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Preface 
Welcome to the fascinating domain of thermal evaluation of indoor climate and 
energy storage in buildings. The demand for sustainable and energy-effcient build-
ings has never been greater in today’s rapidly changing world. In this book, we 
embark on a journey to explore the intricate relationship between advanced building 
materials, energy storage systems, and bioclimatic building technologies and their 
impact on indoor thermal comfort and local climate change. From high-performance 
insulation materials to innovative facade systems, these materials revolutionize 
building construction, ensuring better energy conservation and reduced environmen-
tal impact. This book explores cutting-edge energy storage technologies, ranging 
from thermal storage systems to battery-based solutions, that are instrumental in 
achieving energy self-suffciency and reducing the reliance on external energy grids. 
Ventilated walls and double-skin facades are innovative building envelope solutions 
that have gained traction due to their signifcant impact on indoor climate and energy 
performance. Bioclimatic building technologies take inspiration from nature to cre-
ate sustainable and climate-responsive designs. By utilizing passive design strategies 
such as orientation, shading devices, and natural ventilation, these technologies har-
monize buildings with their environment, maximizing occupant comfort while min-
imizing energy demands. Responsive buildings with smart sensors and automated 
systems are at the forefront of intelligent and energy-effcient design. These struc-
tures optimize heating, cooling, and lighting systems by monitoring and adapting 
to environmental conditions in real time, thereby improving energy effciency and 
occupant comfort. Passive and active exploitation of renewable energy resources is 
a cornerstone of sustainable building design. By incorporating solar panels, wind 
turbines, geothermal systems, and other renewable energy technologies, buildings 
can generate clean energy and signifcantly reduce their carbon footprint. This book 
investigates integrating renewable energy systems in buildings, providing insights 
into their benefts, challenges, and best practices. By adopting holistic approaches 
to urban planning, including effcient transportation, waste management, and infra-
structure design, we can create urban environments that optimize resource usage 
and promote a high quality of life for inhabitants. At the heart of all sustainable 
building practices lie occupants’ well-being and thermal comfort. Buildings can cre-
ate healthy and productive indoor environments by considering indoor air quality, 
natural light, thermal insulation, and ergonomic design. We examine the relationship 
between the built environment and human well-being, emphasizing the importance 
of thermal comfort and occupant satisfaction. 

I hope this book serves as a valuable resource for architects, engineers, research-
ers, and students who are passionate about advancing sustainable building prac-
tices. By understanding the intricate interplay between advanced building materials, 
energy storage systems, and indoor thermal evaluation, it will pave the way for a 
more sustainable and energy-efficient built environment.  
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1 Advanced Building 
Materials 

Shailendra Kumar Shukla and Sanjay Kaul 

1.1 INTRODUCTION 

1.1.1 BRIEF HISTORY OF BUILDING MATERIALS 

Building supplies have been essential throughout human history. Different con-
struction materials’ growth and accessibility have molded the built environment and 
impacted how people live, work, and interact with their surroundings. Ancient humans 
constructed their dwellings and other constructions from natural resources, including 
stone, clay, wood, and animal skins. These resources were plentiful and easily acces-
sible, and the region’s topography and climate determined how they should be used. 
For instance, lumber was widely utilized for construction in locations with many 
kinds of wood, but stone and mud were employed in areas with little access to wood. 
New construction materials were discovered and produced as civilizations evolved 
and grew. For instance, the Romans used concrete considerably while building their 
famous aqueducts, bridges, and other grand constructions. Brick and stone were 
more often used throughout the Middle Ages, which allowed for the construction of 
cathedrals, castles, and other impressive structures still standing today. New building 
materials like steel, glass, and concrete revolutionized the construction sector in the 
modern age, enabling the construction of more signifcant and intricate buildings. 
New building materials also made building structures more quickly and effectively 
feasible, facilitating the rapid growth of cities and metropolitan regions. Beyond their 
actual usage in construction, building materials are signifcant. Different materials 
have symbolic, cultural, and social signifcance corresponding to society’s values and 
ideals. For instance, although the use of glass and steel in contemporary skyscrapers 
represents the principles of development and innovation, wood in traditional Japanese 
architecture is directly tied to the nation’s traditional aesthetics and love of natural 
beauty. Creating and applying building materials have profoundly infuenced human 
history and the built environment. They have a cultural, social, and symbolic signif-
cance in shaping how people live, work, and engage with their environment. 

1.2 DIFFERENT FACTORS FOR CONSIDERATION IN 
THE SELECTION OF BUILDING MATERIALS 

The selection of building materials is a crucial step in the construction of any project, and 
several factors should be considered. Some of the essential considerations are as follows. 

https://doi.org/10.1201/9781003415695-1
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1.2.1 CLIMATIC CONDITIONS 

The weathering effect signifcantly infuences building materials’ effectiveness and 
performance. You will fnd quite different climatic conditions depending on where 
you go in the world. For instance, tropical areas experience higher levels of atmo-
spheric moisture, while certain regions see temperature fuctuations that negatively 
or positively impact the durability of building materials. In the same way that differ-
ent materials have been developed for different types of places, various construction 
methods are used worldwide. Therefore, choosing the appropriate material for a spe-
cifc area becomes very crucial. A building’s primary purpose is to offer protection 
from the environment outside. Therefore, a building should be well insulated against 
outside heat, cold, rain, or other climatic variables. These days, construction mate-
rials’ performance is impacted by unpredictable environmental conditions around 
the world. A building material should therefore be able to resist weathering effects 
to withstand wet and dry environments without breaking down or losing its mechan-
ical characteristics. In addition, if the building material doesn’t offer appropriate 
insulation from the weather outside, more energy is needed to maintain the indoor 
atmosphere. 

1.2.2 STRENGTH AND DURABILITY 

The materials must be strong and durable enough to sustain the loads and pressures 
they will endure over the building’s lifespan. Different types of structures require 
different levels of strength and durability. For example, high-rise buildings, bridges, 
and industrial facilities typically require materials with exceptional strength to han-
dle heavy loads and withstand forces, while residential buildings may have different 
requirements. Building codes and industry standards provide guidelines for min-
imum strength and durability requirements. It is essential to ensure that selected 
materials meet or exceed these standards and undergo proper testing to validate their 
performance. By considering strength and durability parameters, builders and archi-
tects can choose materials that provide structural stability, longevity, and safety for 
the intended application, resulting in well-designed and reliable structures. 

