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AHP-based sustainability evaluation
of global nanomaterial-enhanced residential buildings
using regionally weighted criteria from Egyptian experts

Abstract. The rapid global urbanisation and the construction sector's critical environmental footprint necessitate
innovative, sustainable solutions, with nanotechnology emerging as a key enabler. Despite this potential, current
research lacked a holistic, systematic evaluation framework for nanomaterial-enhanced residential buildings that
integrated the specific regional priorities of developing nations. This study addressed this knowledge gap by developing
and applying a four-dimensional assessment model (environmental, economic, technical, and social) using the analytic
hierarchy process. The model weights were derived from 55 Egyptian experts in architecture and sustainability, ensuring
the results reflect crucial regional demands. The analysis revealed that the Environmental Criterion was deemed the
most critical dimension, receiving the highest weight (0.3427), closely followed by the Economic Criterion (0.2774).
The Technical Criterion ranked third (0.2337), while the Social Criterion was the least influential (0.1462). This priority
setting confirmed that Operational Energy Cost Reduction (0.0916) and Maintenance Cost Reduction (0.0820) are the
most decisive factors for sustainable performance in the regional context. The model was applied to four global case
studies to determine their sustainable performance and ranking. The Sur Falveng building Phase Change Material Glass
came in first place with a score of (73.85%) due to its comprehensive and balanced performance. The Seitzstrasse
building Vacuum Insulation Panels followed in second place (71.51%). The Strucksbarg housing complex featuring
self-cleaning Lotus-Effect paint ranked third (68.28%). Conversely, the Escala Condominiums tower utilising nano
microcomposite rebar ranked last (57.86%), confirming that structural applications received lower overall priority as
they did not directly contribute to the dominant operational metrics. This research provided a practical, evidence-based
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tool for architects and policymakers, highlighting the necessity of aligning nanotechnology selection with regional
evaluation frameworks to guide future sustainable design decisions in emerging markets

Keywords: analytic hierarchy process; nanotechnology; regional priorities; building envelope; residential architecture

INTRODUCTION

The rapid expansion of the global population, coupled
with accelerating urbanisation, has placed unprecedent-
ed pressure on the built environment. Cities are facing
increasing demands for housing, infrastructure, and ser-
vices, which in turn exert significant strain on natural
resources and contribute to environmental degradation.
In parallel, the construction sector has emerged as a key
driver of greenhouse gas emissions, energy consump-
tion, and waste generation, highlighting the urgent need
for innovative and sustainable approaches. In this con-
text, integrating advanced technologies such as nano-
materials into residential buildings offers a promising
avenue to enhance sustainability, reduce environmental
impact, and improve the quality of urban living.

Population growth and increasing urbanisation pres-
ent major challenges for humanity. The urban population
is expected to reach about 7 billion people by 2050, com-
pared to 4.2 billion in 2018, with urban migration project-
ed to intensify in developing nations, reaching 54% by
2030 (Khanna, 2020). In this context, the construction and
building sector stands at the forefront of industries requir-
ing radical solutions, given its pivotal role in environmen-
tal degradation and climate change. According to L. Ca-
beza et al. (2022), the building sector’s share of total global
greenhouse gas (GHG) emissions was 21% in 2019, and
CO, emissions from buildings witnessed a 50% increase
between 1990 and 2019. Further research by L. Chen et
al. (2023), confirms the magnitude of this sector’s envi-
ronmental impact, as construction activities consume 36%
of global energy and contribute 39% of global CO, emis-
sions. It is also responsible for producing about 40% of
solid waste (Wang et al., 2024). These figures underscore
the necessity of finding innovative solutions to mitigate
the environmental footprint of buildings. The concept
of building sustainability, which aims to achieve a bal-
ance between environmental, economic, and social needs
throughout a building’s lifecycle, has thus become an im-
perative for achieving sustainable urban development.

In the search by S. Verma et al. (2022) for innovative
and sustainable solutions, nanotechnology has emerged
as a promising technique that could revolutionise the con-
struction sector. This technology enables the enhance-
ment of traditional materials’ properties at the atomic
and molecular levels, leading to increased building ener-
gy efficiency, improved durability, and better resistance to
environmental factors. It also provides additional func-
tionalities such as self-heating, anti-fogging, and the in-
tegration of structural safety. For example, studies have
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shown that applying nanomaterials in residential build-
ings can increase energy efficiency by up to 30%, making
them a fundamental component in achieving green and
sustainable building goals. Furthermore, nano-insulation
materials, such as aerogel and Vacuum Insulation Panels
(VIPs), have demonstrated an ability to provide high ther-
mal resistance with minimal thickness, contributing to the
design of zero-energy buildings, which subsequently leads
to reduced carbon emissions and improved environmental
performance (Casini, 2020).

Nevertheless, despite the potential benefits of nano-
technology, there remains a lack of research that provides
a comprehensive and systematic evaluation of its sustain-
able performance at the residential building level. Studies
often focus on assessing separate technical aspects, such
as mechanical properties or energy efficiency, without in-
tegrating them into a holistic evaluation framework that
considers all dimensions of sustainability. Historically,
sustainability assessment primarily relied on the triple
bottom line (TBL) concept, which focuses on environ-
mental, economic, and social factors (Mavi et al., 2021).
Decision contemporary research increasingly suggests
that sustainable decision-making in the construction
sector requires a more comprehensive framework that ex-
tends beyond these three dimensions. There is a growing
consensus in the literature on the necessity of a crucial
fourth dimension: technical performance (Aghazadeh
& Yildirim, 2024). This dimension includes structur-
al efficiency, quality standards, durability, and material
lifespan. This dimension is critically important, as na-
notechnology directly improves it, as noted by A. Oke et
al. (2019), preventing premature failures and reducing the
need for frequent replacement. This, in turn, contributes
to achieving the other three dimensions of sustainability:
it reduces resource consumption and waste (environmen-
tal dimension), lowers long-term maintenance costs (eco-
nomic dimension), and enhances the safety and comfort
of building occupants (social dimension). True sustain-
ability requires a balance among these four dimensions:
environmental, economic, social, and technical (Bhuiyan
& Hammad, 2023).

This complexity, involving multiple and often con-
flicting criteria, makes the selection and evaluation of new
materials and technologies an inherent multi-criteria deci-
sion problem. Addressing this requires adopting multi-cri-
teria decision-making (MCDM) methodologies, as noted
S. Khoshnava et al. (2018) and A. Rahim et al. (2021), which
provide structured computational tools and mathematical



techniques for effectively evaluating multiple performance
criteria. These methodologies are particularly effective in
dealing with the complex numerical challenges associated
with selecting sustainable alternatives.

