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Abstract  Nanotechnology has gradually emerged in 
various sectors, including architecture. Nanotechnology 
developed nanomaterials as environmentally friendly and 
highly efficient construction materials. It behaves 
differently with enhanced functional properties such as 
durability, strength, flexibility, lighter weight, 
self-cleaning capacity, etc. This study investigated the 
impact of integrating nanotechnology into the construction 
field from two perspectives: to minimize the environmental 
impact of buildings based on sustainability principles and 
to improve the functional efficiency of construction 
materials. The study aims mainly to propose a strategy for 
evaluating nanomaterials in construction as sustainable 
materials through four aspects related to sustainability 
principles. This was achieved progressively through a 
methodology that commenced with a theoretical study of 
the basics of nanotechnology and how it relates to the field 
of sustainable architecture. Moreover, it described and 
summarized some prevailing nanomaterials used in 
construction, such as concrete, glass, coatings, and thermal 
insulation materials. It also reviewed their functional 
efficiency in line with sustainability. Furthermore, this 
study examined some case studies based on the proposed 
strategy to evaluate the utilized nanomaterials in the case 
studies. On average, this study's results found that the used 
nanomaterials in the three case studies achieved 54.3% for 
sustainable design principles, 83% for Sustainable 
materials criteria, 60.3% for energy efficiency aspects, and 
71.7% for ambient environment efficiency factors. On the 
other hand, it indicates that using nanomaterials in 
construction reduces harmful carbon emissions and 
improves the functionality of building materials to boost 

sustainable architecture. 

Keywords  Sustainable Architecture, Nanotechnology, 
Nanomaterials, Nanoarchitecture 

1. Introduction

1.1. Background 

Nanoscience is the science of studying the properties of 
materials at the atomic level. Atoms can be controlled and 
manipulated on a scale not exceeding 100 nanometers, 
called the nanoscale. At this scale, materials gain a wide 
range of improved properties, including shape, color, 
strength, weight, conductivity, and elasticity. [1,2]. In 
Greek, Nanos means dwarf, minimal size, so the prefix 
Nano is derived from it [3]. Microscopic studies show that 
when the gold particles are nanosized, they could give 
different color reflections, such as red, depending on the 
size and shape of the particles and the distance between 
them [4]. Several applications of nanotechnology have 
gained momentum recently. The following are a few keys 
Nanotechnology definitions: 
(a) A nanometer is a metric unit of measure equal to a 

billionth of a meter, or 10-9 meters (1/1000000000) 
[5]. 

(b) Nanoscale "The size ranges from roughly 1 to 100 
nanometers, where many of the fundamental 
structures of biology are formed, composite materials 
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may take on their distinctive characteristics, and 
many important physical phenomena are found" [1]. 

(c) Nanoscience is the study of unique properties of 
matter at the nanoscale, which encompasses physics, 
materials science, chemistry, and molecular biology 
[1]. 

(d) Nano object "Material with one, two, or three external 
dimensions in the nanoscale". 

(e) Nanoparticle, "Nano-object with all three external 
dimensions on the nanoscale" [6]. 

1.2. Topic's Importance 

The sophisticated properties of nanomaterials have 
significantly contributed to construction development as 
one of the nanotechnology applications. Therefore, the 
construction sector is continuing to emphasize 
nanotechnology innovations. Thus, the research points out 
the importance of harnessing nanomaterials in the 
construction field, as well as it proposes an evaluation 
strategy for nanomaterials in construction to indicate the 
effectiveness of using these materials at the environmental 
level, particularly in regions with high population density 
and a high level of pollution, as will be clarified in the 
applied part. To boost sustainable architecture's goals and 
principles, nanomaterials improve the efficiency of 
buildings' material functionality and minimize the 
buildings' environmental impact, such as harmful carbon 
emissions. Moreover, it purifies the air by reducing the 
effects of car exhaust and other airborne pollutants. 
Recently, nanomaterials have become a new trend in 
construction materials, revolutionizing architectural 
society [7,8]. 

1.3. Study Hypotheses 

The study hypothesizes that utilizing nanomaterials in 
construction with their potential at various levels will 
contribute effectively to enhancing sustainability based on 
the following four proposed aspects: sustainable design 
principles, sustainable materials criteria, energy efficiency 
aspects, and ambient environment efficiency factors. 

1.4. Study Questions 

This study raises the following critical questions: 
 Do nanomaterials contribute to enhancing the 

functionality of construction materials? 
 Does using nanomaterials in the construction sector 

boost sustainable architecture? 

1.5. Study Problem 

Many challenges face the construction industry, 
particularly inefficiency in building materials and harmful 
environmental implications. Accordingly, it was necessary 
to adopt and highlight new green materials indicated by 

nanomaterials that reduce the potential negative impacts on 
the environment during their entire life cycle, including 
manufacturing, construction, reuse, and disposal, 
enhancing sustainability goals. 

1.6. Study Objectives 

This study aims to: 
(a) Propose a strategy to evaluate the impact of 

nanomaterials in buildings to determine how it boosts 
meeting sustainability goals. 

(b) Review concepts of nanotechnology, its origins, and 
its importance in architecture, particularly in the 
construction sector. 

(c) Indicate the potential of nanomaterials in sustainable 
architecture and how they are used to boost 
environmentally friendly constructions. 

(d) Review, then present some nanomaterials and address 
their significance in construction to boost sustainable 
architecture. 

(e) Selecting and analyzing some applied nanomaterials 
through the conducted case studies. 

The research skeleton, as shown in Figure 1, illustrates 
the conceptual framework for this study. 