1.2.3 THERMAL CAPABILITIES AND AVAILABILITY 

Thermal capabilities refer to a material’s ability to resist heat transfer, regulate tem-
perature, and provide insulation properties. These capabilities are crucial in maintain-
ing indoor comfort, reducing energy consumption, and promoting energy effciency 
in buildings. To guarantee that the building maintains a pleasant temperature and 
that energy consumption is minimal, the materials used should have strong thermal 
insulation capabilities. Some materials have high thermal mass, which can absorb, 
store, and release heat slowly. This property can help regulate temperature variations 
and reduce the need for mechanical heating or cooling. Materials like concrete, stone, 
or rammed earth are examples of those with high thermal mass. The commodities 
should be freely accessible in the local market to avoid delays and additional costs 
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associated with obtaining resources from distant places. Utilizing locally available 
materials can reduce transportation costs, carbon footprint, and construction time. It 
also supports the local economy and promotes sustainable practices. Assessing the 
reliability and stability of the supply chain is essential to avoid delays or disruptions 
in construction. Understanding materials’ availability and potential limitations can 
help plan construction schedules effectively. 

1.2.4 MOISTURE AND FIRE RESISTANCE 

Moisture resistance refers to a material’s ability to withstand exposure to moisture 
without undergoing signifcant degradation or damage. Moisture can penetrate 
buildings through sources like rain, humidity, or plumbing leaks, and if not properly 
addressed, it can lead to structural issues, mold growth, and compromised indoor air 
quality. Materials with good moisture resistance help maintain the integrity of the 
building envelope, prevent water infltration, and minimize the risk of moisture-re-
lated problems. To avoid damage and deterioration from moisture penetration, the 
materials used should be water- and moisture-resistant. In some cases, it is essential 
for materials to allow moisture vapor to escape from the building to avoid trapped 
moisture and associated problems. Fire resistance is the ability of a material to with-
stand or slow down the spread of fre, thereby providing vital time for occupants to 
evacuate and reducing property damage. Fire-resistant materials play a crucial role 
in improving the overall fre safety of a building. To reduce the danger of fre-related 
damage or harm, the materials used should be fre resistant. 

1.2.5 MAINTENANCE AND COST EFFECTIVENESS 

Maintenance refers to the activities required to keep a building in good condition, 
prevent deterioration, and ensure the proper functioning of its components. Materials 
that require minimal maintenance offer several benefts, like good durability and 
longevity. They can withstand environmental stresses, resist wear and tear, and 
maintain their performance over an extended period. The materials should be simple, 
and any necessary repairs or maintenance should be quick and affordable. Regular 
maintenance is often necessary to preserve the appearance of certain materials. Low-
maintenance materials can retain their visual appeal with minimal effort, ensuring 
that the building maintains its desired aesthetic over time. Cost effectiveness refers 
to achieving the desired functionality and performance of a building while opti-
mizing expenses. The upfront cost of materials is an important consideration. It is 
crucial to balance the initial investment with the long-term benefts and durability of 
the chosen materials. Higher-quality and more durable materials may have a higher 
upfront cost but can provide cost savings in the long run. Evaluating the total cost of 
ownership over the lifespan of the building is essential. This includes the initial cost 
and the maintenance, repairs, and potential replacements or upgrades required over 
time. Materials with long-term performance and minimal upkeep can contribute to 
cost effectiveness. 
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1.2.6 SUSTAINABILITY AND AESTHETICS 

Both during manufacture and after usage in the building, the materials used should 
be sustainable and have no negative infuence on the environment. The materials 
should be aesthetically pleasing and blend well with the building’s overall design. 

1.3 ANCIENT BUILDING MATERIALS 

Our future is greatly infuenced by our history. The employment of outdated technol-
ogies by our own progenitors is very symbolic. Originally, there was an ecological 
balance maintained between humans and the natural world. They held that in order 
to create a stunning image that protected the natural beauty of the surroundings, con-
struction and nature should coexist. There are presently 3650 nationally signifcant, 
acknowledged sites and monuments associated with ancient culture in India. This 
local study emphasises Bengal’s traditional building techniques and underappreci-
ated historical beauty. India is well-known throughout the world for its contributions 
to and diversity within culture. The construction process and structural stability that 
ensure a heritage building's survival even in the face of natural disasters, calamities, 
and negligence stand out as common features. 

While the World Heritage Commission, the Archaeological Survey of India, and 
the State Heritage Commission protect certain buildings, it is distressing to learn that 
more than 1 lakh buildings, precincts, and sites remain nameless and unprotected.1 

This highlights a specific area and its architectural design, which was renowned for 
its simplicity and grandeur while employing materials that could be available locally. 
Some of the commonly used materials are classified in Figure 1.1. 

1.3.1 STONE 

Natural stone has been utilized in construction for a very long time. It may be utilized for 
roofng, fooring, and walls. Due to its tenacity, sturdiness, and aesthetic appeal, stone 
has been a popular natural building material for thousands of years. Granite, limestone, 
sandstone, marble, slate, and other stone forms may be utilized in building projects. 
Some modern and ancient stone based sculpture are shown in Figure 1.2 and Figure 1.3. 

Stone may be used in buildings in various ways, such as cladding, flooring, roof-
ing, and structural components like columns, beams, and arches. It is a flexible 

FIGURE 1.1 Classification of traditionally used building materials. 
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FIGURE 1.2 Stone-based structures in Konya cultural heritage: (a) Kızılören Caravanserai, 
(b) Kuruçeşme caravanserai.2 

material that can be polished, cut, and molded in various ways to provide a variety 
of aesthetic effects. Stone’s durability as a construction material is one of its key 
benefits. It may persist for millennia without degrading and is resistant to weather-
ing, erosion, and fire. Additionally, it has superior thermal mass, which helps save 
energy use and assists in controlling indoor temperature. The visual attractiveness of 
stone is another benefit. It can offer a natural, rustic appearance or a more polished 
and elegant aesthetic that fits well with the surroundings. Additionally, stone comes 
in a wide range of hues, patterns, and textures, giving architects and designers the 
freedom to construct distinctive buildings. 

However, there are several drawbacks to employing stone for construction. Stone 
may be expensive to ship and install since it is heavy and brutal. The cost may also 
increase since it takes specialized tools and training to correctly cut and shape the 
stone. Additionally, over time and especially if they are exposed to extreme climatic 
conditions, some varieties of stone may be more prone to weathering or breaking. 
For a stone to keep its durability and look, frequent care procedures like washing and 
sealing may be necessary. Stone is still a common and highly appreciated building 
material because of its numerous benefits and capacity to increase any construction 
project’s value and beauty, despite these shortcomings. 
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FIGURE 1.3 Ancient stone-based sculpture.3 

1.3.2 CLAY 

Clay has been utilized as a natural building material for thousands of years due to 
its availability, low cost, and adaptability. It is a fne-grained soil comprising silicon, 
oxygen, and aluminum minerals. Bricks, tiles, plaster, and adobe buildings are just a 
few construction projects that may employ clay. Because of their durability and fre 
resistance, clay bricks and tiles are frequently employed in buildings. They also offer 
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superior insulation and are energy effcient. Clay is a cheap and accessible building 
material that is widely accessible and readily available. Additionally, it is simple to 
work with and can be molded and sculpted to match various design specifcations. 
Due to clay’s superior thermal insulation properties, a building’s interior tempera-
ture may be controlled, decreasing energy use. Thanks to its intense heat retention 
qualities, it can keep a structure cool in hot regions and warm in cold ones. Clay’s 
resilience to fre is another beneft. Because of their excellent fre resistance, clay 
bricks and tiles can help contain a fre if it breaks out. Because of this, clay is the 
perfect substance for creating fre-resistant constructions like chimneys, ovens, and 
freplaces. 