Based on the foregoing, this research aimed to bridge
this knowledge gap by providing a comprehensive and ob-
jective assessment of the sustainable performance of nano-
technology applied in residential buildings. The novelty of
this research lies in providing a systematic framework that
directly links the technical performance of nanotechnolo-
gies to local priorities, offering architects and researchers
a practical tool for making more informed design decisions
in the future and realising the vision of sustainable na-
no-architecture.

MATERIALS AND METHODS

This study adopted a multi-stage methodology to evaluate
the sustainable performance of nanotechnology-enhanced
residential buildings from a specific regional perspec-
tive. The approach was systematically structured around
three main phases: (1) defining the criteria and indicators,
(2) developing and weighting the evaluation model, and
(3) applying the model to global case studies.

To define the criteria used, a rigorous and staged
research methodology was followed to ensure compre-
hensiveness in the selection of studies for in-depth re-
view. This included a systematic search across reliable
academic databases such as ScienceDirect, Scopus, and
Web of Science. A combination of keywords related to
“sustainable building materials”, “Multi-Criteria Deci-
sion-Making (MCDM) methods”, and “evaluation criteria/
frameworks” were utilised. The search was restricted to
articles published between 2012 and 2024 that explicitly
used MCDM methodologies to assess sustainable build-
ing material applications. Following initial filtering and
the removal of duplicates, the remaining studies un-
derwent a two-stage manual screening (reviewing titles
and abstracts, followed by a full-text review) to ensure
complete alignment with the study’s scope. This process
resulted in the selection of 15 comprehensive studies for
in-depth review, which formed the foundation for defin-
ing the final criteria and indicators.

Based on the comprehensive review of existing eval-
uation frameworks, the collected criteria were classified
into the four main dimensions of sustainability: Environ-
mental, Economic, Social, and Technical. The purpose of
this classification was to provide a holistic framework for
experts and sustainability stakeholders. To ensure the cat-
egorisation was comprehensive, care was taken to include
criteria that captured the superior performance offered
by nanomaterials, such as enhanced durability, thermal
improvements, and weather resistance, which represent
unique technical advantages of these materials. The po-
tential for some criteria to intersect or influence more
than one dimension of sustainability was also considered.

Soliman et al. >»

Based on the criteria derived from the systemat-
ic review, a multi-criteria evaluation model, designat-
ed “Nano-BSAM” (Nanomaterial Building Sustainability
Assessment Model), was developed. The model employs
a four-Level hierarchical structure where each Level rep-
resents a stage of analysis. Level 1 (Goal) represents the
model’s ultimate objective: “Sustainability assessment of
nanomaterial buildings”. Level 2 (Main criteria) comprises
the four principal dimensions: Environmental, Economic,
Technical, and Social. Level 3 (Sub-criteria) consists of nine
sub-criteria, whose weights are derived from the aggregat-
ed weights of their underlying performance indicators. Fi-
nally, Level 4 (Performance indicators) includes 24 precise
performance indicators, each representing a specific aspect
of sustainable performance.

To introduce a regional context to the model, a pairwise
comparison questionnaire based on the Analytic Hierarchy
Process (AHP) was used to determine the relative weights of
each criterion and indicator. The questionnaire was admin-
istered to a purposive sample of 55 Egyptian experts in ar-
chitecture, environmental sustainability, and nano-build-
ing technologies. The rationale for selecting Egyptian
experts was that their priorities directly reflect the specific
climatic challenges (e.g., the urgent need for energy effi-
ciency in a hot climate) and economic challenges (e.g., em-
phasis on operational and maintenance costs) prevalent in
the region. This selection ensured that the derived weights
were specialised and reflective of specific regional priori-
ties, rather than generic ones. The participation of experts
was entirely voluntary and complied with ethical principles
(European Commission, 2021). To bolster the accuracy and
reliability of the results, the consistency of all participants’
judgments was verified using the AHPcalc model (Goe-
pel, 2024). This tool processes participant responses using
the Eigenvector Method (EVM) to calculate consistency
indices and the consistency ratio. Inconsistent responses
(with a consistency ratio exceeding 10%) were reviewed
with the participants in a feedback loop to ensure internal
consistency, and these values were adjusted towards the
ideal value suggested by the tool to improve consistency.

The Geometric Mean function in Excel was then em-
ployed to aggregate the individual expert judgments into a
single, collective value for each pairwise comparison. This
technique is the most common and reliable approach in
group AHP as it preserves the internal consistency of the
aggregated comparison matrices. These aggregated values
were then directly entered into the Super Decisions V3
software interface to construct the final aggregated ma-
trices. The Super Decisions programme automatically cal-
culated the final relative weights for both the criteria and
performance indicators, verifying that the final Consisten-
cy Ratio remained within the accepted threshold (less than
10%). Figure 1 presents the complete hierarchical structure
of the Nano-BSAM model along with the final weights de-
rived from the AHP analysis.
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Figure 1. Nano-BSAM hierarchical evaluation model

Source: compiled by the authors

To fulfil the study’s objectives, four globally leading
residential architectural projects that implemented nano-
technologies were selected based on specific criteria. The
selection criteria included: application to the building en-
velope and structure, diversity of nanotechnologies used,
diversity of environmental conditions, and the addressing
of a specific design problem. This methodology aimed to
analyse the contribution of the nanomaterials and nano-
technologies to the overall sustainability of these buildings,
focusing on the problems they addressed. These buildings
are: 1. The Seitzstrasse residential and office building in
Munich, Germany (renovated 2004), which was the first
building to achieve the “Ultra Low Energy House” standard
in the city centre. The renovation utilised Vacuum Insula-
tion Panels (VIPs) as the core nanotechnology in the build-
ing envelope, achieving exceptional thermal efficiency, in-
creasing usable interior space, and improving natural light
and thermal comfort. 2. The Strucksbarg housing complex
in Hamburg, Germany (renovated 2007), a notable exam-
ple of sustainable renovation. The project used an External
Thermal Insulation Composite System (ETICS) integrated
with Sto Lotusan coating based on nano “Lotus-Effect”
technology, providing self-cleaning properties and weath-
er resistance, thereby reducing periodic maintenance costs
and preserving aesthetic appearance. 3. The Escala Condo-
miniums residential tower in Seattle, Washington (com-
pleted 2009), an example of advanced engineering. The
tower used high-strength, nano-enhanced rebar (ChromX/
MMFX2) as a solution to structural challenges. This materi-
al allowed for reduced rebar density compared to traditional
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steel, facilitating concrete pouring and reducing execution
time and effort. 4. The Sur Falveng residential building for
the elderly in Domat/Ems, Switzerland (completed 2004),
a pioneering example of innovative design in a mountain-
ous climate. The building features a south-facing glass
facade containing Phase Change Material (PCM) nano-
technology, which functions as a passive thermal storage.
In winter, the material absorbs and stores heat, while in
summer, it reflects excessive radiation to prevent over-
heating, significantly contributing to energy savings and
maintaining a stable, comfortable internal environment.

