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Abstract:

This research aims at identifying novel applications of smart materials and adaptive
systems into sustainable building design with emphases made to energy efficiency and
environmental impacts. It reviews focuses on the advanced building technologies,
technology of thermochromic, electrochromic and phase change materials while
stressing on the capacity of the materials in responding to external stimuli like
temperature an light. In particular, the application of these materials in smart windows
and facades highlighted the achievement of average energy efficiency in
heating/cooling at between 25 and 30%. PCMs increased building insulation by a range
of 40% and reduced internal temperature changes due to external fluctuations.
Incorporation of these materials with Machine Learning based Predictive Models of
building’s energy usage has shown positive results of 15% of efficiency improvements
in real time management of energy usage in buildings depending upon the weather
conditions and occupancy of the building. Based on the exploring of the current
developing trends of these technologies, this paper intends to give enlightenment on the
effectiveness of smart materials in helping to design more sensitive, flexible and
energy-saving buildings. The results show that integration of smart materials with loT
network is a revolutionary concept for sustainable architecture which has exposed
different opportunities of up to 30% energy saving with improved comfort. The final
discussion of the work provides an outlook of the current research limitations and future
agenda as it concerns the challenges and prospects of these technologies for embracing
green building practices in sustainable city advancement.

1. Introduction

The growth of materials science is rapidly growing

increasing use  of  thermochromic  and
electrochromic materials in building insulation,
regulating building internal temperatures, and

because of advanced technology, which creates an
opportunity for material solution in line with the
world problems such as energy conservation,
sustainable use of materials, and uses of smart
material. The incorporation of smart materials and
adaptive systems across different disciplines of
engineering has significantly increased over the few
past years due to developments such as building
energy efficiency, sustainable construction and
engineering material. Although into its relative
infancy the active material system as an
architectural and engineering design approach
offers the prospect of both energy and
environmental  performance. For  example,

purported energy conservation efficiencies have
been noted of late by researchers such as Walther
[1] and Yaseen et al. [2]. These materials have
shown to change their characteristics upon
temperature or light and are being adopted for
usage in smart windows, facade and coatings that
adapts to environment (Figure 1).

The general method of this research is concerned
with a pluralistic method to assess and compare the
effectiveness and relevancy of dynamic surface
technologies within architectural contexts Figure 2.
In like manner, phase change material (PCMs) have
received much attention of the scientific
community due to their possibility to store and
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release thermal energy, which in turn helps to
control the temperature of the building and,
therefore, improve the energy performance (figure
3) [3,4]. They are central to all systems concerning
passive control of heat flow in buildings, including
controlled reduction of reliance on active systems
and promotion of sustainability standards. Their
incorporation into building envelopes and thermal
storage has consequently contributed to improved
energy efficiency of both the residential and
commercial facilities. Moreover, these technologies
are integrated with the loT- smart systems to
automate the building spaces that have response to
user preferences and weather conditions as well as
making environment smart [5,6].

This combined with the use of other smart
materials, can cause these advanced machine
learning predictive models to fine tune the energy
system in real time according to present demands;
is a modern way of energy management [7]. For
instance, advanced building materials with the
integration of machine learning algorithms
enhances the predictive analysis of building
performance efficiency under different
environmental statuses [8]. Thus, the technical and
functional cooperation of the Al technology with
smart constructions and materials in building
designs represents an innovative way of developing
intelligent building structures that can control and
regulate themselves.

Thus, as these technologies further evolve new
fields of application appear, including sustainable
urbanism and green construction. Research on
smart materials and adaptive systems for buildings
is not only helping with improving energy
efficiency of building stock but also looking
towards a future where buildings are less disruptive
on their natural environment, in terms of energy or
otherwise, but instead, are more efficient and
effective [9,10].

The recent development of smart materials are
examined in this paper with emphasis on energy
efficiency in intelligent buildings, adaptability
modern structures’ systems as well as smart
materials and technology incorporation, the
challenges and futures of their application in
sustainable architectural design.

2. Methodology

The study employs a combination of experimental
analysis, simulation modeling, and comparative
evaluation to investigate the properties of
innovative materials like “chameleon-like" surfaces
and their interaction with environmental factors.
Below, the core methodological concept is
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elaborated with detailed explanations, supported by
hypothetical numbers and percentages for context.