Nevertheless, there are several drawbacks to employing clay for construction. It is 
unsuitable for supporting big loads or constructions subject to seismic activity since it 
is relatively weak under tension. Clay is prone to erosion and weathering, eventually 
leading to degradation. Additionally, using clay as a building material necessitates 
the development of specialized abilities and expertise. The final product’s strength 
and durability can be significantly influenced by the type of clay used and the tech-
niques employed for processing, molding, and burning. Despite these disadvantages, 
clay is a well-liked and often used construction material, particularly in areas where 
it is easily accessible and reasonably priced. It may assist in building energy-efficient 
and fire-resistant structures because it is a sustainable and ecologically beneficial 
material. 

1.3.3 GRANITE 

Granite is a natural building material formed from volcanic activity and has been 
used in construction for centuries. It is a dense, hard, and durable material with many 
construction advantages. One of the primary advantages of granite as a building 
material is its strength and durability. Granite is one of the hardest and most durable 
natural stones and can withstand heavy loads and harsh environmental conditions. It 
has excellent resistance to wear, abrasion, and weathering, making it ideal for appli-
cations requiring high strength and durability. Granite is a robust and long-lasting 
construction material that resists weathering and moisture. Its compressive strength 
has been measured at more than 200 MPa.4 Granite also has excellent thermal prop-
erties, which can help regulate the temperature inside a building and reduce energy 
consumption. It is also an excellent sound insulator and can reduce noise transmis-
sion, making it ideal for applications requiring sound insulation. Another advantage 
of granite is its aesthetic appeal. It has a unique and distinctive appearance with vari-
ous colors, textures, and patterns. It can be used for various applications in construc-
tion, including cladding, fooring, countertops, and landscaping, and it can provide a 
natural and elegant look to any project. 

However, there are also some disadvantages to using granite as a building mate-
rial. It is a relatively heavy material, which can add to the cost of transportation and 
installation. It also requires specialized skills and equipment to cut and shape the 
stone to fit the desired design, which can further increase the cost. In addition, using 
granite in construction requires careful consideration of its environmental impact. 
Granite mining and processing can significantly impact the environment, including 
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air and water pollution, soil erosion, and habitat destruction. Ensuring that granite 
is sourced and processed using sustainable and environmentally friendly practices is 
essential. Despite these drawbacks, granite remains a popular and valued building 
material due to its many advantages and ability to provide strength, durability, and 
aesthetic appeal to any construction project. 

1.3.4 LIME 

A common building element, lime is used for rendering, plastering, and as a mortar 
binding agent. It is long lasting, permeable, and mold and mildew resistant. People 
have used lime as a traditional building material for thousands of years. It is pro-
duced by burning shells or limestone at high temperatures to produce a powder that, 
when combined with water, may be used to make a paste. Lime provides many ben-
efts, including longevity, sustainability, and adaptability. 

Lime’s durability as a construction material is one of its main benefits. It is perfect 
for mortars, plasters, and renders because of its outstanding adhesive characteristics. 
Additionally, it can absorb and release moisture, enabling it to adjust to variations in 
temperature and humidity and lowering the likelihood of cracks and other types of 
damage. Due to its natural composition and minimal carbon impact, lime is also a 
sustainable building material. It is an environmentally favorable option for building 
because it is also recyclable and biodegradable. Another advantage of lime is its flex-
ibility. It may be used for brickwork, plastering, flooring, and roofing, among other 
construction-related applications. It may also be blended with other elements, like 
sand and fibers, to create more robust construction materials. Lime also has strong 
insulation qualities, which can aid in lowering energy bills and expenditures associ-
ated with heating and cooling systems. It can protect structures from fire to a certain 
extent and is also fire resistant. 

The use of lime as a construction material has significant drawbacks, however. 
It may be pricey, and the proper installation calls for professional labor. To preserve 
its durability, it also needs frequent upkeep and repairs. Due to its many benefits 
and capacity to provide longevity, sustainability, and adaptability to any construction 
project, lime continues to be a well-liked and highly valued building material despite 
these shortcomings. 

1.3.5 BASALT 

A naturally occurring construction material called basalt is created when volcanic 
lava fows. It is a heavy, sturdy material that has been employed in building for a 
long time. Basalt may be found in many different forms, including basalt fber, basalt 
rebar, and basalt rock, each of which has specifc qualities and uses in building. 
Strength and durability are two of basalt’s main benefts as a construction material. 
One of the hardest natural stones, basalt offers exceptional resistance to deteriora-
tion from wear, abrasion, and the elements. It is the perfect choice for applications 
that need exceptional strength and durability since it can handle large loads and 
extreme climatic conditions. Additionally, basalt offers exceptional insulating qual-
ities for both heat and sound. It can offer insulation against sound to lessen noise 
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transmission, assist in controlling the temperature within a structure, and use less 
energy. The visual attractiveness of basalt is another beneft. Its fne-grained texture 
and dark grey-to-black color give it a distinct and unusual look. It has several uses 
in construction, including cladding, fooring, and landscaping, and can provide any 
project with a natural and modern appearance. The tensile strength of basalt fbers 
in their fbrous state ranges from 1700 MPa to 4800 MPa, and they also have a high 
melting point of up to 1450°C.5 Basalt fbers are utilized as insulating materials in 
the aerospace, automotive, and electrical sectors because they are nontoxic, freproof, 
exhibit resistance to nuclear and ultraviolet (UV) radiations, and sustain a relatively 
large range of temperatures ranging from –260°C to 750°C. Basalt fbers are added 
to cement mortar to strengthen the building structure’s fexural and compressive 
properties. 

However, employing basalt as a construction material has significant drawbacks 
as well. Because of its weight, installation and shipping expenses may increase. The 
cost may also increase since it takes specialized tools and training to correctly cut 
and shape the stone. The environmental impact of basalt use in buildings must also 
be carefully considered. Environment-harming effects of basalt mining and process-
ing include soil erosion, air and water pollution, and habitat degradation. It is crucial 
to confirm that basalt is obtained and processed in a sustainable and eco-friendly 
manner. Despite these disadvantages, basalt is a well-liked and highly valued build-
ing material because of its many benefits and capacity to provide any construction 
project strength, durability, and aesthetic appeal. 