2. Literature Review

2.1. Topic Trends 

Nanotechnology has emerged in the scientific 
community for six decades [9]. Richard Feynman was the 
early nanotechnology pioneer, emerging its basis in 1959. 
In the "There is a Plenty of Room at the Bottom" lecture, he 
explained the importance of manipulating and controlling 
things on a small scale. [10]. The term Nanotechnology 
was firstly introduced by the Japanese scientist Norio 
Taniguchi in 1974 [11]. In 1981, scientists could see 
materials at an unparalleled atomic level by scanning the 
tunneling microscope (STM) by Gerd Binnig and Heinrich 
Rohrer at IBM Zurich Research Laboratory [9]. The 
Atomic Force Microscope (AFM) was invented in 1986 by 
physicists Gerd Binnig, Calvin Quate, and Christoph 
Gerber. It allows viewing surfaces at the atomic level, 
controlling and manipulating atoms [12]. 

Hence, the actual beginning of the practice of 
nanoscience and technology was by the American engineer 
K. Eric Drexler who developed the central concept of 
Nanotechnology. He drew on Feynman's ideas as a basis, 
but he outlined his vision. He presented the concept of 
molecular manufacturing extensively by using designed 
protein molecules for manufacturing objects and devices at 
a complex atomic level in his book "Engines of Creation" 
published in 1986 [13]. In 1989, Feynman and Drexler's 
basis and visions were realized by Dr. Don Eigler, who 
could control 35 individual xenon atoms and place them on 
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a nickel surface, shaping IBM logo letters [13,14]. At the 
beginning of the 21st century, nanotechnology had gained 
global momentum, with government-funded institutes 
established in several countries, such as the 
Nanotechnology National Initiative (NNI) in the USA in 
2000 [15]. 

Nanotechnology is widely applied in producing 
nanomaterials (NMs), leading to a promising future in the 
construction sector. The ISO defined nanomaterials as 
"Material with any external dimension in the nanoscale or 
having an internal structure or surface structure on the 
nanoscale" [6]. Nanomaterials are classified according to 
dimensions, mainly into four types [16-18]: 
(a) Zero-dimensional (0D): The three dimensions are in 

the nanoscale, such as nanoparticles of gold or 
titanium dioxide. 

(b) One-dimensional (1D): It has two dimensions in the 
nanoscale range, having a form resembling a wire, 
such as Carbon Nano Tubes (CNTs), one of the most 
prevailing and promising nanomaterials in the 
construction sector. 

(c) Two-dimensional (2D): It has one dimension in the 
nanoscale range, as in thin coatings or films, such as 

self-cleaning nanocoating, used widely on building 
facades. 

(d) Three-dimensional (3D): The three dimensions are 
more significant than the nanoscale range, such as 
aerogels widely used as insulation material. 

Nanomaterials contributed to the construction industry 
by manufacturing new materials with unique properties. 
These enhanced materials can function better than 
conventional ones, such as self-cleaning glass, 
high-strength concrete, fire resistance coating, and highly 
efficient thermal insulating materials. In addition, the steps 
of manufacturing nanomaterials and the chemical 
processes associated with them are almost green processes 
with lower emissions of greenhouse gases. [19]. Thus, 
nanotechnology can be termed Green Nanotechnology 
(GN) due to its clean process in all manufacturing stages 
with lower greenhouse gas emissions and without harmful 
toxic chemicals. Besides, it minimizes energy consumption 
with the ability to be recycled [20,21]. The need for 
nanotechnology applications in construction and 
architecture has been highlighted regarding its ability to 
enhance sustainability goals significantly [22,23]. 

Figure 1.  The research skeleton (the authors) 
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Figure 2.  Scheme of the methodologies are used in the study (the authors) 

2.2. The gap in the Current Literature 

The gap between the research problem and the current 
condition was extracted by extrapolating the literature 
mentioned. Therefore, this study seeks to reduce this gap 
by emphasizing the importance of sustainable 
nanomaterials and attempts to utilize them in architecture 
and construction. Moreover, determining the extent to 
which they can effectively enhance sustainability goals. 

3. Methodology
The research adopted various methods, as shown in 

Figure 2; these are: 
(a) Inductive method to review the literature on 

nanotechnology, its scientific principles, roots, and 

how it has developed until the current era. 
Additionally, addressing the prevailing nanomaterials 
in the construction sector and their impact on 
sustainable architecture society and determines the 
relationship between nanotechnology and sustainable 
architecture through nanotechnology applications 
represented by nano-construction materials. 

(b) Deductive method to formulate the proposed strategy 
for evaluating nanomaterials in construction as 
sustainable materials, based on what was extracted 
from the previous inductive study. 

(c) The analytical method to analyze the selected three 
case studies used construction nanomaterials to 
demonstrate how it could increase building efficiency 
and performance within sustainable standards with 
minimum harmful emissions. 
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4. Prevailing Nanomaterials Used in
Construction Sector

In this section, some of the prevailing nanomaterials in 
the construction sector, including concrete, glass, coatings 
materials, and thermal insulation materials, were explained 
and discussed as follows: 

4.1. Concrete 

Concrete has been among the most widely used essential 
building materials; it can last for years. By 2050, cement 
production will be around 4.38 billion tons worldwide, 
with a 5% yearly increase [24]. Cement production emits 
more than 1.6 billion tons of CO2, accounting for more than 
8% of total CO2 emissions, and occupies the second rank in 
conditions of greenhouse gas emissions [25,26]. Here, two 
types of nano-concrete can be reviewed, as follows [27]: 