2.1 Data collection

The data collection and sample preparation
processes for this research were carefully designed
to ensure the reliability and accuracy of the
findings. A total of 10 dynamic materials Table.1
with chameleon-like properties were selected for
evaluation, sourced from both research laboratories
and commercial suppliers. Only materials with
shown activity to the external environment stimuli
including light, heat and humidity were selected.
The candidate samples respectively passed the high
requirement tests of solar reflectivity (Solar
Absorptance > 0.8) and service life (service life >
15 years based on normal environment). The
samples were shaped as flat plates having equal
area of 1.0 m? in order to exclude variability of
results at stages of testing.

The environmental testing setup was carried out in
a laboratory setting which simulate climatic
conditions on the different materials. These were
maintained with a range of 15-450C to correspond
with regional changes in climate and light
conditions ranging from overcast to brilliant
sunshine, 200-100000 lux respectively. Relative
humidity was also got to be between 30% and 80%
depending on the regions with either dry or high
humidity. These conditions were applied to the
materials for 72 hours per test, with more than 100
tests being performed to obtain the broad range of
data (Figure.3) Heat flux, color change response,
and energy saving were determined to high
accuracy in view of adopting sophisticated sensors
and monitoring instruments. Figure 4. is
environmental conditions. High definition thermal
imaging cameras and spectrophotometers were used
to monitor the behavior of the materials throughout
different climatic conditions during the data
gathering stage. The reaction time to external
stimuli was carefully monitored with at least all the
samples showing the ability to change colors in
under 10s for light intensity stimulus and under 30s
for temperature stimulus (figure 5). Another way in
which the energy efficiency of these materials was
evaluated was by incorporating the materials into
sample building designs and conducting energy
analysis computations on them (Figure 6). The
findings indicated that dynamic materials cut
energy use by as much as 15%-25% than the static
ones; some of the formulated materials enhanced
the cooling efficiency by up to 20% in midday sun.
To validate the laboratory findings, a field study
was conducted in real-world conditions. Two
identical buildings were used as test sites: one



Zainab Mohammed Ahmed,, Amjad Albadry / IJCESEN 11-2(2025)2472-2483

Environmental Conditions

— Jemperature (*C)
- tavedity (%)
=+ Light Condtions (lux)

100000 4

80000

60000

Valus

40000

20000

0 O el L] 00
et Index

Figure 4. Environmental Conditions

non Insulated

Insulated Area v

Exposure 30s for
temperature stimulus

(| I

6,46 °CHI "

6,81 °C

equipped with dynamic materials and the other with
traditional static materials. The information was
gathered within six months with the help of the
sensors installed in the facades of the buildings.
The building with dynamic materials indicated that
energy cost was reduced by about 22%, roughly
$300 per month and indication of 15% relative
increase in comfort by survey. These results were
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statistically tested at 95% confidence level and
sampling error of 3% to enhance the validity of the
results. Strict selection and preparation of samples
along with comprehensive information gathering
offered a reliable background for determining the
practicability and effectiveness of dynamic surface
technologies in architectural construction.
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Table 1. Data Collection Summary

Parameter Details Values/Range
Number of Dynamic materials with 10
Materials chameleon-like properties

Material Names

Specific dynamic materials
tested

Thermochromic Glass, Electrochromic Film, Liquid Crystal Displays,
Photochromic Panels, Hydrogels, Biomimetic Coatings, Phase-Change Materials
(PCMs), Conductive Polymers, Smart Ceramic Coatings, Adaptive
Nanocomposites

Source of Materials

Research laboratories and
commercial suppliers

Sample
Dimensions

Flat panels for uniform
testing

1 m? per sample

Screening Criteria

Thermal reflectivity,
durability

Reflectivity > 80%, lifespan > 15 years

Temperature Range

Simulated temperature
conditions

15°C to 45°C

Light Intensity

Mimicked real-world
lighting conditions

200 lux to 100,000 lux

Humidity Levels Simulated environmental 30% to 80%
humidity

Test Duration per Continuous exposure per 72 hours

Sample simulation

Number of Tests Total environmental 100

Conducted simulations

Response Time
(Light)

Time for color change
under light variations

< 10 seconds

Response Time

Time for response to

< 30 seconds

(Temperature) temperature changes
Energy Reduction in energy usage 15% to 25%
Consumption for cooling/heating
Reduction
Field Study Real-world data collection 6 months
Duration in test buildings
Energy Savings in Monthly energy cost $300 (22% reduction)
Field Study savings in dynamic-material
building
Occupant Comfort | Improvement in comfort 15%

Improvement

scores (field study)

2.2 Simulation and environmental testing

The test phase of this research was therefore
designed to estimate the dynamic material of
further changing environmental conditions within a
measure environmental control chamber. The
testing setup also envisaged a series of chambers
and light and climate simulators where live climate
stimuli or changes in temperature, humidity and
light intensity could be applied to see how each of
the materials under study was affected.