Following the identification of the buildings, the
methodology relied on a comprehensive analysis of the
available information for each building and a descriptive
performance evaluation based on the indicators defined in
the Nano-BSAM model. The assessment model was then
applied to these buildings through the following quanti-
tative steps, which represent the methodological frame-
work allowing the transition from descriptive evaluation to
quantifiable, comparable results.

Data collection and quantitative conversion. Data
on the performance of each building across the 24 per-
formance indicators are compiled. A rating value (using
a 5-point Likert scale) was assigned to each building for
every performance indicator, along with a value of 0 for
non-applicable (N/A) indicators, thus converting the qual-
itative assessments into numerical values.

Calculation of the weighted score for each indicator.
The weighted score for each indicator is calculated by mul-
tiplying its numeric value (from the previous step) by its



relative weight obtained from the AHP analysis. The for-
mula used is presented in equation (1):

WSi=NVixRWi, 1)

where WS, — the weighted score for Indicator i; NV, — the
numeric value (Likert score) assigned to Indicator i; and
RW, — the relative weight of Indicator i derived from AHP
analysis.

For instance, applying this formula to the “Mainte-
nance cost reduction” indicator (C3), with a numeric value
of 5 and a relative weight of 0.0820, yields a weighted score
for C3 of 5x0.0820=0.41. This represents the actual contri-
bution of that indicator to the final score.

Aggregation of final scores. The weighted scores of all
indicators are summed to obtain the total overall score for
each building. This aggregation is done at two levels: the
Score for each main criterion (summing the weighted scores
of all indicators belonging to that criterion, e.g., Environ-
mental, Economic, etc.) and the Final building score (sum-
ming the scores of all four main criteria). The final overall
score is then converted to a percentage. Given that the sum
of the weights of all indicators is 1.00 (or 100%), the maxi-
mum possible score is 5x 1.00=5. Therefore, the formula for
converting the score to a percentage is given in equation (2):
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Percentage Score= %s X 100, 2)
where FS - the final overall score for the building; MaxS -
the maximum possible score (which equals 5 in this m odel).

For example, the final score for the Seitzstrasse
building is the sum of the weighted scores for all 24 in-
dicators. If the FS is 3.5755, the percentage score is
(3.5755/5)x 100="71.51%.

RESULTS

The descriptive evaluations of the case studies were con-
verted into quantifiable numerical data using the conver-
sion key presented in Table 1. These results reflect the
buildings’ overall sustainable performance from the per-
spective of regional priorities. Detailed results for each
building are presented individually, followed by a sum-
mary of their general performance and final ranking. The
following tables illustrate the quantitative performance
assessment of the four selected study buildings based on
the Nano-BSAM evaluation model. The weighted scores
for each indicator and criterion are presented, alongside
their relative weights. Table 2 presents the quantitative
performance analysis of the Seitzstrasse residential and
office building.

Table 1. Conversion key from descriptive evaluation to numerical value

Evaluation symbol Description Numerical value
e+ Excellent/Very positive 5
++ Highly achieved/Very positive 4
+ Achieved/Positive 3
* Partially achieved/Challenging 2
- Not achieved/Negative 1
N/A Non-applicable 0

Source: compiled by the authors

Table 2. Quantitative performance analysis of the Seitzstrasse residential and office building

Weighted score Detailed main criteria

Criterion Indicator AHP weight Qualitative rating Numerical value (weight x value) performance
EC 1.3339
E.1 0.0521 ++ 4 0.2084
E.2 0.0345 ++ 4 0.138
E.3 0.0870 ++ 4 0.348
E4 0.0542 ++ 4 0.2168
E.5 0.0643 +++ 5 0.3215
E.6 0.0506 * 2 0.1012
CC 0.9546
C.1 0.0611 £ 2 0.1222
C.2 0.0916 +++ 5 0.458
C.3 0.0820 3 0.246
C4 0.0205 3 0.0615
C.5 0.0223 3 0.0669
SC 0.49
S.1 0.0241 + 3 0.0723
S.2 0.0249 +++ 5 0.1245
S.3 0.0279 ++ 4 0.1116
S.4 0.0266 ES 2 0.0532
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Table 2. Continued

Criterion Indicator AHP weight Qualitative rating Numerical value (‘xggﬁteﬁ vs :lour ::) Detai)l:ffg:ﬁiglf cr;terla
S.5 0.0428 + 3 0.1284
TC 0.797
T.1 0.0406 +++ 5 0.203
T.2 0.0133 + 2 0.0266
T.3 0.0307 + 2 0.0614
T.4 0.0366 + 3 0.1098
T.5 0.0360 + 3 0.108
T.6 0.0382 +++ 5 0.191
T.7 0.0206 + 3 0.0618
T.8 0.0177 + 2 0.0354
Overall final 3.5755

score (FS)

Source: compiled by the authors

Following Table 2, the weighted scores for the Seitz-
strasse building show a total final score of 3.5755. The build-
ing recorded its highest performance in the Environmental
Criterion (EC), achieving the highest weighted score among
all criteria at 1.3339. The Embodied Energy Efficiency (E.3)
and Indoor Air Quality Impact (E.5) indicators contributed
highly to this score, rated (++) and (+++), respectively. The

Economic Criterion (CC) also scored highly (0.9546), with the
Operational Energy Cost Reduction (C.2) indicator achieving
the highest single weighted value in the entire assessment
(0.4580 with a +++ rating). Conversely, the building’s per-
formance in the Social Criterion (SC) was the lowest among
the criteria, scoring 0.4900. Table 3 presents the quantitative
performance analysis of the Strucksbarg housing complex.