4.1.1. Nano-Silica Concrete (SiO2) 
In its natural state, silica is one of the standard 

components in the concrete mix. However, silica particles 
act differently at the nanoscale. The concrete and cement 
nanostructure can be more densified, compact, and robust 
through Nano-Silica Particles (NSPs) or Silicon dioxide 
SiO2. When NSPs are mixed into the cement with about 
1.5% weight, it acts as a nanofiller enhancing the cement's 
cohesiveness with the aggregate [28,29]. Consequently, 
water and other elements cannot penetrate the concrete due 
to a lower pore volume and lower possibility for concrete 
degradation, as shown in Figure 3. Thus, concrete is used 
in bridges and skyscrapers due to its strength and 
lightweight. Enhancing the properties of concrete and 
cement and increasing their compressive strength (about 
3-6 times higher) minimizes the quantity of material 
needed for construction and enables lightweight 
constructions, boosting the principles of long-term 
sustainability and resulting in a more efficient structure 
[27,29]. 

Figure 3.  A micrograph using SEM showing a standard concrete 
mixture in the image (a), adding a high amount of NSPs in (b) [30] 

4.1.2. Photocatalytic Self-Cleaning Concrete (TiO2) 
Titanium dioxide nanoparticles TiO2 can also be a 

significant additive to concrete due to their unique 
photocatalytic, self-cleaning, and environmental pollution 
cleansing properties. When the TiO2 particles get UV rays 

from the sun, they break up any dirt and dust accumulated 
on the concrete surface into CO2 and H2O, as shown in 
Figure 4. As a result, removing the reaction outcomes with 
rainwater or simple rinsing is easy, leaving the surface 
clean without any traces of water deposits [27,31]. 

Figure 4.  Reactions of Photocatalytic on a Self-Cleaning Surface [32] 

This concrete has slowly made its way around the world, 
particularly in high-density urban regions beset by smog 
and air pollution. It has a reflective white color that does 
not fade with time or dust accumulation, enhancing 
long-term sustainability by saving many maintenance and 
cleaning costs. The master feature of TiO2 concrete is its 
ability to purify the air, which can decrease air pollution 
and smog by 30-40%. The "Jubilee church" in Rome by 
architect Richard Meier in Figure 5 is an architectural work 
that presents the beauty of white self-cleaning concrete 
[32]. 

Figure 5.  The "Jubilee church" in Rome [33] 

4.2. Glass 

The use of glass in buildings is more common in facade 
works, whether it is windows, curtain walls, etc. Therefore, 
treating glass with heat-insulating nanomaterials 
contributes to reducing heat transfer, thus boosting 
sustainability by reducing the energy consumed to cool 
interiors [34]. On the other hand, with nanomaterials, glass 
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gains extra positive properties to be applied on various 
sides, as follows: 

4.2.1. Self-cleaning glass 
Titanium dioxide nanoparticles (TiO2) are integrated 

into the glass to add photocatalytic features, interacting 
with UV light to gain its self-cleaning property. Therefore, 
washing off the glass surface with spilled water or 
raindrops from broken dirt particles becomes easy without 
leaving traces or deposits [34-36]. 

4.2.2. Fire-protective glass 
Fumed silica nanoparticles (SiO2) are used as a clear 

interlayer between two glass panes to create fire-resistant 
glass. Then, SiO2 swells, forming an opaque and durable 
barrier that absorbs the fire's energy. For many years, this 
function has long been efficient, especially in high-risk 
conditions, such as fire escape routes or escape ladders for 
safe user escape [28,31,34,35]. 

4.2.3. Electrochromic glass 
It gains its electrochromic properties by sandwiching an 

electrically conductive coating of Tungsten Oxide 
nanoparticles between two panes of glass. Hence, applying 
an electric current (up to 3 Voltage) turns this nanocoating 
into blue color and reduces the passage of sunlight through 
the glass. Although this product is hardly implemented, its 
future is exceptionally bright [28]. 

4.3. Self-Cleaning Coating Materials 

The term "Nano-coating" is defined as a thin chemical 
layer in the nanoscale with a thickness range from 10 to 
100 nanometers, mainly made of nanoparticles and other 
beneficial agents and applied on several types of surfaces 
to boost its functionalities or prevent the negative impact of 
external factors [37,38]. In this regard, the following two 
types of self-cleaning nanocoating are reviewed as follows 
[39]: 

4.3.1. Self-Cleaning Nano-Coating (Photocatalysis) 
Until now, the most widely used application of 

Nanotechnology in the building industry is photocatalytic 
self-cleaning by TiO2 NPs, where many structures 
worldwide are already remediated with it. Titanium 
dioxide nanoparticles are added to the coatings during 
manufacture to give them self-cleaning properties through 
photocatalysis. All organic dirt, such as fats, oils, and soot, 
reacts with titanium dioxide and decomposes in the 
presence of sunlight and water, resulting in oxygen radicals. 
Some residues are easily washed off with running water or 
rainwater [36,40]. 

4.3.2. Self-Cleaning Nano-Coating (Lotus-Effect) 
It is inspired mainly by the lotus plant. Using a 

waterproof nanomaterial in the form of small heads within 
the nanoscale range to isolate the surface and reduce its 

porosity in the so-called hydrophobic surface. Hence, 
water drops easily roll while maintaining their spherical 
shape and collecting dirt. The lotus property can be applied 
in the field of nano-paints by using hydrophobic polymers 
such as silicon dioxide (Sio2), either adding it to the paint 
during the manufacturing stage or placing a powder or 
spray of these polymers directly on the surface to be 
applied [40]  

4.4. Thermal Insulation Materials 

4.4.1. Aerogel 
Aerogel is a rigid dry gel, primarily transparent, 

low-density material with more than 90% porosity (the 
pore size ranges from 5 to 100 nm). It is characterized by 
its highly lightweight and is also named air jelly or frozen 
smoke; it has a foam texture, as shown in Figure 6 [41]. 
One of its essential characteristics is its exceptional heat 
insulation of building envelope or glazing [42]. 