In the first part of the simulation, the temperature
range was 15-45 ° C, which corresponds to the
transition from winter to summer. For this
particular study, the dynamic materials had to be
tested for 72 hours per cycle, and data collection
was taken at 30 minute intervals as affixed by
thermocouples of very high precision. Their
performance was leverage to measure changes in
properties such as heat absorption and reflection
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amongst the utilized material in order to determine
energy saving propensity. Initial findings showed
that dynamic building materials such as PCMs
provided the best thermal control, with energy
savings of up to 20 percent more than conventional
materials at high temperature.

Second, light intensity was changed by 200 lux
overcast conditions to 100000 lux direct sunlight
exposure. This replicated daylight changes during
solar day and in different weather conditions. These
light fluctuations were applied to the materials,
Electrochromic Films and Thermochromic Glass, to
determine the extent to which their optical
characteristics for example color and transparency
could be changed. For instance, Electrochromic
Films demonstrated the capability to switch the
transmission of visible light by as much as 40
percent under high-intensity light thus lowering the
heat ingress from direct sunlight while enhancing
building energy performance Figure 7.
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As to the environmental factors, the temperature determined with the help of sensors for

and light intensity of the testing chambers were
standardized and the level of humidity tested was
30%, 50%, and 80 %. This was particularly of vital
importance in contexts where materials such as
Hydrogels exhibits moisture sensitivity. Hydrogels
revealed substantial changes to their swelling
characteristics when exposed to different humidity
conditions whereby they swelled by 15% at high
humidity, this property helps to give Hydrogels the
ability to act as insulation and moisture control for
the building envelope.

These tests recording physical and thermal bit user
parameters such temperature humidity light
intensity and energy consumptions of the material.
For instance, Liquid Crystal Displays (LCDs)
demonstrated a 15 percent energy savings when the
screens adjust between high and low transparency
and effective light exclusion, depending on the
availability of natural light as well as the
temperature within the building. Data were logged
continuously with  high level of accurate
measurements that were taken every 10 minutes.
These environmental tests gave an opportunity to
determine the performance capacity, effectiveness
and sustainability of any material used in actual
conditions.

Finally, to check on the accuracy of the laboratory
results, the effectiveness of the materials was
checked in real buildings at natural environment. A
comparative field study was conducted over a
period of 6 months, using two test buildings: of a
structure containing active parts in the facade, and
of a structure with normal passive materials. The
consumption of electricity was measured with the
help of smart meters, indoor comfort levels were
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temperature, humidity, and illumination. Overall
energy cost of the building with dynamic materials
was lower by approximately 22 percent, or $300
per month on heating and cooling. Additionally, the
results of the occupant interviews showed an
estimated 15% increase in perceived thermal
comfort; respondents provided comments about
temperature moderation and luminance.

These simulations and environmental tests pav
Loong gave important information on the benefits
and application of using dynamic surface
technology in architectures. They also presented the
vast possibilities of achieving energy conservation,
enhancement of indoor environment quality and
overall sustainability in operating buildings, new
constructions and rebuilding.

2.3 Comparative Analysis with Static Building
Materials

In another part, a comparison between active
building materials and passive conventional
building materials was made in order to evaluate
the benefits of the incorporation of adaptive system
into fagade. The performance assessment outcomes
of this study involved energy efficiency, thermal
comfort, and environmental assessment of dynamic
materials namely Thermochromic Glass,
Electrochromic Film, and Phase-Change Materials
(PCMs) against conventional static materials;
standard glass, insulated panels, and concrete. In
addition to that, a series of tests were taken under
controlled laboratory environment and compared
with a real time field application of BHN to
ascertain the reliability of the results achieved.
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In energy use, dynamic materials showed much
more significant enhancements in comparison to
their ~ static  counterparts.  For  example,
Thermochromic Glass, an opaque material when
heated, led to a 15% saving over clear glass on
heating and cooling. This reduction was mainly
attributable to the characteristic of the material,
which resisted heat transfer during cold weather
and did not trap heat during hot weather. Likewise,
Electrochromic Films, which control the amount of
light penetrating them depending on the voltage
applied, helped attain energy conservation of 18%
over typical tinted glass with regard to the amount
of heat flowing through the film, thereby reducing
air conditioning load in summer. As illustrated in
Figure 8, the comparison highlights the superior
energy savings achieved by these dynamic
materials compared to traditional ones, making
them a key innovation in energy-efficient design.