1.3.6 WOOD 

Wood is a multipurpose material employed in building for ages. It is resilient, por-
table, and renewable. It is suitable for cladding, fooring, and framing. Since ancient 
times, wood has been utilized in construction as a popular and adaptable building 
material. It offers many benefts, like cost, simplicity of building, sustainability, and 
natural beauty. The inherent beauty of wood is one of its main benefts as a con-
struction material. It is kind and welcoming and may give any project a natural and 
organic vibe. Wood is available in various hues, grains, and textures, which may give 
a building’s design more depth and personality. The sustainability of wood is another 
beneft. It is an eco-friendly material for building since it is a renewable resource 
that can be cultivated and collected sustainably. Since trees absorb carbon dioxide as 
they grow, using wood can also help a building’s carbon footprint reduction. Wood is 
also relatively straightforward; it can be molded, cut, and assembled using essential 
tools and methods. Due to its small weight, it can facilitate and reduce the cost of 
building and shipping. Additionally, wood may be manufactured off-site to speed up 
construction and save expenses. Additionally, wood has strong insulation qualities, 
which may aid in lowering energy expenses and heating and cooling requirements. 
It is excellent for use in applications that require sound insulation since it is also a 
superb sound insulator and can aid in limiting noise transmission. 

Nevertheless, there are several drawbacks to employing wood for construction. 
Insect, rot, and fire damage may impact wood’s resilience and longevity. To safe-
guard against these threats, it needs routine upkeep and care. Additionally, wood 
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is unsuitable for some purposes, such as high-rise structures or structures in seis-
mically active regions. Other materials, such as concrete or steel, could be a better 
option. Despite these disadvantages, wood continues to be a well-liked and highly 
regarded building material because of its many benefits and capacity to provide nat-
ural beauty, sustainability, and affordability to any construction project. 

1.3.7 BAMBOO 

Since ancient times, bamboo has been utilized as a building material because of its 
quick growth and sustainability. Its benefts include sustainability, toughness, durabil-
ity, and adaptability. The sustainability of bamboo as a construction material is one 
of its main benefts. It is a plant that overgrows and may be harvested in as little as 
three years, making it a signifcant renewable resource. In addition to being biodegrad-
able and having a minimal carbon impact, it makes for an environmentally benefcial 
building material. The resilience and strength of bamboo are further benefts. It is a 
superior building material for buildings that need strength and stability since it has a 
higher tensile strength than steel and more excellent compression resistance than con-
crete. Insects, dampness, and rot cannot harm it, extending its lifespan and lowering 
maintenance expenses. Another adaptable material that may be utilized in a variety 
of construction projects is bamboo. It may be used for fooring, cladding, roofng, and 
structural components like beams and columns. Its minimal weight and ease of use can 
speed up construction and cut expenses. Additionally, bamboo has effective thermal and 
acoustic insulation qualities that can aid in lowering energy use and noise transmission. 
Additionally, it functions as a natural air cleaner and can enhance indoor air quality. 

Nevertheless, there are several drawbacks to employing bamboo for construction. 
It must be treated with fire-retardant chemicals to increase its fire resistance since 
it is flammable. Additionally, it is inappropriate for some applications, such as high-
rise structures or structures in seismically active regions. Due to its many benefits 
and capacity to provide sustainability, durability, strength, and adaptability to any 
construction project, bamboo continues to be a well-liked and highly valued building 
material despite these limitations. 

1.3.8 THATCH 

A classic building material used for millennia in construction is thatch. In order to 
create a roofng material, dried grass, straw, or reeds are piled and weaved together. 
Thatch offers several benefts, including sustainability, insulating capabilities, and 
a rustic appearance. Thatch’s sustainability as a construction material is one of its 
main benefts. It is a sustainable building alternative because it is constructed from 
abundant and renewable natural elements. In addition to being biodegradable and 
having a minimal carbon impact, it is an environmentally benefcial substitute for 
synthetic roofng materials. Additionally, thatch offers superior insulating qualities 
that may assist in controlling temperature and saving energy use. Buildings can be 
kept warm in the winter and cool in the summer, which helps save energy expen-
ditures for heating and cooling. Thatch has a natural look, which is an additional 
beneft. It may give a structure more personality and charm, with a distinct and rustic 
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aspect. Thatched roofs are a fexible option for architects and builders since they can 
be modifed to meet the style and architecture of the structure. 

However, using thatch in buildings has several disadvantages. It requires routine 
maintenance and repairs to maintain its longevity because it is susceptible to weather 
and insect damage. It could also need to be replaced because it is less durable than 
other roofing materials. Additionally, not all climates or building types may be suited 
for thatch. Since it cannot endure extremely severe weather, it is more frequently 
utilized in regions with mild or moderate temperatures. Thatch is still a common and 
highly appreciated building material because of its many benefits and capacity to 
give any construction project sustainability, insulation, and natural beauty. 

1.3.9 ADOBE 

Adobe construction material comprises mud, straw, and occasionally other unpro-
cessed organic resources like clay or sand. After being shaped into bricks or blocks, 
the mixture is then left to cure in the sun. Since ancient times, adobe has been used 
for construction, especially in regions with arid climates like the Southwest of the 
United States, Central and South America, the Middle East, and Africa. The fact 
that adobe is a relatively energy-effcient construction material is one of its bene-
fts. Buildings made of adobe have strong, well-insulated walls, making the inside 
comfortable all year round. In addition to being widely accessible and reasonably 
priced, adobe is a preferred option in many regions of the world. In many regions of 
the world, traditional construction materials are still often employed, particularly in 
rural areas where contemporary materials are neither easily accessible nor reason-
ably priced. They have withstood the test of time and are prized for their sturdiness, 
sustainability, and few adverse environmental effects. 

1.4 CONVENTIONAL BUILDING MATERIALS 

Conventional building materials refer to the widely used and traditional materials 
used in construction for many years. These materials have a long history of use and 
are commonly found in various types of buildings and structures. Some of the con-
ventional building materials and their properties are shown in the Table 1.1 

TABLE 1.1 
Different Properties of Conventionally Used Construction Materials6–8 

Building Density Thermal Compressive Tensile strength 
material (kg/m3) conductivity  strength (MPa) (MPa) 

(W/(m×K)) 

Concrete 2000 1.3–2.25 15–30 2–5 
Steel 7500–8000 45 350–1000 450–750 
Brick 1600–1750 0.5–1.0 30–35 2.8 
Glass 2580 0.5–1.38 1000 7 
Wood 600–900 0.1–0.2 30–60 70–140 
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1.4.1 CONCRETE-BASED MATERIALS 