Figure 6.  Aerogel (thermal Insulation Materials) [43] 

The scientist Steven Kistler first discovered an aerogel 
version in 1931 [44]. Recently, the silica aerogel became 
one of the most common species, declared the lightest in 
the world in 2011, with a 3 kilograms per cubic meter 
density. Aerogel is commercially available in the form of 
flexible panels or solid boards that can be used in the 
building's walls, ceilings, and floors. The panels consist of 
silica aerogel reinforced with fibers transforming it from a 
fragile material into a flexible and cohesive one [42,45]. 
Figure 7 shows a section of a double-glazing pane of argon 
filled with aerogel [46,47]. 

Figure 7.  Aerogel glazing section [48] 
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4.4.2. Vacuum Insulation Panels (VIPs) 
A vacuum insulation panel consists of two main 

components. First, the internal part is termed "the core," 
material with an open nanopore structure with a maximum 
diameter of 200 nm. The core provides thermal insulating 
capability and mechanical strength by impeding the free 
movement of gas/air particles and thus decreasing heat 
transmission through air conduction. Various materials can 
be used to manufacture the core, such as silica aerogel, 
polyurethane foam, wood, or glass fiber. Secondly, the 
outer part is termed as "foil"; its function is to encapsulate 
and protect the core by using impermeable material for 
water and gases [45,49]. The VIPs are more efficient than 
the conventional insulation materials by five to ten times 
the same thickness [49]. In Figure 8, a detailed section 
shows the VIPs in an insulation wall [50]. 

Figure 8.  Detailed vacuum insulation system: (a) cross-section and (b) 
view of an insulated wall [50] 

Figure 9.  The comparative increase in thermal conductivity when 
nanoparticles are added [55]

4.4.3. Phase Change Materials (PCMs) 
The Nano-Enhanced Phase-Change Material (PCM) has 

significantly contributed to developing energy-efficient 
constructions. PCM can absorb heat energy and release a 
large amount of it, making them suitable for 
energy-efficient use [51]. PCM can improve users' indoor 
thermal comfort by reducing indoor temperature variations 
and potentially reducing global energy consumption 

through power savings [52]. Nano-PCM can be 
manufactured with paraffin with nanoparticles added. The 
addition of nanoparticles to paraffin could increase the 
latent heat of nano-PCMs such as Fe3O4, CuO, TiO2, and 
ZnO nanoparticles [53]. It has been found that adding 1% 
nanoparticles to paraffin is the perfect amount to improve 
thermal conductivity. Thus, the thermal storage properties 
are improved, as shown in Figure 9 [54,55]. 

5. Nanotechnology's Relationship to
Sustainable Architecture

Sustainable architecture aims to minimize harmful 
environmental impacts by integrating modern solutions 
such as promising technologies, low-impact materials, and 
unique designs. However, nanoscience and 
nanotechnology can be classified as science that greatly 
enhances sustainability goals termed "Green 
Nanotechnology" (GN). Safely and environmentally 
friendly manufacturing processes, and a product with 
low-impact, non-toxic, and recyclable [56,57]. 
Nanotechnology has slowly made its way into sustainable 
architecture by presenting different applications, 
particularly nanomaterials, such as concrete and coatings. 
Hence, nanoparticles enhance construction materials' 
properties, such as improving durability, hardness, strength, 
flexibility, and diversity, reducing weight, boosting 
insulation efficiency, and reducing materials' toxicity to 
root the goals of sustainable architecture. The union of 
nanotechnology and architecture can be termed 
"Nanoarchitecture". Architects have gradually utilized 
nanomaterials to solve environmental issues [58,59]. 

Figure 10.  A diagram showing the percentage of globally buildings 
and construction final emissions in 2021 [60] 

6. Impact of Nanotechnology on the
Construction Sector

Using nanotechnology as a specialized technique to 
solve climate change issues and reduce carbon emissions is 



Civil Engineering and Architecture 10(7): 3206-3226, 2022 3213 

a promising solution to rescue the planet and achieve 
sustainable principles. As a result, in the construction field, 
nanotechnology is significantly connected to sustainability. 
Thus, numerous governments have pledged to work toward 
that goal to enhance energy efficiency and lower 
greenhouse gases. CO2 emissions must be cut in half 
worldwide by the year 2050, and this is possible only with 
fast action. The construction industry is one of the top 
producers of CO2 emissions, reaching 37% globally by 
2021, as shown in Figure 10 [60], so energy-efficient 
construction is essential. Architects can use new 
nanomaterials to improve energy efficiency and create 
more sustainable buildings with innovative forms [61-63]. 

7. Proposed Strategy for Evaluating
Nanomaterials in Construction

The research topic is based on what was extrapolated in 
the previous theoretical sections, including the introduction, 
the literature review, the prevailing nanomaterials, and 
their relationship to sustainable architecture, particularly in 
the construction sector. Hence, a strategy has been 
extrapolated and proposed in four main aspects to evaluate 
the efficacy of nanomaterials in the construction sector as 
follows: 
(a) Principles of sustainable design. 
(b) Criteria of sustainable materials. 
(c) Aspects of energy efficiency. 
(d) Factors of ambient environment efficiency. 