Table 3. Quantitative performance analysis of the Strucksbarg housing complex

Criterion Indicator AHP weight Qualitative rating Numerical value (‘x g;gﬂ:e:lvs:ﬁ ee) Detag:g:lrx:;;;terla

EC 1.15
E.1 0.0521 ++ 4 0.2084
E.2 0.0345 + 2 0.069
E.3 0.0870 ++ 4 0.348
E4 0.0542 ++ 4 0.2168
E.5 0.0643 ++ 4 0.2572
E.6 0.0506 - 1 0.0506

CcC 0.8739
C.1 0.0611 + 2 0.1222
C.2 0.0916 + 3 0.2748
C.3 0.0820 ++ 4 0.328
C4 0.0205 ++ 4 0.082
C.5 0.0223 + 3 0.0669

SC 0.5328
S.1 0.0241 + 3 0.0723
S.2 0.0249 +++ 5 0.1245
S.3 0.0279 ++ 4 0.1116
S.4 0.0266 S 2 0.0532
S.5 0.0428 ++ 4 0.1712

TC 0.8572
T.1 0.0406 ++ 4 0.1624
T.2 0.0133 ++ 4 0.0532
T.3 0.0307 ++ 4 0.1228
T.4 0.0366 +++ 5 0.183
T.5 0.0360 +++ 5 0.18
T.6 0.0382 + 3 0.1146
T.7 0.0206 + 2 0.0412
T.8 0.0177 N/A 0 0

Overall final 3.4139

score (FS)

Source: compiled by the authors
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Following Table 3, the weighted scores for the
Strucksbarg housing building show a final total score of
3.4139. The building achieved the highest score in the
Environmental Criterion (EC) at 1.1500, supported by the
contribution of the Embodied Energy Efficiency (E.3) and
the Negative Environmental Impact Reduction (E.1) in-
dicators. This is followed by the Technical Criterion (TC)
which scored 0.8572, recording high performance in the
Weathering Resistance (T.4) and Fire Resistance (T.5) in-
dicators, both with a (+++) rating. The Economic Criterion

Soliman et al. >»

(CC) scored 0.8739, with the most notable performance
being in the Maintenance Cost Reduction (C.3) indicator,
while the contribution of the Operational Energy Cost Re-
duction (C.2) indicator was comparatively lower, with a
(+) rating. Conversely, the complex’s performance in the
Social Criterion (SC) was the lowest among the criteria,
scoring 0.5328. The numerical scores for the building
were derived from the detailed qualitative evaluation. Ta-
ble 4 presents the quantitative performance analysis of
the Escala Condominiums tower.

Table 4. Quantitative performance analysis of the Escala Condominiums tower

Criterion Indicator AHP weight Qualitative rating Numerical value (‘x gzgﬁ:ef::ﬁf; Detag:sf;r:ﬁ:nccr;teria

EC 1.0124
E.1 0.0521 ++ 4 0.2084
E.2 0.0345 ++ 4 0.138
E.3 0.0870 ++ 4 0.348
E4 0.0542 ++ 4 0.2168
E.5 0.0643 N/A 0 0
E.6 0.0506 £ 2 0.1012

CC 0.6811
C.1 0.0611 * 2 0.1222
C.2 0.0916 N/A 0 0
C.3 0.0820 +++ 5 0.41
C4 0.0205 ++ 4 0.082
C.5 0.0223 + 3 0.0669

sC 0.5316
S.1 0.0241 N/A 0 0
S.2 0.0249 ++ 4 0.0996
S.3 0.0279 ++ 4 0.1116
S.4 0.0266 ++ 4 0.1064
S.5 0.0428 +++ 5 0.214

TC 0.6678
T.1 0.0406 +++ 5 0.203
T.2 0.0133 +++ 5 0.0665
T.3 0.0307 +++ 5 0.1535
T.4 0.0366 +++ 5 0.183
T.5 0.0360 N/A 0 0
T.6 0.0382 N/A 0 0
T.7 0.0206 + 3 0.0618
T.8 0.0177 N/A 0 0

Overall final 2.8929

score (FS)

Source: compiled by the authors

Following Table 4, the weighted scores for the Escala
building show a final total score of 2.8929 (CRSI, n.d.). The
building recorded its highest performance in the Environ-
mental Criterion (EC) at 1.0124, supported by high per-
formance across most environmental indicators (E.1-E.4)
with a (++) rating, the most prominent contribution be-
ing from the Embodied Energy Efficiency (E.3) indicator
at 0.3480. This is followed by the Economic Criterion (CC)
at 0.6811, where the Maintenance Cost Reduction (C.3)
indicator achieved the highest single weighted value in

this assessment (0.410 with a +++ rating), despite the
Operational Energy Cost Reduction (C.2) indicator being
non-applicable (N/A) for this building. Conversely, the
building’s performance was lowest in the Social Criterion
(SC) at 0.5316, followed by the Technical Criterion (TC) at
0.6678. The lower scores for these criteria are due to mul-
tiple indicators falling outside the scope of application or
assessment (N/A), such as (S.1), (T.5), (T.6), and (T.8). Ta-
ble 5 presents the quantitative performance analysis of the
Sur Falveng building.
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Table 1. Quantitative performance analysis of the Sur Falveng building

Criterion Indicator AHP weight Qualitative rating Numerical value (V‘X :;gﬂ:e:ivs:lour :) Deta;)l:;i.f(r)x;z::nccr;terla
EC 1.1451
E.1 0.0521 ++ 4 0.2084
E.2 0.0345 + 2 0.069
E.3 0.0870 £ 2 0.174
E4 0.0542 +++ 5 0.271
E.5 0.0643 +++ 5 0.3215
E.6 0.0506 * 2 0.1012
CcC 1.0029
C.1 0.0611 + 2 0.1222
C.2 0.0916 ++ 4 0.3664
C.3 0.0820 +++ 5 0.41
C.4 0.0205 ++ 4 0.082
C.5 0.0223 - 1 0.0223
SC 0.6288
S.1 0.0241 + 3 0.0723
S.2 0.0249 +++ 5 0.1245
S.3 0.0279 ++ 4 0.1116
S.4 0.0266 ++ 4 0.1064
S.5 0.0428 +++ 5 0.214
TC 0.9157
T.1 0.0406 ++ 4 0.1624
T.2 0.0133 ++ 4 0.0532
T.3 0.0307 +++ 5 0.1535
T.4 0.0366 + 2 0.0732
T.5 0.0360 ++ 4 0.144
T.6 0.0382 +++ 5 0.191
T.7 0.0206 +++ 5 0.103
T.8 0.0177 + 2 0.0354
Ol
Source: compiled by the authors
Following Table 5, the weighted scores for the Sur Fal- FfiChmcal
veng housing building show a final total score of 3.6925, 1.2
the highest score among the buildings evaluated. Perfor- 1
mance was balanced, with the Environmental Criterion
(EC) emerging as the highest weighted score at 1.1451.
This is followed by the Economic Criterion (CC) at 1.0029,
and then the Technical Criterion (TC) at 0.9157. The envi-  Social ) >» Environmental

ronmental performance was characterised by a high contri-
bution from the Resource Efficiency and Water Consump-
tion (E.4) and Indoor Air Quality Impact (E.5) indicators,
both with a (+++) rating. In the Economic Criterion (CC),
the performance was supported by the Maintenance Cost
Reduction (C.3) indicator (+++ rating) and the Operation-
al Energy Cost Reduction (C.2) indicator (++ rating). Con-
versely, the Social Criterion (SC) was the lowest among the
criteria, scoring 0.6288. The score in the Economic Criteri-
on was affected by low-scoring indicators, such as Disposal
or Recycling Cost (C.5), which scored 0.0223 with a (-) rat-
ing. Figure 2 provides a visual comparison of the integrated
performance of the four buildings across the main crite-
ria, aiding in the understanding of each building’s relative
strengths and weaknesses.
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Seitzstrasse Strucksbarg
=e=housing Escala