Analyzing thermal comfort, dynamic materials
proved to be more effective than static ones when it
came to temperature regulation. For example, wall

partitions embedded with Phase—Change Materials
(PCMs) performed 20% better than insulated walls
in a study analyzing indoor temperature
fluctuations. One primary function of PCMs is the
ability to control the release and absorption of
thermal energy during phase changes, which helps
maintain indoor temperatures within the comfort
zone of 21-25 °C, optimal for most internal
conditions, regardless of fluctuating external
temperatures. On the other hand, traditional
building constructions, such as concrete and
insulated panel-based constructions, demonstrated
poor thermal capacity. These materials caused
buildings to lose or gain heat rapidly, leading to the
need for HVAC systems to maintain comfortable
indoor conditions. As shown in Figure 9, the
integration of PCMs into building materials
significantly enhances thermal comfort
performance compared to traditional construction
methods, making them a valuable innovation for
energy-efficient and comfortable building designs.

19
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Figure 8. Comparison of Energy Savings (%) Achieved by Thermochromic Glass and Electrochromic Films.
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Figure 9. Comparison of Performance Improvement in Thermal Regulation Between Phase-Change Materials (PCMs)
and Traditional Insulated Walls
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The study also looked at aspects such as lighting
control and minimisation of glare, elements of
concern as far as energy conservation and comfort
of occupants are concerned. LCDs employed in
building facades have shown in that when in use its
glare was 30% lesser than that of other static
materials such as glass. LCDs can opened and close
in response to changes in light intensity and offer
better control in letting daylight into a building thus
minimizing the use of artificial light. Photochromic
Panels, which change tint in response to UV light,
were identified to have achieved a 25%
enhancement in Low Reflectance, making if most
appropriate for areas with high sun exposure.

Sustainability was the other important dimension
that was of great concern in the context of the
analyses of manufacturing and operating buildings
with dynamic materials. Other dynamic materials
like Biomimetic Coatings and  Adaptive
Nanocomposites presented lower carbon footprints
owing to their energy loss features; which minimize
the usage of heating and cooling energies. The
application of these materials in building envelopes
contributed towards a reduction of the carbon
emission resulting from building energy use by
seventeen percent as compared to static materials.
For instance, the static structures as cement based
structures, traditional glasses are comparatively
quite worse in terms of environmental load since
manufacturing of such products requires a
considerable amount of energy and their overall
thermal energy performances are considerably poor
throughout the life time span of the structure.

Moreover, during the 6 months of the field study,
participants showed that buildings incorporating
dynamic materials had decreased energy expenses
by 22%, which equal to $ 300 per month, as
compared to structures built with static materials.
Such behavior was mainly ascribed to the
variational thermal, optical, and acoustical
characteristics of the dynamic materials that played
a huge role in the enhancing of energy performance
of the building without having to constantly tweak
the mechanical systems. Furthermore, occupant
comfort was claimed to be higher by 15% in
dynamic material structures with other benefits
accruing to thermal stability, air quality and overall
satisfaction with lighting. In general the study has
provided an evident quantitative and qualitative
comparison which proved that dynamic building
materials have enhanced energy efficiency, thermal
comfort, sustainability, and even increased level of
satisfaction among the occupants. The use of
products, including  Thermochromic  Glass,
Electrochromic Film, and PCMs improves energy
efficiency, promotes cost savings, and can help to
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move buildings towards sustainability. However,
the static materials which are in common use, do
not possess the required characteristics in terms of
flexibility and add-on features essential to cater to
the needs of the present energy-efficient
construction.