7.1. Principles of Sustainable Design 

The overall purpose of Sustainable design is to minimize 
human impact on the environment. Here is a list of 6 
Principles specific to building, as follows [64]: 
(a) Optimize Site Potential: The buildings' location, 

orientation, landscaping, transportation, and energy 
usage, affect local ecosystems. 

(b) Optimize Energy Use: Global climate change, 
increased demand for fossil fuels, and 
decarbonization concerns need to reduce energy loads, 
enhance efficiency, and integrate renewable energy 
sources in buildings. 

(c) Optimize Building Space and Material Use: Selecting 
low-impact, minimally energy-intensive, non-toxic, 
sustainably-made, or recycled materials. 

(d) Enhance Indoor Environmental Quality: It affects the 
productivity, health, and comfort of building users by 
managing variables such as natural lighting, 
ventilation and humidity, and insulation. 

(e) Optimize Operational and Maintenance Practices: 
Choosing materials and systems that minimize 
maintenance, energy, water, and resource costs and 
use less harmful materials. 

(f) Protect and Conserve Water: Efficient water use to 
reduce freshwater consumption, recycle grey water, 
and collect rainwater. 

7.2. Criteria of Sustainable Materials 

It can be defined as materials with a limited negative 
environmental impact. Classification of materials as 
sustainable must achieve some criteria as follows [65,66]: 
(a) Low-impact materials: Reduced environmental 

impact such as Co2 and preferably be local materials. 
(b) Non-toxic- materials: Reduced toxic emissions. 
(c) Energy-efficient material: High efficiency in thermal 

and energy needed in the construction process. 
(d) Function fulfillment: Durability and weather 

resistance. 
(e) Recyclable: Recyclability and renewability of 

materials and the demolished building. 
(f) Reduce maintenance: Low cost of transport and 

maintenance. 

7.3. Aspects of Energy Efficiency 

It is a vital aspect of sustainability; the correct use of 
Nanomaterials in buildings plays a crucial role in achieving 
energy efficiency. Nanomaterials such as glass, insulation 
materials, and coatings reduce energy consumption in 
buildings. Energy efficiency can be achieved in buildings 
through some aspects as follows [3,67,68]: 
(a) Improve thermal insulation. 
(b) Reducing energy consumption in manufacturing. 
(c) Reducing energy consumption in implementation. 
(d) Reducing energy consumption in operation. 

7.4. Factors of Ambient Environment Efficiency 

Integrating Nanomaterials in building design and 
harnessing it to achieve sustainability goals and serve 
environmental issues lead to enhancing the quality of the 
ambient environment by reducing pollution in the air. The 
Titanium Dioxide Nanoparticles (TiO2) play a crucial role 
in this goal, purifying the surrounding air through a 
photocatalytic effect. These are the two main aspects of 
this nano property [69,70]: 
(a) Reduce carbon emissions. 
(b) Air purification of pollutants and bacteria. 

7.5. Steps to Apply the Proposed evaluation Strategy to 
the Buildings: 

The proposed strategy can be applied through the 
following steps: 
(a) Description and analysis of the building in all its 

primary aspects, such as its location determinates, 
construction elements, environmental impact, and the 
used nanomaterials. 
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(b) Explanation of the used nanomaterials, how they 
were applied, and how they contribute to achieving 
the strategic aspects. 

(c) Based on the gathered and analyzed data, the 
proposed evaluation strategy of the nanomaterials 
used in the building can be applied, which consists of 
four main aspects, indicating the extent to which the 
used nanomaterials achieve these aspects. This is 
detailed in a branched table, each aspect has several 
elements, and each element is evaluated separately in 
detail; hence an evaluation is given to the extent to 
which the nanomaterial used has achieved this factor, 
ranging from excellent effect, good effect, medium 
effect, weak effect. 

8. Criteria for Carrying Out the Case
Studies

Following are the three main points that the case 
studies are structured around: 

8.1. Analytical Study Objectives 

It can be outlined in four objectives, as follows: 
(a) Apply the proposed evaluation strategy to the three 

buildings of the case studies to clarify the evaluation 
methodology and its outputs. 

(b) Explanation of the performance of nanomaterials 
used in the building and their functional efficiency. 

(c) Elucidation of the extent to which nanomaterials 
achieve sustainable design principles. 

(d) Clarification of the impact of harnessing 
nanomaterials in construction on the ambient 
environment. 

8.2. Analytical Study Methodology 

As shown in Figure 11, the three case studies were 
conducted through several stages to achieve the primary 
objective, as follows: 
(a) A comprehensive description to enumerate the used 

nanomaterials and their different applications. 
(b) Applying the evaluation strategy out of four main 

aspects, as follows: 
 Achieving sustainable design principles. 
 Achieving sustainable materials criteria. 
 Achieving energy efficiency aspects. 
 Achieving ambient environment efficiency 

aspects. 
(c) Discuss the outputs of the evaluation. 

8.3. Analytical Study Samples Determinants and 
Selection 

The study samples were selected based on the following 
determinants: 

(a) Diversity in the type of building, its function, location, 
and the surrounding environmental conditions. 

(b) Diversity in nanomaterials used. 
(c) The date of completion of the building does not 

exceed fifteen years from the present time. 

Accordingly, three case studies were selected based on 
the mentioned determinants, and they are as follows: 
 Manuel de Gonzalez Hospital façade in Mexico. 
 Italy Pavilion (Milan Expo) in Italy. 
 Yale University Sculpture Building and Gallery in the 

USA. 