== Condominiums

Sur Falveng housing

Economic

Figure 2. Comparative performance of the four buildings
across main criteria based on regional weights
Source: compiled by the authors

Following Figure 2, the chart shows that Sur Falveng
housing (yellow line) achieved the best overall perfor-
mance with a score of 3.6925, while Escala Condominiums
(grey line) came in last with a score of 2.8929. Sur Falveng



housing recorded the highest scores among all buildings
in the Technical (0.9157), Social (0.6288), and Economic
(1.0029) criteria. Seitzstrasse building (blue line) record-
ed the highest score in the Environmental Criterion (EC),
reaching 1.3339. Escala Condominiums shows significant-
ly lower performance in the Economic, Technical, and so-
cial criteria, due to the non-contribution (N/A) of highly
weighted operational indicators like Operational Energy

Soliman et al. >»

Efficiency (C.2) and Thermal Comfort (T.6). The perfor-
mance of Strucksbarg housing (orange line) was balanced,
ranking second for the Technical Criterion (TC) at 0.8572
and second for the Environmental Criterion (EC) at 1.1500
after Seitzstrasse. Table 6 summarises the final scores of
the four buildings and shows their ranking based on their
sustainable performance. The total scores were converted
into a percentage for ease of comparison.

Table 6. Summary of final scores and ranking

Case study building Nanotechnology used Final weighted score (out of 5) Percentage (%) Rank
Seitzstrasse VIPs (Vacuum Insulation Panels) 3.5755 71.51 2
Strucksbarg housing Sto Lotusan (Self-Cleaning Lotus Coating) 3.4139 68.28 3
Escala Condominiums ChromX (Corrosion-Resistant Rebar) 2.8929 57.86 4
Sur Falveng housing GLASSXcrystal (PCM Phase Change Glass) 3.6925 73.85 1

Source: compiled by the authors

Overall, the comparative evaluation highlights clear
differences in sustainable performance among the four case
studies, reflecting the varying efficiency and applicability
of different nanotechnologies in residential buildings. The
results confirm that environmental and economic criteria
exert the greatest influence on overall sustainability, while
technical innovation plays a decisive supporting role in
achieving balanced performance. These findings provide
a solid basis for integrating region-specific priorities into
future sustainable building assessments and for guiding ar-
chitects and policymakers in selecting nanomaterials that
maximise both environmental and operational benefits.

DISCUSSION
The Sur Falveng housing building (GLASSX®crystal —
Phase Change Glass) secured the first position due to its
outstanding alignment with regional sustainability prior-
ities, particularly energy efficiency and indoor environ-
mental control. The AHP weights highlighted performance
indicators where the GLASSX® technology showed the
highest contributions: Maintenance Cost Reduction (C.3)
with the highest score in the assessment (0.410), Opera-
tional Energy Cost Reduction (C.2) (0.3664), and Indoor Air
Quality Impact (E.5) (0.3215). These figures demonstrate
that the system functions as an integrated facade, achiev-
ing immense operational savings (C.2, C.3) and superior
functional environmental performance (E.5, T.6) that ide-
ally corresponds to the regional need for reducing ener-
gy bills and relying on passive solutions. The Seitzstrasse
Building (VIPs — Vacuum Insulation Panels) came in sec-
ond place with a slight margin, confirming the importance
of super-insulation technology in the regional context.
The AHP weights reflected the highest priority given to the
Operational Energy Cost Reduction (C.2) indicator, where
VIPs achieved the highest contribution among all indica-
tors (0.4580). Embodied Energy Efficiency (E.3) also con-
tributed strongly (0.3480). However, the low contribution

of other indicators, such as Maintainability (T.3) (0.0614),
reflected the complex technical nature and installation
challenges of the material compared to the integrated
solution that took first place, ultimately preventing it from
securing the lead. The Strucksbarg housing (Sto Lotusan —
Self-Cleaning Lotus Paint) secured the third position, re-
flecting that its performance, despite excelling in specific
aspects, had a lower impact on the overall sustainability of
the building compared to energy efficiency solutions. The
strengths of this technology primarily lie in the non-ener-
gy-related social and technical criteria, with high contri-
butions in Maintenance Cost Reduction (C.3) (0.3280) and
Embodied Energy Efficiency (E.3) (0.3480). However, the
coating’s indirect role in Operational Energy Cost Reduc-
tion (C.2) contributed to a relatively low value of 0.2748,
placing it below technologies targeting the core problem
of operational energy. The Escala Condominiums Tower
(ChromX - Corrosion-Resistant Rebar) came in last place
due to its structural nature, which restricted the scope of
its impact. Structural solutions inherently did not contrib-
ute to the indicators with the highest weights in the AHP
model, such as Operational Energy Cost Reduction (C.2)
and Thermal Comfort (T.6), where these two categories re-
corded zero contribution. The absence of assessment in the
vital operational indicators (E.5, C.2, T.5, T.6, T.8) caused a
significant reduction in its overall weighted score, placing
it last despite its outstanding technical durability perfor-
mance (T.1 Material Durability, 0.2030).