2.4 Data Analysis

This research benefited from data analysis
instruments, which include both the gquantitative
and the qualitative means with which to compare
the dynamic building materials with the traditional
static materials. The main goal was to study if the
materials like Thermochromic Glass,
Electrochromic Film, Phase-Change Materials
(PCMs), and other materials were energy-efficient
or not at the same time when they provide a
comfortable temperature to the room. The process
comprised the evaluation of the data obtained both
in laboratory experiments and in the actual field
activity in a six-month period. Energy conservation
emerged as a key objective, and the results
demonstrated significant cost savings in energy
consumption when dynamic materials were
employed. For example, with use of
Thermochromic Glass the end-users were able to
cut down total energy consumption by a mere 18%.
This was primarily due to its very high light
transmission combined with its low shading
coefficient: when exposed to direct sunlight, the
glass effectively reflected heat back to its source.
On the other hand, traditional clear glass did not
respond to the added cooling requirements,
providing an insignificantly improved energy-
saving factor.

Likewise, Electrochromic Film demonstrated how
its operation can lead to the reduction of total
energy consumption by 15% by controlling how
opaque or transparent the material is to sunlight,
which means less heat is gained from the sun. They
also found that this feature was most useful where
direct sun raised cooling requirements much higher.
Thermal energy storage materials, when used to the
walls of phase-change materials (PCMs);
incorporated into the building envelope; in heating
helped to achieve a 12% reduction in energy
requirements. This efficiency was due to their
capacity in storing and releasing the heat during the
phase changes process as compared to indoor
temperature. Figure 10 shows energy saving of
dynamic materials including Thermochromic Glass,
Electrochromic Film, and PCMs when compared to
the conventional clear glass underlines the
importance of these materials in formulating
effective energy-saving structures.
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Figure 10. Energy Conservation Achieved by Different Building Materials, Comparing Thermochromic Glass,
Electrochromic Film, and PCM-Enriched Envelopes Against Traditional Clear Glass.

Another parameter used in the study was thermal
comfort and the study showed that dynamic
materials had a positive impact on occupant
comfort. From the data, the research established the
fact that when PCMs incorporated into buildings,
the indoor temperature variation was reduced by
25% compared to those utilizing conventional
insulation media. This stability was quantified over
high and low season, temperature ranging in
conventional buildings was above or below the
comfort zone by more than 5 o C while with the
incorporation of PCMs it ranged by about 2 0 C .
Moreover, such materials included the Liquid
Crystal Displays (LCD), the optical feature of
which can be controlled in order to modulate the
light transmittance, thus the implementation of
these material reduced the glare by 20% and the
light comfort level of the new tenants of the
building.

A second aspect of the environmental assessment
considered the carbon footprint of the materials,
which is how much energy is consumed during the
material production and how long these materials
recycle or sequester energy in the reduction of
operational energy requirements. In terms of carbon
emissions the data show that using Biomimetic
Coatings and Adaptive Nanocomposites decreased
Carbon emissions by 19% due to their efficiency in
decreasing energy use and improving insulation of
the building. Comparatively, those structures which
employed conventional concrete and insulated
panels contributed a greater load of environment
impacts because of the high energy required to
manufacture them and also low variable energy
potential.

More to surveys related to the perceptions by the
occupants on the condition of the buildings, such
factors as temperature, light quality, and the general
performance of the building were critically
assessed. Such data from both surveys pointed to
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the fact that implementation of active surfaces like
Thermochromic Glass and Electrochromic Films
lead to occupants giving 15% higher satisfaction
rating because of enhanced control of indoor
climate and more stable environment.  The
feedback also indicated a 10% boost in perceived
quality of natural light because dynamic materials
enable better daylighting control and glare
minimization.

The results of the energy meters also supported the
results with energy consumption of building with
dynamic material lower than that of building with
static material. The total saving in terms of energy
cost in the buildings with dynamic materials was
estimated to be 22% and corresponds to about $350
per month on energy bills. This data increases the
probability of innovative construction materials to
not only improve environmental performance but
also seriously reduce the long-term costs of using
construction materials.

Therefore, it can be concluded that the present
study lends strong empirical support to the
hypothesis that dynamic materials have a number of
substantial performance benefits over traditional
static building envelopes in the areas of energy
conservation, occupant thermal comfort,
environmental impact, and satisfaction. The
positive values of energy consumed and CO2
emitted, as well as the perceived comfort have been
guantitatively established to substantiate the
implementation of the new advanced materials into
contemporary architectural applications.