Figure 11.  Analytical Study Methodology (the authors) 

9. Conducting the Case Studies
Three case studies were selected based on the mentioned 

determinants, as follows: 
 Manuel de Gonzalez Hospital façade in Mexico. 
 Italy Pavilion (Milan Expo) in Italy. 
 Yale University Sculpture Building and Gallery in the 

USA. 

9.1. Case 1: Manuel de Gonzalez Hospital façade 

9.1.1. Description of Case 1 
It comes in seven items, as shown in Table 1. 

Table 1.  Manuel de Gonzalez Hospital façade description [71] 

# The item Description 

Project Name Manuel de Gonzalez Hospital facade 

Location Mexico City, Mexico 

Architect Allison Dring & Daniel Schwaag 

Year completed 2013 

Type Medical 

Area 2500 m2 

Nanomaterials used 
Titanium dioxide coating 
(Photocatalysis-Effect) 

In 1992, Mexico City was the most polluted city globally, 
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with about 35,000 deaths reported yearly [72,73]. The 
Manuel de Gonzalez hospital is located on the main street. 
It is impacted by heavy traffic, which contradicts the 
environment required for medical buildings. Consequently, 
the architect used nanoscale (TiO2) to reduce the negative 
impact by purifying the air from damage equivalent to 
1,000 cars per day [71,74]. This unique quasicrystal facade 
of the hospital took around four years to complete. It 
consists of "prosolve370" modules covering an area of 
2500 m2 made with a lightweight thermoformed plastic 
sheet coated with superfine nano TiO2, as shown in Figure 
12. 

This elegant pattern was fixed on the southern facade of 
the building 100 meters long, which faced the sun rays 
strongly and directly for the most extended period. Thus, 
the primary function of this aesthetic form is to treat the 
building and its surroundings environmental with 
photocatalytic capabilities. The nano TiO2 coating 
interacts with the sun's rays continuously on the southern 
facade; it breaks down the harmful pollutants in the 
surrounding air into oxygen and other harmless substances, 
which works to purify the air of exhaust and pollutants and 
resist bacteria, dirt, and fungi, as illustrated in Figure 13 
and Figure 14 [71,75]. Furthermore, the sculptural facade 
creates shade areas on the building, helping to keep the 
interior spaces at a cool temperature. As a result, this raises 
energy efficiency and reduces the consumption needed to 
cool the building to a minimum [71]. 

Figure 12.  A view of Manuel de Gonzalez Hospital elevation [71] 

Figure 13.  The functioning of the TiO2-coated façade (Prosolve 370e) 
and the difference between it and the conventional façade [71]

Figure 14.  Prosolve 370e Analysis [71] (edited by the authors) 

9.1.2. Applying the Evaluation Strategy 
The evaluation explained in Table 2 was based on the 

four main aspects previously explained: 
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Table 2.  Evaluation strategy for applying nanomaterials for Manuel de Gonzalez Hospital 

√ Used - Non used ◙ Excellent effect
● Good effect ○ Medium effect ◌ Weak effect 

Nanomaterials used in buildings (Nano-construction-materials) 

Nano-thermal insulation materials Nano-coatings Nano-concrete 
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Evaluation strategy for applying nanomaterials to the building according to the following four aspects 

(a) Sustainable design principles 
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9.1.3. Outputs of Case 1 
A self-cleaning photocatalytic coating material was 

applied to the building facade, which led to many 
promising outcomes that were used to evaluate the 
elements of the strategy aspects; they can be summarized 
as follows: 
(a) Fighting environmental pollution and eliminating 

pollutants of 1000 cars a day. 

(b) The integrations of the nanomaterial were used to the 
site's limitations and conditions, as the city was 
famous for its high pollution rates. 

(c) Integrating the nanomaterial to the type of building 
(medical) requires pure air. 

(d) Improving indoor and outdoor environment quality.  
(e) Reducing maintenance costs due to the self-cleaning 

property. 
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(f) Increasing energy efficiency by keeping the interior 
environment cool thanks to the shadows created on 
the building by the installed module façade. 

(g) Reducing environmental impacts such as CO2 
emissions. 

(h) Achieving aesthetic standards, as the building façade 
represents a distinctive white sculptural module. 

(i) Modular units are lightweight, so they do not need 
cranes to install them, but relatively well-trained 
workers, which saves on the energy consumed in 
installation. 

A self-cleaning photocatalytic coating material had a 
medium to weak effect in the following: 
(a) Improving thermal insulation. 
(b) Protecting and conserving water. 

9.2. Case 2: Italy Pavilion (Milan Expo) 

9.2.1. Description of Case 2 
It comes in seven items, as shown in Table 3. 

Table 3.  Italy Pavilion (Milan Expo) description [76] 

# The item Description 

Project Name Italy Pavilion (Milan Expo) 

Location Milano, Italy 

Architect Nemesi & Partners Srl 

Year completed 2015 

Type Culture/ Entertainment 

Area 27000 m² 

Nanomaterials used Photocatalytic self-cleaning 
concrete (Photocatalysis-Effect) 

The designer of the Italy pavilion at expo 2015 has 
combined architectural technology and primitive images of 
the forest concept to produce this architectural sculpture 

with its branched outer envelope. The pavilion features a 
unique facade represented in a geometric pattern of 
entwined random branches, as shown in Figure 15. These 
exterior biodynamic panels are made of self-cleaning 
concrete with a photocatalytic feature that absorbs air 
pollutants and converts them to inert salts, lowering smog 
levels, which contributes enormously to the purification of 
the internal and external environment of the building. Also, 
The facade is self-cleaned by rainwater and does not need 
to be maintained periodically like traditional concrete, 
which reduces maintenance costs [76,77]. 