The study’s findings confirm that nano-insulating and
facade-enhancing materials significantly reduce energy
consumption, which aligns perfectly with the outstand-
ing performance of the first-place buildings, Sur Falveng
(PCMs) and Seitzstrasse (VIPs). A field reports by A. Soni et
al. (2022) and A. Tohlob & H. Morsi (2024) reinforces this
conclusion, demonstrating a 28% reduction in cooling
energy consumption and supporting the effectiveness
of PCMs and VIPs in achieving energy efficiency. This is
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consistent with the paramount regional priority of Op-
erational Energy Cost Reduction (C.2), which received
the highest weight (0.0916) in the AHP model (Kylili &
Fokaides, 2016). Results further align with their general
observation regarding functional environmental benefits,
reinforced by the excellent performance of both Sur Fal-
veng and Seitzstrasse in the Indoor Air Quality Impact (E.5)
indicator, where they recorded a shared highest weighted
value of 0.3215. Results also demonstrate significant align-
ment with the research by U. Konbr & H. Mamdouh (2022),
which found that nanomaterials achieve high performance
in energy efficiency (60.3%) and surrounding environment
efficiency (71.7%). This supports the exceptional thermal
performance of Sur Falveng and Seitzstrasse, as results
confirmed an equal weighted contribution of 0.1910 for the
Thermal Comfort (T.6) indicator for both. It also supports
the strong third-place performance of Strucksbarg housing,
whose environmental efficiency is attributed to its facade’s
self-cleaning properties (E.5 Air Quality Impact, 0.2572).
Furthermore, the study’s results are consistent with the
general trend identified by A. Aljenbaz & C. Cagnan (2020),
S. Resalati et al. (2021), which confirmed that the positive
impacts of nanomaterials on sustainability outweigh their
negatives. This specifically supports the economic perfor-
mance of Sur Falveng in reducing maintenance costs (C.3
Maintenance Cost, 0.410), aligning with the reference that
nanomaterials reduce maintenance costs. Environmental-
ly, the high efficiency of the Seitzstrasse building in pre-
serving Embodied Energy (E.3 Energy Consumption Effi-
ciency, 0.3480) is consistent with the conclusion that these
materials prevent energy loss. Findings regarding the ex-
cellent performance of Sur Falveng (PCMs) are further re-
inforced by quantitative data from a study focusing on the
Egyptian climate, which showed that these materials can
reduce energy consumption for cooling purposes by up to
38.79% (Ahmad et al., 2025). Similarly, the thermal perfor-
mance of VIPs is strongly supported by a study P. Akadiri et
al. (2013) and K. El-Alfy et al. (2021) that showed their use
reduces cooling energy consumption by 10.5%, reinforcing
the strong performance of the Seitzstrasse building. Final-
ly, the Escala Condominiums tower ranked last primarily
due to the nature of the technology used, a structural ap-
plication. Although this technology enhances structural
strength and durability (T.1 Material Durability, 0.2030),
structural solutions inherently did not contribute to the
regional priority operational indicators. Consequently,
our research demonstrates that overall sustainable perfor-
mance is achieved not merely by using advanced technol-
ogy, but by using technology that directly contributes to
the indicators prioritised regionally, representing a unique
contribution of our research in bridging this knowledge gap.

CONCLUSIONS
Based on the analysed results, this research provides a
comprehensive sustainability assessment of the four res-
idential buildings utilising nanotechnology. The regional
priority-based assessment model (Nano-BSAM), developed
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and applied herein, allowed for the unveiling of crucial in-
sights regarding the alignment between nanotechnological
effectiveness and local priorities for energy efficiency and
reduced operational costs. The final performance ranking
of these buildings closely demonstrates its conformance
with the regionally weighted priorities established by
Egyptian experts.

The final ranking clearly shows that regional priorities
are the decisive factor for optimal sustainable performance.
The analysis confirmed that the indicators for Operational
Energy Cost Reduction (C.2, weight 0.0916) and Mainte-
nance Cost Reduction (C.3, weight 0.0820) were the most
influential elements in determining the final sustainability
score. The Sur Falveng housing (PCM technology) achieved
the highest overall score (3.6925), not for its superiority in
a single criterion, but for achieving the most balanced and
comprehensive performance across the highest-priority in-
dicators, where its effectiveness in long-term operational
savings (C.2 and C.3) contributed to its leading position.
Conversely, the Seitzstrasse building (VIPs) came in second
place (3.5755), thanks to achieving the highest single con-
tribution in the entire assessment in the Operational Ener-
gy Cost Reduction indicator (C.2, 0.4580) and the highest
Environmental Criterion score (1.3339), underscoring the
vital role of super-insulation in regions that place signif-
icant emphasis on energy conservation. Furthermore, the
study confirms that the nature of the application is more
critical than the novelty of the material itself. Structural
applications, such as the nano-enhanced rebar in the Es-
cala Condominiums tower (last place, 2.8929), received a
lower overall priority, primarily attributable to their lack
of direct contribution to the highly weighted operational
metrics (C.2 and T.6), which are considered paramount by
regional decision-makers.

For designers and engineers, these findings highlight
the practical value of the Nano-BSAM model. The deci-
sion regarding nanotechnology selection in future projects
should be based on a comprehensive analysis of the spec-
ified regional evaluation framework, prioritising solutions
that address high-priority performance indicators, such as
maintenance costs and energy efficiency, thereby embody-
ing the model’s added value as a tool enabling sustainable
design decisions. This contrasts sharply with solutions ap-
plied to the building envelope, which demonstrated a sig-
nificantly greater impact on overall sustainability.

Promising areas of further research include the quan-
titative assessment of structural nano-applications to ac-
curately model their long-term impact on comprehensive
sustainability indicators, specifically focusing on dura-
bility, service life, and associated long-term maintenance
costs of structural elements like nano-enhanced rebar. It
is also important to develop modified assessment models,
such as expanding the AHP framework to integrate a more
detailed Life Cycle Assessment (LCA) of nanotechnolo-
gy, aligning with expert concerns. Furthermore, research
scope can be broadened through global comparative stud-
ies of expert-determined weights from different regions
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(e.g., Europe or North America) to better understand the FUNDING
variations in global sustainability priorities. None.
ACKNOWLEDGEMENTS CONFLICT OF INTEREST
None. None.
REFERENCES

[1] Aghazadeh, E., & Yildirim, H. (2024). A decision support framework to evaluate the main factors affecting the
selection of sustainable materials in construction projects. International Journal of Services and Operations
Management, 47(4), 449-495. doi: 10.1504/1]SOM.2024.137992.

[2] Ahmad, A., Memon, S.A., Dang, H., Sari, A., & Gencel, O. (2025). Breaking new ground: A first-of-its-kind critical
analysis of review articles on phase change materials for building applications. Applied Energy, 392, article
number 125984. doi: 10.1016/j.apenergy.2025.125984.

[3] Akadiri, P.O., Olomolaiye, P.O., & Chinyio, E.A. (2013). Multi-criteria evaluation model for the selection of sustainable
materials for building projects. Automation in Construction, 30, 113-125. doi: 10.1016/j.autcon.2012.10.004.

[4] Aljenbaz, A.Z., & Cagnan, C. (2020). Evaluation of nanomaterials for building production within the context of
sustainability. European Journal of Sustainable Development, 9(1), 53-65. doi: 10.14207/ejsd.2020.v9n1p53.

[5] Bhuiyan, M.M.A., & Hammad, A. (2023). A hybrid multi-criteria decision support system for selecting the most
sustainable structural material for a multistory building construction. Sustainability, 15(4), article number 3128.
doi: 10.3390/su15043128.