3. Results and Discussions

The findings presented in the study also evident
that dynamic surface technologies outcompete
static building materials on several aspects such as
energy performance, thermal comfort,
environmental impact, as well as end user
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satisfaction.  Closure: A deployment  of
Thermochromic Glass, Electrochromic Film, and
Phase-Change Materials (PCMs) within building
envelop exhibited splendid performance in energy
saving as well as humanity friendly environment.
On energy efficiency the greatest result for
buildings was obtained from the use of dynamic
structural materials, which gave an overall saving
of at least 20 per cent of total energy usage as
compared to buildings with conventional static
structural materials. For instance, Thermochromic
Glass was able to offer cooling comfort through the
reflection of solar heat thus lowering the energy
consumption by 18% in the summer and
Electrochromic Film which not only lowered the
energy consumption of lighting by 7% but also that
of cooling by 8% because its transparency
depended with the natural lighting conditions
outside. Similarly, PCMs embedded in walls
reduced heating energy requirements by 12%,
contributing to an overall decrease in energy
expenditure.

Thermal comfort within buildings was significantly
enhanced through the use of adaptive materials.
Data showed the extent of indoor temperature
variation in PCM integrated buildings stayed at a
maximum of + 2°C from the preferred thermal
comfort band while static materials occasioned
variations of more than = 5°C. Of special value was
stability of internal temperatures in cases of
extreme seasonal fluctuations in climate. Also,
using of such components as LCDs and
Photochromic Panels increased the comfort of the
visual environment by decreasing the direct glare
value by up to 20% and providing more stable and
comfortable indoor lighting. Further substantiation
came from surveys of building occupants where

materials stated a much higher level of satisfaction
at 15% because of dynamic material’s ability to
provide comfortable and easily adjustable
environment.

Another potential benefit of dynamic materials was
observed to be environmental sustainability.
Integration of Biomimetic Coatings and Adaptive
Nanocomposites led to carbon emission cut by 19%
because these coatings decreased operational
energy needs and their development required less
energy by comparison with conventional solutions.
Finally, the study showed that dynamic materials
also enhanced the durability of building envelopes
by preventing the thermal stress that leads to
materials breakdown, thus making dynamic
materials  environmentally and  financially
sustainable in the long run.

Dynamism analysis revealed large savings in cost
of Dbuildings using the dynamic materials.
Amperometric measurements of energy revealed
that energy meters were able to achieve a general
average of 22% percent saving on monthly
electricity expenses or roughly $350 per building
per month. On an annual basis, this translates to a
value in excess of $4,200, pointing to the
practicality of applying dynamic surface technology
to new constructions of homes and business
structures as well as existing structures. Further,
overall maintenance cost as a percentage of the
initial cost of investment was lowered by 15% since
the developed materials were self-healing, and thus
immune to wear due to variations in environmental
factors.

Comparative  analysis also  supported the
effectiveness of dynamic material in manufacturing
relative to static material. Static materials despite
being cheaper initially provided minimum energy

respondents from buildings using dynamic
Table 2. Key Results
Parameter Dynamic Materials Static Materials Improvement (%)
Energy Reduction 18% reduction using Thermochromic Glass Higher cooling demand | 18%
(Cooling)
Energy Reduction 15% reduction using Electrochromic Film Static glass offers no 15%
(Lighting) adjustment
Heating Energy 12% reduction using Phase-Change Materials | Traditional insulation 12%
Reduction (PCMs) less effective
Temperature +2°C fluctuation with Phase-Change +5°C fluctuation More stable (60% improvement)
Stability (Indoor) Materials (PCMs)
Glare Reduction 20% reduction with Photochromic Panels and | No glare control 20%
Liquid Crystal Displays (LCDs)
Carbon Emission 19% reduction using Biomimetic Coatings Higher emissions 19%

Reduction and Adaptive Nanocomposites

Monthly Utility $350 average savings No significant savings | 22% cost reduction in energy bills
Savings

Annual Financial $4,200 per year per building No additional financial | $4,200 saved annually

Benefit benefit

Maintenance Cost 15% lower due to reduced wear and tear Higher maintenance 15%

Reduction costs

Occupant 15% higher satisfaction due to adaptive Lower satisfaction 15%

Satisfaction environment
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conservation as and no environmental enhancement
that dynamic or adaptive technologies provide. For
instance, the normal glass windows caused a
cooling energy use of 30% more than the
Thermochromic Glass, normal insulating materials
were also less efficient in regulating internal
temperatures and hence consumed more operational
energy. Key results were tabulated in table 2.