Figure 15.  Italian Pavilion Expo exterior showing the branched TiO2 
concrete [76]

Over 700 branched TiO2 panels (about 2,000 tons of 
TiO2 concrete) have been installed on the pavilion façade 
by cranes covering an area of 9,000 m2. Thus, this active 
concrete interacts with ultraviolet rays and eliminates air 
pollution and dirt presented in Figure 16. Hence, the mortar 
is made of 80 percent recycled aggregates, including 
leftover material from Carrara marble quarries, adding 
more luster than traditional white cement. In addition, the 
designer integrated photovoltaic glass in the roof on flat, 
curved geometric shapes, which increased the building's 
energy efficiency and lowered carbon emissions, as 
illustrated in Figure 17 [77]. 
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Figure 16.  Section diagram showing the used techniques in Italy pavilion [78] 

Figure 17.  A photovoltaic glass roof and photocatalytic TiO2 self-cleaning concrete cladding of the Italian pavilion [77,79], edited by the authors
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9.2.2. Applying the Evaluation Strategy 
The evaluation explained in Table 4 was based on the four main aspects previously explained: 

Table 4.  Evaluation strategy for applying nanomaterials for Italy Pavilion (Milan Expo) 

√ Used - Non used ◙ Excellent effect
● Good effect ○ Medium effect ◌ Weak effect 

Nanomaterials used in buildings (Nano-construction-materials) 

Nano-thermal insulation materials Nano-coatings Nano-concrete 
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Evaluation strategy for applying nanomaterials to the building according to the following four aspects 

(a) Sustainable design principles 
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(b) Sustainable materials (c) Energy efficiency (d) Ambient 
environment efficiency 
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9.2.3. Outputs of Case 2 

A Photocatalytic self-cleaning nano concrete was 
applied to the building facade, which led to many 
promising outcomes that were used to evaluate the 
elements of the strategy aspects; they can be summarized 
as follows: 

(a) Fighting environmental pollution and eliminating car 
exhaust. 

(b) Improving indoor and outdoor environment quality 
and purifying air from pollutants. 

(c) Reducing environmental impacts such as CO2 
emissions. 

(d) Reducing maintenance costs due to the self-cleaning 
property. 
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(e) Increasing energy efficiency by keeping the interior 
environment cool thanks to the shadows created on 
the building by the installed branched façade. 

(f) Integrating sustainable architecture and 
nanotechnology results in nanoarchitecture 
(photovoltaic glass + TiO2 concrete) to cover the 
building's energy needs efficiently and autonomously. 

(g) Achieving aesthetic standards, as the building façade 
represents a landmark of the expo. 

A Photocatalytic self-cleaning nano concrete had a 
medium to weak effect in the following: 
(a) Improving thermal insulation. 
(b) Reducing energy consumption in implementation due 

to using cranes to install the façade. 
(c) Optimizing energy use. 
(d) Protecting and conserving water. 

9.3. Case 3: Yale University Sculpture Building and 
Gallery 

9.3.1. Description of Case 3 
It comes in seven items, as shown in Table 5. 

Table 5.  Yale University Sculpture Building and Gallery description 
[80]

# The item Description 

Project Name Yale University Sculpture Building 

Location Connecticut, USA 

Architect Kieran Timberlake Associates 

Year completed 2007 

Type Mixed Use (Education/ 
Entertainment/Culture). 

Area 5760 m2 

Nanomaterials used Aerogel (Thermal insulation) 

The mixed-use Yale building features a highly efficient 
façade that integrates solar shading and triple-glazed 
curtain walls. It extends over a wide area of the building 
facade with low-emissivity panels and is filled with 
translucent nano-aerogel in its cavity, 2.4-meter-high 
operable windows, as presented in Figure 18. As a result, 
the structure has a high level of energy efficiency while 
staying almost entirely transparent. According to testing, 
the spandrel assembly's overall R-value (thermal 
resistance) exceeds R 20 while keeping a 20 percent 
visible light transmittance [80]. 

Figure 18.  The high-performance façade of Yale University Sculpture 
Building and Gallery [81] 

The need for cooling and heating systems is reduced by 
exposed concrete slabs and high-performance curtainwall 
isolated by translucent aerogel. Consequently, while 
delivering natural light to indoor areas, it limits solar heat 
gain in the summer, saves a significant amount of energy 
consumed by artificial lighting, raises the quality of the 
indoor environment, and reduces CO2 emissions, as 
shown in Figure 19. Based on these efforts, the building 
has been certified by LEED with the Platinum Certificate 
[81,82]. 

Figure 19.  Section diagram of Yale University Sculpture Building [83] 
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9.3.2. Applying the Evaluation Strategy 
The evaluation explained in Table 6 was based on the four main aspects previously explained: 

Table 6.  Evaluation strategy for applying nanomaterials for Yale University Sculpture Building and Gallery 

√ Used - Non used ◙ Excellent effect
● Good effect ○ Medium effect ◌ Weak effect 

Nanomaterials used in buildings (Nano-construction-materials) 

Nano-thermal insulation materials Nano-coatings Nano-concrete 
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Evaluation strategy for applying nanomaterials to the building according to the following four aspects 

(a) Sustainable design principles 
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(b) Sustainable materials (c) Energy efficiency 
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efficiency 
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9.3.3. Outputs of Case 3 
An Aerogel nano-thermal insulation material was 

applied to the building, which led to many promising 
outcomes that were used to evaluate the elements of the 
strategy aspects; they can be summarized as follows: 
(a) Achieving superior thermal insulation compared to 

traditional insulation material with R-value 
exceeding 20, optimizing energy use. 