[6] Cabeza,L.F.,Bai, Q., Bertoldi, P., Kihila, ].M., Lucena, A.F.P., Mata, E., Mirasgedis, S., Novikova, A., & Saheb, Y. (2022).
Buildings. In P.R. Shukla et al. (Eds.), Climate change 2022 - mitigation of climate change (pp. 953-1048). Cambridge:
Cambridge University Press. doi: 10.1017/9781009157926.011.

[7] Casini, M. (2020). Nanoinsulation materials for energy efficient buildings. In O. Kharissova, L. Martinez & B. Kharisov
(Eds.), Handbook of nanomaterials and nanocomposites for energy and environmental applications (pp. 1-28). Cham:
Springer International Publishing. doi: 10.1007/978-3-030-11155-7_49-1.

[8] Chen,L.,Huang, L., Hua,]., Chen, Z., Wei, L., Osman, A.I., Fawzy, S., Rooney, D.W., Dong, L., & Yap, P.-S. (2023). Green
construction for low-carbon cities: A review. Environmental Chemistry Letters, 21, 1627-1657. doi: 10.1007/s10311-
022-01544-4.

[9] CRSL (n.d.). Retrieved from www.crsi.org.

[10] El-Alfy, K., EI-Wazir, M., & Shalaby, A.M. (2021). Adaptive technologies of nano-architecture for the next generation
of sustainable building applications. Mansoura Engineering Journal, 46(1), article number 12. doi: 10.21608/
bfemu.2021.178034.

[11] European Commission. (2021). Ethics and data protection. Retrieved from https://surl.lt/drweei.

[12] Goepel, K.D. (2024). Concepts, methods and tools to manage business performance. Retrieved from https://bpmsg.com/.

[13] Khanna, N.P. (2020). Urbanization and urban growth: Sustainable cities for safeguarding our future. In W.L. Filho,
AM. Azul, L. Brandli, P.G. Ozuyar & T. Wall (Eds.), Sustainable cities and communities (pp. 953-965). Cham: Springer.
doi: 10.1007/978-3-319-95717-3 51.

[14] Khoshnava, S.M., Rostami, R., Valipour, A., Ismail, M., & Rahmat, A.R. (2018). Rank of green building material criteria
based on the three pillars of sustainability using the hybrid multi criteria decision making method. Journal of Cleaner
Production, 173, 82-99. doi: 10.1016/j.jclepro.2016.10.066.

[15] Konbr, U., & Mamdouh, H. (2022). A proposed strategy to evaluate nanomaterials in construction to boost sustainable
architecture. Civil Engineering and Architecture, 10(7), 3206-3226. doi: 10.13189/cea.2022.100732.

[16] Kylili, A., & Fokaides, P.A. (2016). Life cycle assessment (LCA) of phase change materials (PCMs) for building
applications: A review. Journal of Building Engineering, 6, 133-143. doi: 10.1016/j.jobe.2016.02.008.

[17] Mavi, R.K., Gengatharen, D., Mavi, N.K., Hughes, R., Campbell, A., & Yates, R. (2021). Sustainability in construction
projects: A systematic literature review. Sustainability, 13(4), article number 1932. doi: 10.3390/su13041932.

[18] Oke, A.E., Aigbavboa, C.O., & Semenya, K. (2019). Impacts of nanotechnology adoption on sustainable construction.
In B. Fatahi, A. Mwanza & D. Chang (Eds.), Sustainable design and construction for geomaterials and geostructures
(pp. 286-293). Cham: Springer. doi: 10.1007/978-3-319-95753-1_23.

[19] Rahim, A.A.A., Musa, S.N., Ramesh, S., & Lim, M.K. (2021). Development of a fuzzy-TOPSIS multi-criteria decision-
making model for material selection with the integration of safety, health and environment risk assessment.
Proceedings of the Institution of Mechanical Engineers, Part L: Journal of Materials: Design and Applications, 235(7),
1532-1550. doi: 10.1177/1464420721994269.

[20] Resalati, S., Okoroafor, T., Henshall, P., Simoes, N., Gongalves, M., & Mahmood, A. (2021). Comparative life cycle
assessment of different vacuum insulation panel core materials using a cradle to gate approach. Building and
Environment, 188, article number 107501. doi: 10.1016/j.buildenv.2020.107501.

Architectural Studies, 11(3) 71 »


https://doi.org/10.1504/IJSOM.2024.137992
https://doi.org/10.1016/j.apenergy.2025.125984
https://doi.org/10.1016/j.autcon.2012.10.004
https://doi.org/10.14207/ejsd.2020.v9n1p53
https://doi.org/10.3390/su15043128
https://doi.org/10.1017/9781009157926.011
https://doi.org/10.1007/978-3-030-11155-7_49-1
https://doi.org/10.1007/s10311-022-01544-4
https://doi.org/10.1007/s10311-022-01544-4
http://www.crsi.org
https://doi.org/10.21608/bfemu.2021.178034
https://doi.org/10.21608/bfemu.2021.178034
https://ec.europa.eu/info/funding-tenders/opportunities/docs/2021-2027/horizon/guidance/ethics-and-data-protection_he_en.pdf
https://bpmsg.com/
https://doi.org/10.1007/978-3-319-95717-3_51
https://doi.org/10.1016/j.jclepro.2016.10.066
https://doi.org/10.13189/cea.2022.100732
https://doi.org/10.1016/j.jobe.2016.02.008
https://doi.org/10.3390/su13041932
https://doi.org/10.1007/978-3-319-95753-1_23
https://doi.org/10.1177/1464420721994269
https://doi.org/10.1016/j.buildenv.2020.107501

L ¢ AHP-based sustainability evaluation...

[21] Soni, A., Chakraborty, S., Das, P.K., & Saha, A.K. (2022). Materials selection of reinforced sustainable composites by
recycling waste plastics and agro-waste: An integrated multi-criteria decision making approach. Construction and
Building Materials, 348, article number 128608. doi: 10.1016/j.conbuildmat.2022.128608.

[22] Tohlob, A.A.H., & Morsi, H.E.E.-D. (2024). Nanotechnology and its impact on achieving sustainable architecture in
Egypt.Journal of Umm Al-Qura University for Engineering and Architecture,15,138-161.doi: 10.1007/s43995-024-00048-2.

[23] Verma, S.K., Thappa, S., Sawhney, A., Anand, Y., & Anand, S. (2022). Nanotechnology: The future for green buildings.
In D. Tripathi, R.K. Sharma & H.F. Oztop (Eds.), Advancements in nanotechnology for energy and environment (pp. 35-
50). Singapore: Springer. doi: 10.1007/978-981-19-5201-2 3.