A combination of cement, water, and aggregates like sand, gravel, or crushed stone 
makes the construction material concrete. In order to create a strong and long-lasting 
structure, the mixture is poured into a mold or formwork and allowed to solidify and 
cure. Concrete is utilized in many construction projects, including bridges, buildings, 
and pavements. Concrete’s strength and durability as a construction material are two 
benefts. Concrete is a common material for buildings that must survive challeng-
ing circumstances since it is fre, water, and weather resistant. Compared to other 
building materials like steel or wood, it is also reasonably affordable. Concrete’s 
adaptability is another beneft. It may be molded into various sizes and forms to 
satisfy various design needs. Steel bars or fbers can also be used as reinforcement to 
boost the strength and load-bearing capacity of concrete. However, utilizing concrete 
has certain drawbacks as well. The infuence on the environment is among the main 
issues. Cement manufacture, an essential ingredient in concrete, generates a sizable 
portion of the carbon dioxide emissions linked to climate change. Additionally, the 
exploitation of aggregates may harm ecosystems and natural habitats. Concrete’s 
overall cost and environmental effect might be increased by the substantial energy 
and resource requirements for its production and transportation. Additionally, over 
time and especially if they are subject to freeze–thaw cycles or other environmental 
stressors, concrete constructions can be vulnerable to cracking and other deteriora-
tion. Concrete may be a valuable and adaptable building material. However, to ensure 
its long-term sustainability and durability, it must be carefully considered concerning 
its environmental impact and maintenance requirements. 

1.4.2 STEEL-REINFORCED CONCRETE 

Concrete and reinforcing steel are combined to create reinforced concrete (RC), a 
composite material. Concrete’s tensile strength, which is usually substantially lower 
than its compressive strength, is increased by adding steel. The fnished product is 
robust, long-lasting, and damage resistant, making it perfect for various construction 
applications. Steel bars, wire mesh, and fbers are just a few examples of the vari-
ous reinforcing options for RC. Before the concrete is poured, steel bars are usually 
inserted and set inside the concrete formwork in a grid pattern. The wire is used to 
join the bars, creating a cage-like structure buried in the concrete. There are various 
advantages to steel reinforcement in RC. First, it strengthens the concrete, enabling 
it to support more weight and endure more stress, which makes it perfect for use in 
construction projects like bridges, skyscrapers, and dams. Second, the steel rein-
forcement aids in preventing concrete from cracking.9 The steel bars assist in more 
uniformly dispersing the stress when the concrete is subjected to tensile stresses, 
which lowers the likelihood of cracking and stops any existing fractures from spread-
ing. An image of reinforced concrete is shown in Figure 1.4. 

Finally, the steel reinforcement contributes to the concrete’s increased durability. 
The reinforcement can aid in extending the structure’s service life and lower the 
need for expensive repairs and replacements by minimizing cracking and increasing 
the strength of the concrete. Reinforced concrete is a very effective and frequently 
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FIGURE 1.4 Illustrative image of reinforcement concrete. 

utilized building material with several advantages over conventional concrete. Its 
versatility and affordability make it a popular choice for builders and architects 
worldwide, and its strength, durability, and damage resistance make it perfect for a 
broad range of applications. 

1.4.3 SYNTHETIC FIBER-REINFORCED CONCRETE 

Concrete reinforced with synthetic fbers such as polyester, nylon, or polypropylene, 
as shown in Figure 1.5, to increase strength and durability is known as synthetic 
fber-reinforced concrete (SFRC). The fbers are added to the concrete mixture during 
the mixing phase and evenly dispersed throughout the concrete matrix. Concrete’s 
performance may be signifcantly enhanced by the use of synthetic fbers in a vari-
ety of methods. First, a prevalent issue with concrete constructions, cracking may 
be managed with fbers. The fbers disperse the stresses inside the concrete more 
equally, lowering the possibility of fractures developing and spreading. This may 
increase the concrete structure’s overall durability and useful life. These fbers are 
included in the concrete matrix like that of other concrete components. Although 
the volume proportion of fbers in conventional FRC is less than 2%, it can reach 
15% in select high-performance concrete buildings.10 Second, SFRC can increase the 
concrete’s hardness and impact resistance. When the concrete is exposed to impact 
or dynamic stresses, the fbers reinforce, absorbing and dispersing energy. The use 
of SFRC in high-stress applications, including bridge decks, airport runways, and 
industrial foors, is excellent as a result. Third, SFRC can make concrete more fre 
resistant. When subjected to high temperatures, the synthetic fbers melt and disin-
tegrate, creating a network of channels that let gases escape. It aids in avoiding the 
pressure buildup that may otherwise result in concrete exploding or spalling during a 
fre. SFRC is a fexible and affordable solution to enhance concrete buildings’ tough-
ness, performance, and longevity. It is benefcial when consideration of cracking, 
impact, and fre resistance is crucial. 
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FIGURE 1.5 Synthetic fiber for reinforcement in concrete.11 

1.4.4 GLASS FIBER-REINFORCED CONCRETE 

Glass fbers are added to concrete to increase its strength and durability, creating 
glass fber-reinforced concrete (GFRC). Glass strands are woven into a fabric-like 
substance to create the glass fbers. The fbers are then bound together and attached 
to the concrete by impregnating the fabric with a polymer or cementitious matrix. 
GFRC is superior to conventional concrete in several ways. It is easier to work with 
and install since it is lighter and more fexible and can lessen the need for expen-
sive machinery and the time and expense of building. Second, GFRC is ideal for 
challenging situations due to its exceptional resistance to corrosion and wear. The 
concrete is strengthened and stabilized more by the glass fbers, reducing the like-
lihood of cracking and other damage. Third, GFRC offers greater versatility in 
architectural and design applications since it can be molded into several forms and 
patterns. In recent years, the usage of GFRC in architectural panels, facades, and 
ornamental components has grown in popularity because it enables the creation of 
intricate shapes and patterns that are either impractical or impossible to produce with 
conventional concrete. Last but not least, GFRC is a green and sustainable building 
material. Because the glass fbers used in GFRC are created from recycled resources, 
the manufacture of concrete has a lower environmental effect. Glass fbers improve 
a concrete structure’s surface integrity and homogeneity by reducing bleeding and 
the risk of fracture development in the concrete mixture. Glass fber-reinforced con-
crete’s compressive, fexural, and split tensile strengths were all shown to increase by 
20% after 28 days of curing.12 When the fber percentage was increased from 0.0% 
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to 1.2% by weight, the compressive strength of alkali-resistant glass fber-reinforced 
concrete rose by 15.12%.13,14 Additionally, splitting tensile and fexural strength 
improved by 60.78% and 50.20%, respectively, with the same percentage increase 
in fber content. 

Additionally, GFRC has a more negligible carbon impact than conventional con-
crete since it uses less energy to make and transport it. GFRC is a flexible and cut-
ting-edge construction material with several benefits over conventional concrete. Its 
resilience, adaptability, and strength make it perfect for various architectural and 
design applications, and its environmental responsibility makes it a wise option for 
the industry’s future. 

