¢ade with kinetic
ylene-tetrafluor ed mechanism.
octhylene (ET- No comparison
FE) cushions for with any other
building facades material
Transparent ar- | ETFE | Not Not Not | Not The study wvali-
chitec- Facade | Calcu- Analysed | In- In- dates the material
ture-building lated clud- | cluded | use as facades.
with ETFE ed No comparison
membranes with any other

material

5. Conclusion

This study offers a comparative performance analysis of two dynamic fagade materials - ETFE
and Auto Heal, a novel self-healing polymer, assessed using comprehensive whole-building
energy simulations under identical environment and operational conditions for yearly building
energy consumption and occupant thermal comfort. The performance of ECBC static fagade,
ETFE facade and AutoHeal fagcade based on the simulation.
Data is as follows:

e Compared to the ECBC static baseline, annual HVAC energy consumption reduced by

3.4%

e Indicating enhanced indoor thermal comfort due to the lowest 1,477 discomfort hours

e PPD at 22.6% and PMV of +0.67, promotes better thermal comfort metrics

e Due to its better thermal properties, it is suitable for high-performance building envelopes.

e Achieved 1.3% energy savings over the static baseline.

e Contributes to improved comfort performance by reducing discomfort hours to 1,530
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e Exhibits that it can outperform static fagades under challenging environmental conditions
but less than Autoheal.
e Demonstrates the highest energy use of 96,192.27 kWh/m? and greatest 1,588 discomfort
hours.

This comparative study introduces valuable insights into the performance of conventional and
advanced materials in kinetic facades. With rising global temperatures and the growing demand
for thermally comfortable buildings, adaptive facades designed with innovative materials like
Auto Heal polymers show significant promise. Auto Heal demonstrates dual bene-
fits—dynamic thermal modulation and long-term durability—positioning it as a progressive
solution for energy-efficient, sustainable urban development. The material also offers potential
for future research in adaptive facade systems, especially in enhancing thermal control, en-
durance, and system sustainability. While this study focuses on a single climate zone—chosen
for its high glare and solar radiation—it serves as a critical testbed for evaluating the effec-
tiveness of adaptive fagades in harsh conditions. The findings provide a strong basis for ex-
panding this research across varied climates to further explore the potential of such materials in
addressing energy and comfort challenges. In conclusion, the integration of Auto heal materials
into adaptive facades offers a promising pathway to enhance energy efficiency, occupant
comfort, and building envelope durability. This research lays the groundwork for future ex-
ploration of novel materials in kinetic fagade technology and sustainable building design. Ad-
ditionally, future research can examine the scalability and economic efficiency of Auto Heal

polymer in large scale building projects.
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The following abbreviations are used in this manuscript:
ETFE Ethylene Tetrafluoroethylene
ECBC Energy Conservation Building Code
ASHR American Society of Heating, Refrigerating and
AE Air-Conditioning Engineers
PMV  Fanger Predicted Mean Vote
PPD  Fanger Predicted Percentage of Dissatisfied
PMMA Polymethyl methacrylate
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PVC  Polyvinyl chloride

HVAC Heating, Ventilation, and Air Conditioning.
METS Middle East Testing Services

TGA  Thermogravimetric analysis

BPS  Building Performance Simulation

SHGC Solar Heat Gain Co-efficient
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