(b) Utilizing natural light instead of artificial light with a 
20% visible light transmittance increases energy 
efficiency. 

(c) Enhancing user interaction with the external 
environment through translucent isolated glazing by 
aerogel. 

(d) Improving indoor and outdoor environment quality 
(e) Reducing environmental impacts such as CO2 

emissions. 

(f) Achieving aesthetic standards, as the distinctive 
glazing represents the building façade. 

An Aerogel nano-thermal insulation material had a 
medium to weak effect in the following: 
(a) Purification of the air out of pollutants. 
(b) Reducing maintenance costs. 
(c) Protecting and conserving water. 
(d) Optimizing site potential 

10. Results
Clarifying the efficiency of the used nanomaterials by 

reviewing the theoretical studies and analyzing the 
previous cases, an evaluation was done based on the four 
main aspects previously explained. Through the previous 
Tables 2,4,6 and Figure 20, this study shows: 

Figure 20.  Histogram relationship of cases to the four main evaluation aspects (the authors) 

 For case 1, the percentage of achieving aspect (a) is 61%, 85% for aspects (b) and (d), whereas the lowest percentage 
is 50% for aspect (c). 

 For case 2, the percentage of achieving aspect (a) is 59%, 85% for aspects (b) and (d), whereas the lowest percentage 
is 46% for aspect (c). 

 For case 3, the percentage of achieving aspect (b) is 79%, 85% for aspect (c), and 45% for aspect (d), whereas the 
lowest percentage is 43% for aspect (a). 

 For aspect (a), the nanomaterials used in the three cases achieved a percentage ranging from 43-61%, averaging 
54.3%. 

 For aspect (b), it achieved a percentage ranging from 79-85%, with an average of 83%. 
 For aspect (c), it achieved a 50-85% percentage, averaging 60.3%. 
 For aspect (d), it achieved a percentage ranging from 45-85%, averaging 71.7%. 
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11. Discussion
The study confirmed the research's objectives by 

enumerating and analyzing the nanomaterials in the 
previous case studies based on the proposed strategy. A set 
of aspects were proposed to evaluate these nanomaterials, 
which demonstrate the impact of using them in the 
construction sector, leading to: 
(a) Among all aspects, aspect (b) averaged the highest 

percentage, 83%, indicating that the nanomaterials 
utilized in the selected case studies considerably meet 
the criteria of sustainable materials. As a result, 
nanomaterials can be used to boost sustainability 
from this point of view. 

(b) The aspect (d) comes in second place on average 71%, 
indicating that the used materials meet the factor of 
ambient environment efficiency. As a result, titanium 
dioxide nanoparticles proved their efficiency in these 
cases by integrating photocatalytic properties with 
traditional materials such as concrete in case 2 and 
coatings in case 1, leading to a practical solution to 
fight air pollution and reduce carbon emissions and 
the need for maintenance. 

(c) Aspect (c) achieved an average of 60.3%, indicating 
that the used materials meet the energy efficiency 
factor. Aerogel thermal insulation nanomaterial used 
in case 3 reached 85% in this aspect, showing unique 
properties in thermal insulation, enhancing energy 
efficiency, reducing consumption, and thus leading to 
lower carbon emissions. 

(d) Aspect (a) achieved the lowest percentage, averaging 
54.3%, indicating that the nanomaterials utilized in 
the selected case studies considerably meet the 
criteria of sustainable design principles in varying 
proportions. As a result, harnessing nanomaterials in 
the construction sector boost buildings to be greener 
and reduce negative environmental impacts with 
better functional performance, meeting the 
sustainability goals. 

(e) Location diversity of the addressed buildings in these 
case studies, with their different climatic regions and 
the various surrounding conditions, indicate the 
possibility of using nanomaterials in various regions, 
except for some cold regions due to photocatalytic 
properties requiring much sunlight. 

12. Conclusions
The study highlights the importance of developing and 

utilizing nanomaterials to achieve the goals of sustainable 
architecture. Nanomaterials did not yet reach most 
worldwide due to their high cost. This study reviewed the 
theoretical background of nanotechnology and covered its 
use in architecture by addressing the prevailing 
nanomaterials in the construction sector as a major 
application. It detailed concrete, glass, coating, and thermal 

insulation materials. Additionally, it defined its 
relationship to sustainable architecture and its potential to 
boost sustainability. Furthermore, it explained how these 
materials reduce the carbon footprint and enhance the 
material properties. By the end of the theoretical section, 
the study proposed a strategy to evaluate nano-construction 
materials based on the four main aspects: sustainable 
design principles, sustainable materials criteria, energy 
efficiency aspects, and ambient environment efficiency 
factors. 

Therefore, the applied section contained an analytical 
study for three case studies through two subsections; the 
first defined the criteria for carrying out the case studies; 
the second conducted the case studies. Results of the study, 
the discussion, and the analysis showed that harnessing 
nano-construction materials boost sustainable architecture. 
Moreover, it improves the functions and performance of 
construction materials to boost sustainability in the four 
mentioned aspects. This study addressed nanomaterials 
only from the environmental point of view. Hence, it is 
recommended to cover the social and economic sides for 
future studies. On the other hand, it is recommended to 
direct research generally to nano-applications in all 
architectural aspects. 
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