[24] Wang, G., Luo, T., Luo, H., Liu, R., Liu, Y., & Liu, Z. (2024). A comprehensive review of building lifecycle carbon
emissions and reduction approaches. City and Built Environment, 2, article number 12. doi: 10.1007/s44213-024-00036-1.

Mona Xaccan ConimaH

IlokTop apxiTekTypu, mpodecop

VHiBepcuteT @aom

63514, Byn. [Ipodecopa Moxamena Cainma Cyneiimana, m. @atom, ErureT
https://orcid.org/0000-0002-8462-2194

Aonymia bagasi Moxammer,

IOKTOpP apXiTeKTypH, JOLEHT

VYHiBepcuteT ®aom

63514, Byn. [Ipodecopa Moxamena Cainma CyneiimaHna, m. ®atom, ErureT
https://orcid.org/0000-0002-5145-5756

Acmaa A 3axki

MaricTp, acUCTeHT

VYHiBepcuteT ®atom

63514, Byn. [Ipodecopa Moxamena Cainma Cyneiimana, m. ®atom, ErureT
https://orcid.org/0000-0001-9892-1200

OuiHKa CTaNoCTi XXUTNOBUX 6yAaiBenb, yaOCKOHaNIEHUX
HaHoMaTepianamm, Ha ocHoBi AHP, 3 BUKOPUCTaHHAM perioHasibHoO
3Ba)XeHUX KPpUTePpIiB Bif ErMNeTCbKUX eKcnepTiB

AHoTauiq. [lIBuaka mobanbHa ypbaHisallis Ta 3HAUHUI BIUIMB OYIiBEbHOTO CEKTOPY Ha HAaBKOIMIIHE CEPEIOBUILE
BUMAaraloThb iHHOBAIilfHUX, CTifiKMX pillleHb, MPUYOMY HAHOTEXHOJOTii BUCTYIAIOTh K/IIOUOBMM KaTasai3aTOPOM.
HesBaskaroun Ha 11ei TOTeHIIial, TOTOYHUM AOCTiIKEHHSIM 6paKye 1i1iCHOI, CMCTeMAaTUYHOI CTPYKTYPU OL[iHKM JKUTIOBUX
6yniBenb, YIOCKOHAJNEHMX HaHOMaTepiagamu, sika 6 iHTerpyBaia crenudiuHi perioHasbHI MpiopuTeTH KpaiH, L0
PO3BUBAIOThCS. e mocmiaskeHHST BUPIMINMIIO 110 TPOTAIMHY 3HAHD IIJIIXOM PO3POOKM Ta 3aCTOCYBAHHS YOTUPUBUMIPHOL
MoJei OLLiHKM (eKOJIOTiYHO1, EKOHOMIUHO1, TEXHIYHOI Ta CO1lia/IbHO1) i3 BUKOPUCTaHHSIM METOLY aHalli3y iepapxiii. Barosi
KoedillieHTM 6y OTpUMaHi Bill 55 ETUTMIETCHKMUX €KCIePTiB 3 apXiTeKTypy Ta CTAIOCTi, 1[0 TapaHTyBaIo BifoOpaskeHHs
pe3yabTaTaMiy KPUTUYHMX PerioHaIbHUX MOTpe6. AHAUTI3 TTOKa3aB, 110 eKOMIOTiYHMIT KpuTepiit 6yB BM3HAHMIT HAOIIbIIT
KPUTUYHMM BMMipOM, oTpumaBuiM HaliBuily Bary (0,3427), 3a HMM TiCHO CJIilyBaB eKOHOMiuHMi1 Kputepiit (0,2774).
TexHiuHuUit Kputepiit nociB Tpere micue (0,2337), Toxi SIK colianbHMIT KpuTepiit 6yB HalimeHn BIuiMBOBUM (0,1462).
Lle BM3HaueHHS MPiOPUTETIB MiATBEPANWIIO, 110 3HVDKEHHS eKCIulyaTaliifHux BuTpat Ha eHeprito (0,0916) Ta 3HM>KeHHS
BUTpAT Ha TexHiyHe o6ciayroByBaHHs (0,0820) 6ynu Haiibinbul BupimaabHUMM ¢dakTopamyu cTanoi edekTUBHOCTI B
perioHasibHOMY KOHTeKCTi. Mozenb 6y/ia 3aCTOCOBaHa 40 YOTMPHOX II0O6aTbHIUX MPUKIIA/IiB 1)1 BUSHAUEHHS iXHbOI CTaI01
edexTuBHOCTI Ta peiituHry. Byznisns Sur Falveng 3i ckiom 3 da3osminaum matepiasom (Phase Change Material Glass)
riociya mepiie miciie 3 oiiHKOI0 (73,85 %) 3aBASIKM CBOiil BcebiuHiil Ta 36a/1aHCOBaHii epeKTUBHOCTI. 3a HEl0 Ha IPYTOMYy
micui caigyBana O6yniBist Seitzstrasse 3 BakyyMHUMM isonsiilinumvy naHensimu (Vacuum Insulation Panels) (71,51 %).
JKutnoBuii komrieke Strucksbarg i3 caMoOUMCHUM MOKPUTTSIM «eeKT JIOToca» MociB Tpete Micie (68,28 %). HaBmaku,
Beska Escala Condominiums, 1110 BUKOPUCTOBYBajia HAHOMiKpPOKOMITO3MTHY apMaTypy, Ifociiia ocraHHe Miclie (57,86 %), o
MiZTBePINUIIO, IO CTPYKTYPHI 3aCTOCYBaHHS OTPUMAITM HYSKUMIA 3arajibHMUI TPiOpUTET, OCKIIbKY BOHY 6e310ocepeHbo He
CIIpUSIIA JOMiIHAaHTHMM eKCIUTyaTalliiHuM Moka3HukaM. Lle njocaimkeHHsl Haalo MpaKTUYHUIA, 10Ka30BUii iIHCTPYMEHT
IJIST apXiTeKTOpiB Ta MOMITUKIB, MiAKPECTIOI0YM HeOoOXigHICTb y3TOIKeHHsI BUOOPY HAHOTEXHOJIOTIN 3 perioHaJbHUMU
paMKaMu OL[iHKY [I/Is1 KepiBHUITBA MaitOyTHIMM PillleHHSMMU II0/I0 CTAJIOTO IIPOEKTYBAHHS HA PMHKAX, 110 PO3BUBAIOTHCSI

Knio4oBi cnoBa: aHamiTUUHMIT iepapXiuHMii MPOIeC; HAHOTEXHOJIOTii; perioHajbHi MPIOPUTETH; OTOPOMAKYBaIbHI
KOHCTPYKILii; XUTJIOBA apXiTeKTypa
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