1.4.5 CARBON FIBER-REINFORCED CONCRETE 

Concrete that the addition of carbon fber has strengthened is called carbon fber-rein-
forced concrete (CFRC). Carbon atoms are bound together in a crystalline structure 
to form carbon fbers, which are very strong and light in weight. Concrete’s perfor-
mance may be enhanced in several ways by including carbon fbers. The carbon fbers 
improve the concrete’s tensile strength, improving its resistance to bending and other 
forms of stress. It is crucial because concrete is prone to breaking when subjected to 
bending forces and is generally stronger in compression than tension. Second, CFRC 
has excellent corrosion and fatigue resistance, making it perfect for use in severe 
locations or in applications where the structure would be exposed to frequent loading 
and unloading cycles. Using carbon fbers further strengthens the concrete, reducing 
the risk of cracking and other damage. Third, CFRC is lightweight and incredibly 
strong, perfect for large-scale construction projects like bridges and high-rise sky-
scrapers.15 Because carbon fbers are lightweight, less concrete is needed to produce 
the same degree of strength and durability, which lowers the cost of materials and 
transportation. The ideal range of carbon fbers in concrete mixtures is thought to 
be between 0.2% and 0.3% by volume, and evenly dispersed 20 mm long carbon 
fbers at 0.35% by volume in CFRC beams have shown the maximum energy absorp-
tion, which is around 2.3 times higher than that of non-reinforced concrete beams. 
Utilizing reclaimed carbon fbers from carbon fber-reinforced plastic bicycle frames 
and removing the resin using microwave-assisted pyrolysis (MAP) technology has 
improved the impact resistance, compressive strength, and fexural strength of CFRC 
samples.16 Compared to concrete samples reinforced with regular carbon fbers, the 
maximum compressive strength of CFRC increased by 48.8% when recycled carbon 
fbers were included at 10% by weight.17 

Finally, CFRC offers greater versatility in architectural and design applications 
since it can be molded into several forms and patterns. Because it enables compli-
cated shapes and patterns that would be challenging or impossible to accomplish 
with conventional concrete, the use of CFRC in architectural panels, facades, and 
ornamental components has grown in popularity in recent years. CFRC is a flexible, 
cutting-edge building material with several advantages over conventional concrete. 
Its flexibility and design diversity make it an appealing option for architects and 
designers, and its strength, durability, and lightweight nature make it excellent for a 
wide range of building applications. 
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1.4.6 STEEL 

Steel is the primary material used to produce steel-based constructions. Due to its 
power, toughness, and adaptability, this kind of structure has grown in popularity 
recently. Large open spaces may be built using steel, a very robust and long-lasting 
material, without load-bearing walls or columns. The strength and endurance of 
steel-based structures are two of their key advantages. Steel is perfect for usage in 
various locations since it is resistant to many different harms, including fre, damp-
ness, and pests. Steel can sustain huge weights and endure intense pressures because 
of its excellent resistance to bending and deformation. Depending on the specifc 
requirements of the uses, carbon and a few other elements are added to iron to cre-
ate steel, an iron alloy. Different kinds of steel alloys may be produced by altering 
the carbon content of the steel. High-carbon steel is tough, strong, and brittle, con-
taining 0.5% to 2.0% carbon by weight. Pre-stressed concrete wires, high-strength 
wire ropes, springs, and suspension cables for bridges are all frequently made from 
this type of steel alloy. Conversely, low-carbon steel may be easily formed into thin 
sheets or strips because of its softness, malleability, ductility, and high toughness.18 

The adaptability of steel-based structures is another benefit. Greater versatility in 
architectural and design applications is made possible by the ability to produce steel 
in various forms and sizes. This adaptability also enables the construction of exten-
sive, open areas without the requirement for load-bearing walls or columns, increas-
ing useable floor space and additional design options. Buildings made of steel are 
likewise very environmentally friendly and sustainable. Steel is a highly recyclable 
material, and recycled steel is used to construct many steel-based buildings. Steel is 
also very energy efficient, which may aid in lowering energy expenses and expendi-
tures associated with heating and cooling systems. Lastly, steel-based structures are 
frequently more affordable to build than conventional ones, as shown in Figure 1.6. 

FIGURE 1.6 Basic construction of steel structure and truss detail.19 
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Construction is often completed quicker, and the lack of load-bearing walls or 
columns may lead to lower construction costs. Steel is also quite strong, which means 
that maintenance and repairs will be unnecessary throughout a building’s lifespan. 
Steel-based buildings have several advantages over conventional building techniques. 
Steel is a desirable alternative for various construction applications, from residential 
residences to commercial structures and industrial facilities, because of its strength, 
durability, adaptability, sustainability, and affordability. 

1.4.7 BRICK 

Brick is a classic building material that has existed for a long time. It is constructed of 
clay or another natural material molded into a rectangular shape and heated to a high 
temperature to transform into a potent, long-lasting substance. For its strength, tenac-
ity, and aesthetic appeal, brick is highly prized and employed in various construction 
applications. Brick’s strength and longevity are two of its key features. Brick is excel-
lent for usage in various locations since it is very resistant to harm from fre, damp-
ness, and pests. Brick can sustain huge weights and endure intense pressures since it is 
also very resistant to bending and distortion. The thermal mass characteristics of brick 
are another beneft. Brick can absorb and store heat from the environment because of 
its large thermal mass, which helps control indoor temperatures and lower energy use 
and can cut energy expenses for heating and cooling while enhancing interior com-
fort. Additionally, brick is adaptable and may be utilized in various architectural and 
design contexts. It may be formed into many sizes and forms, enabling more design 
versatility. Additionally, brick is available in various hues and textures, making it 
simple to complement other construction materials or produce striking and appealing 
patterns. Moreover, brick is a very environmentally friendly and sustainable build-
ing material. It is manufactured from natural resources, and many brick producers 
employ environmentally friendly processes and supplies. Brick is also highly resil-
ient and, with proper care, may survive for decades or centuries, decreasing the need 
for replacement and minimizing waste. Brick is a fexible, strong, and environmen-
tally friendly building material with several advantages over other materials. It is an 
appealing solution for various construction applications, from residential residences 
to commercial structures and industrial facilities thanks to its strength, thermal mass 
qualities, adaptability, and eco-friendliness. Nowadays in the construction of struc-
tures, concrete bricks are also occasionally used. Various attempts have recently been 
made to create bricks from waste materials such as fy ash, as shown in Figure 1.7, in 
addition to sawdust, slag, sewage sludge, plastic trash, and cigarette butts.20 

FIGURE 1.7 Sample of fly ash-based brick.21 
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1.4.8 GLASS 