In reviewing the effects of our study with prior
findings, it is clear that the benefits of dynamic
building materials for energy purposes and user
comfort have already been established. For
example, Lei et al. discuss the performance of
thermochromic glass in smart windows cases
similar to dynamic materials like thermochromic
glass that reduce energy for lighting by 15 %
similar to our case. Our findings corroborate their
study because dynamic materials can save energy
by responding to environmental fluctuations [8].
When compared more closely, the present work
shows that the phase-change materials (PCMs)
examined are in line with those discussed by Wang
et al. [4], who also emphasized the benefits of
utilizing PCMs to boost building energy
performance. Our finding of a 12% reduction in
heating energy through the use of PCMs
corresponds with authors” Wang et al., 2022
findings emphasizing this material’s importance in
controlling indoor temperatures without the need
for mechanical heating. Likewise, the PCM-based
technologies addressed by the study of Huang et al.
claim that these types of materials help in building
energy efficiency, which means that publishing
them into building systems can considerably affect
energy reduction [3].

In the case of carbon emission reduction, our results
similar to Sobczyk et al., who identified that the
utilisation of smart materials and systems in
architecture could reduce carbon emissions by as
much as 19%. The outcome of our study is in line
with this where biomimetic coatings and adaptive
nanocomposites have been revealed to cut carbon
emissions by 19% [11]. Furthermore, the increase
in thermal comfort that occurs due to a stable
temperature, 60% more effective than with static
materials, supports the conclusions made by
Shchegolkov et al. ; the primarily dynamic effect is
expressed through stabilization of the internal
environment and improvement of the occupant’s
satisfaction [9]. Our results, including the $4200
annual cost reduction observed in this study, are
also in line with other experts that justify the use of
dynamic material. This supports our economic
discoveries as Walther (2020) explains about the
importance of adaptive and Interactive Materials
such as smart windows and dynamic surfaces.
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Similarly, the lower maintenance cost, 15% less in
our case, bespoke the findings of Civan and
Kurama (2021) who confirmed that dynamic
materials have less wear than traditional
construction materials. Finally, as compared with
other studies on electrochromic materials by Zhao
et al. and Yaseen et al. , electrochromic films
which are also discussed by us, are proved to be a
potentiel means of preventing glare and enhancing
energy performance in buildings. The performance
of their work in minimizing glare to 20%, as
highlighted in this study is in tandem with the
findings of Zhao and his team, as well as Yaseen
and his team as electrochromic material gains
traction in the modern day construction industry
[1,2,4,6]. These results correlate and build upon
numerous other studies exploring how innovative
dynamic materials outperform traditional static
construction materials in terms of energy, emission,
comfort, and cost savings. This further supports the
need for dynamic materials to transform the design
of buildings and enhance buildings’ impact on
sustainability goals in the built
environment[1,7,12].. Our conclusions are therefore
aligned, and in some ways expand on the results of
many other similar studies, which strongly suggest
that dynamic materials outperform traditional static
building materials in terms of their energy saving,
emission, comfort, and cost saving abilities. These
supports further the capability of dynamic materials
to almost transform radically the -culture of
constructing buildings and it helps towards
reducing the aims of improving sustainability for
the built environment [13,14,15].

4. Conclusions

The paper explored application of smart materials
in designs of buildings and their impacts on energy
and sustainability. This research has proven how
advanced technologies, such as thermochromic and
electrochromic  materials and phase change
materials (PCM), could be applied as part of the
total building system to reduce energy consumption
in modern buildings. Moreover, using machine
learning and predictive models optimizes energy
management based on real-time environmental and
user-specific conditions. According to the findings,
the smart materials in buildings have been
successful in obtaining an average of the 35%
reduction in  energy  consumption  with
thermochromic materials accounting for 15% of a
reduction in cooling demand and PCMs
contributing to an enhancement of 20% insulation
against thermal loss. The post-implementation of
loT-enabled systems added up to the efficiency of
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the whole system by up to 25 percent as compared
to the erstwhile methods of energy management. It

is

similarly representation of the very smart

materials and technologies in sustainable buildings.
Future research will scale the technologies into
urban applications as well as their economic
viability for mass adoption in residential and
commercial areas.
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