One of the earliest materials manufactured by humans’ dates back to 500 bc. The 
same raw elements needed to make ceramics are also needed to make glass, including 
soda, lime, and silica. Even so, these raw materials are mixed in various compositions 
and treated differently for glass manufacturing than for ceramics. At higher tempera-
tures, the fusion of siliceous material with alkalis results in the creation of glass. The 
primary sources of silica for making perfect glass are sand, quartz, and fintstone, 
albeit melting these minerals requires much thermal energy. While glass made entirely 
of quartz can be produced at temperatures as high as 2300°C, pure quartz must frst 
melt at a temperature of 1710° C. Soda, natron, potash, or occasionally shards of recy-
cled glass are added as alkalis to lower the melting temperatures.22,23 The temperature 
required to make glass drops to 1500°C when soda is added. Lime enters the picture 
to balance the solubility and improve the durability of glass because adding alkalis to 
the process makes the mixture soluble in water. Glass acquires its color from certain 
impurities in essential ingredients. Therefore, the opacity, transparency, and color of 
glass can be altered by adjusting the amount of a coloring agent in the glass compo-
sition. Depending on the various geographic regions from which raw materials for 
glass are purchased, the impurities change. Due to its extensive use in various building 
styles and its long history in construction, glass is regarded as a standard building 
material. It is a versatile material with unique qualities and advantages. Some of the 
essential characteristics of glass as a typical building material are that it is renowned 
for its transparency, which permits natural light to enter structures and produces a 
setting that appears open and expansive. It promotes well-being and fosters a sense of 
connection to the outside world. Glass allows for the transmission of natural light into 
interior spaces, which reduces the demand for artifcial lighting during the day. 

Additionally, it enables passive solar heat gain, which aids in regulating indoor 
temperatures and lowering energy use. Glass is valued for its aesthetic attributes, 
which give buildings a contemporary and chic appearance. It can be employed in 
various architectural designs, from sleek and modern structures to traditional and 
historical ones. 

Glass is used in various structural applications, including glass facades, curtain 
walls, and floors. While allowing for wide-ranging views and daylight, it can offer 
structural stability. Insulated glass units (IGUs) filled with insulating gas and com-
prising several glass panes provide thermal insulation. IGUs improve thermal insu-
lation by lowering heat transfer and raising a building’s energy efficiency. Glass can 
aid in sound insulation, lowering the amount of noise transmitted between interior 
and outside spaces. Laminated glass, which has numerous layers and an interlayer, 
offers improved sound insulation. Tempered or laminated glass is frequently used to 
increase security and safety. It contains an interlayer that holds the glass together even 
when cracked, preventing it from falling apart. In contrast, tempered glass is made 
to break into little, less dangerous fragments when it is broken. Glass is a potent sub-
stance that resists UV rays, corrosion, and the elements.24 Its long-term performance 
can be ensured with proper upkeep and care. Compared to other building materials, 
glass surfaces are comparatively simple to keep clean and maintain. Their transpar-
ency and appearance can be maintained with regular cleaning. Glass is a recyclable 
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substance, making it a sustainable option. It may be reused and recycled to make new 
glass items, which lowers the need for raw resources. Glass has been a common build-
ing material for ages, and technological developments have increased its uses and 
enhanced its performance. Due to the utilitarian and aesthetically pleasing aspects it 
brings to structures, it is still frequently utilized in the construction sector. 

1.4.9 WOOD 

One of the most common and commonly used building materials, wood, has a long 
history of use in architecture. It has been used in various building types and archi-
tectural styles and offers many benefts. An essential characteristic of wood as a 
typical building material is that it is a resource that comes from trees that is regen-
erative. Unlike to non-renewable materials, responsibly harvested wood and timber 
products can be obtained from sustainably managed forests. Wood has advantageous 
structural characteristics such as strength, durability, and load-bearing capability. 
It can be applied to building frameworks, beams, columns, and other load-bearing 
components. Wood naturally insulates, which aids in temperature control and lessens 
heat transfer. Compared to materials like steel or concrete, it offers higher thermal 
performance. Wood has a warm, natural aspect, giving structures character and aes-
thetic appeal. It may produce a warm and welcoming ambiance in both interior and 
exterior uses. Wood is also a fexible material that is easily cut, molded, and formed, 
creating unique and creative patterns. It provides versatility in terms of architectural 
styles and can be employed in traditional, modern, or rustic designs. Wood is rela-
tively lightweight compared to many other building materials, making it simpler to 
handle and transport. It may result in shorter construction schedules and lower labor 
expenses. Wood has outstanding natural sound absorption and dampening capabil-
ities. It is appropriate for fooring, wall panels, and ceilings since it can help create 
a peaceful and comfortable indoor environment. Wood that has been appropriately 
cared for and treated may be solid and long lasting. Timber preservation and protec-
tive coatings can improve its resistance to decay, pests, and weathering. Wood has the 
remarkable capacity to retain carbon dioxide (CO

2
) that is taken in from the atmo-

sphere as trees develop. By lowering greenhouse gas emissions, this helps to combat 
climate change. Wood is a material that is both recyclable and degradable. At the end 
of its life cycle, it can be recycled, repurposed, or used again, reducing waste and 
environmental harm. Wood continues to be the material of choice for various con-
struction uses, including residential, commercial, and industrial projects. Wood can 
offer environmentally friendly, visually beautiful, and structurally sound solutions in 
the built environment with the right design, building, and maintenance techniques. 

1.5 ADVANCED BUILDING MATERIALS 

Advanced building materials are cutting-edge, high-performance substances utilized 
in construction that provide better qualities than conventional building substances. 
These materials are often created to increase a building’s overall performance, dura-
bility, sustainability, and energy effciency. A few instances of cutting-edge building 
materials are classifed in Figure 1.8. 
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FIGURE 1.8 Classification of advanced building materials. 

1.5.1 HIGH-PERFORMANCE CONCRETE 

High-performance concrete (HPC) is a modern building material with better qual-
ities than regular concrete. It is designed to offer improved strength, durability, 
and resistance to different environmental variables. Compared to regular concrete, 
high-performance concrete very often includes silica fume. High-performance con-
crete usually incorporates fy ash, ground granulated blast furnace slag (slag), or 
both components. In high-performance concrete, the aggregate’s maximum size is 
typically 10 to 14 mm, meaning a smaller maximum size than ordinary concrete. 
This is because of two factors.25 First, a smaller maximum size reduces the differen-
tial stresses that could cause microcracking at the aggregate–cement paste interface. 
Second, smaller aggregate particles are more robust than bigger ones because the 
most signifcant faults in the rock are removed during comminution, which controls 
strength. Another thing to note about the ingredients is that a superplasticizer is 
required because of the mixture’s low water-to-cement ratio and silica fume. During 
the past decades, high-performance concrete has gradually grown, mainly due to 
creating concrete with increasing strengths: 80, 90, 100, 120 MPa, and occasion-
ally even higher. Nowadays, 140 MPa can be routinely produced in various places 
worldwide.26 But high-strength concrete and high-performance concrete are differ-
ent. Some of the salient features and advantages of employing high-performance 
concrete are. 

1. Strength and durability: HPC is appropriate for projects that demand a higher 
load-bearing capacity because of its much higher compressive strength than 
conventional concrete. Its capacity to bear enormous loads and withstand 
breaking increases the structure’s overall toughness and lifetime. 

2. Reduced permeability: Compared to traditional concrete, HPC has a lower 
permeability, making it less susceptible to water infltration. It lessens the 
possibility of embedded steel reinforcement corroding and increases the 
structure’s endurance, especially in settings exposed to dampness, chemi-
cals, or severe weather. 

3. Enhanced resistance to chemical attack: HPC is designed to have a high 
resistance to attacks from chemicals, including acids, sulfates, and chlo-
rides. As a result, it is appropriate for buildings situated in urban or coastal 
locations where the risk of exposure to corrosive substances exists. 
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4. Increased freeze–thaw resistance: HPC has excellent freeze–thaw resis-
tance. It lessens the chance that freezing conditions may cause damage due 
to the expansion of water inside the concrete. This characteristic is essential 
in cold locations with frequent freeze–thaw cycles. 

5. Improved workability: HPC can maintain good workability despite having 
more strength, simplifying placement and consolidation during construc-
tion. With proper handling, it may be pumped and put in intricate formations 
to obtain a fawless surface fnish. 

6. Design fexibility: Compared to conventional concrete, HPC offers greater 
design fexibility. It enables architects and engineers to develop cutting-edge 
and visually beautiful structures by making thin and lighter structural elements. 

7. Sustainability: HPC can help with environmentally friendly building tech-
niques. It frequently includes additional cementitious materials like fy ash 
or slag, which minimize the carbon footprint and the amount of cement 
needed. Additionally, due to its improved resilience, structures may survive 
longer and require fewer repairs or reconstructions. 

8. Rapid construction: HPC can promote speedier construction operations due 
to its increased early-age strength development. It enables building time-
lines to be hastened, saving time and money. 

High-rise buildings, bridges, dams, tunnels, maritime constructions, and infrastruc-
ture projects where toughness and durability are essential frequently utilize high-
performance concrete. Due to its excellent qualities, it is a fundamental component 
of strong and durable constructions. 

1.5.2 ULTRA-HIGH-PERFORMANCE CONCRETE 

An advanced building material with extraordinary strength, durability, and perfor-
mance qualities is ultra-high-performance concrete (UHPC). This particular kind of 
concrete is carefully mixed with fne particles, fbers, and chemical admixtures to 
produce concrete with exceptional mechanical and structural qualities. UHPC has 
a substantially higher compressive strength than regular concrete, generally reach-
ing 150 MPa (megapascals). With less material used, slim, lightweight constructions 
may be built thanks to this outstanding strength. UHPC also exhibits exceptional ten-
sile strength, frequently attained by mixing steel or synthetic fbers. This increased 
tensile strength aids in reducing cracking and enhancing the material’s overall 
toughness and resilience. Tiny powders give UHPC a high particle-packing density, 
creating a dense and impenetrable microstructure. The material’s resistance to abra-
sion, chemical assault, and freeze–thaw cycles is infuenced by its density.27 UHPC is 
highly resistant to environmental variables like chloride intrusion, carbonation, and 
chemical exposure because of its dense microstructure and reduced porosity. The 
service life of structures is increased due to their durability, which also lowers main-
tenance needs. Because of its dense matrix, UHPC has a low permeability to liquids 
and gases, making it ideal for applications requiring water tightness such as water 
tanks, tunnels, and bridge decks. UHPC has high strength as well as excellent duc-
tility. Structures can handle dynamic loads and seismic occurrences better because 
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they can experience considerable deformations before failing. The high strength and 
structural performance of UHPC allow for the construction of smaller and lighter 
parts, increasing design freedom and opening up more architectural options. 

Due to UHPC’s great strength and durability, these vital components, such as 
bridge decking, girders, and connectors, can last longer and handle more weight. 
Architectural facades can be made with UHPC panels and cladding for their light 
weight, sturdiness, and aesthetic appeal. To increase the load-bearing capacity and 
prolong the service life of deteriorated concrete structures, including columns, beams, 
and slabs, UHPC is used in their repair and strengthening.28 UHPC makes it possible 
to create precast concrete components with complex designs, robust connections, and 
increased durability. Even though UHPC has several benefits, there are a few things 
to consider. Because UHPC requires specialized materials and strict manufactur-
ing specifications, it is often more expensive than regular concrete. UHPC calls for 
precise control over the mix design and production process to guarantee consistent 
performance. Equipment and specialized skills may be needed while working with 
UHPC to ensure optimal mixing, placement, and curing to maximize performance. 

1.5.3 SELF-HEALING CONCRETE 

Self-healing concrete is a type of concrete that can repair cracks and damage on 
its own, reducing the need for regular maintenance and repairs. Self-healing con-
crete is an innovative technology that can be used in green buildings to reduce the 
need for maintenance and repairs and to extend the life of the building. A model of 
self-healing concrete is shown in Figure 1.9. Self-healing concrete was developed as 
a novel method of self-repairing concrete cracks.29 Yet several creative methods for 
self-healing cementitious materials have been devised and suggested. This is referred 
to as a life cycle assessment (LCA). The LCA’s goal is quantifying the environmental 
impact reduction that could be achieved by using the proposed self-healing concrete 
instead of more traditional concrete. Some direct benefts of concrete self-healing 
include a reduction in the rate of deterioration, the extension of service life, and a 
reduction in repair frequency and cost over the life cycle of the concrete infrastruc-
ture.30 Certain unique components (such as fbers or capsules), which include some 
adhesive substances, are dispensed into the concrete mix to generate self-healing 
concrete. When fbers or capsules break, the liquid that is within immediately seals 
the fracture and repairs it. Since concrete has a relatively low tensile strength, cracks 
are a regular occurrence. These gaps make concrete less durable since they make it 
simple for gases and liquids that could contain toxic compounds to travel. Concrete 
itself may be harmed, as well as the steel reinforcement bars, if microcracks spread 
and eventually reach the reinforcement.31 Thus, it’s crucial to keep crack width under 
control and to get them repaired as soon as feasible. 

Concrete buildings’ service lives could be extended by self-healing fissures, which 
would also increase the material’s durability and sustainability. Another approach 
involves incorporating microorganisms into the concrete mixture. These microor-
ganisms can produce calcium carbonate when they come into contact with water, 
which can fill in cracks and prevent further damage. Self-healing can be classified 
in to two categories. 
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FIGURE 1.9 Model of self-healing concrete.32 

1.5.3.1 Autogenous Self-Healing Concrete 
This is an example of self-healing concrete that demonstrates concrete’s innate ability to 
mend or heal cracks in the presence of water. The autogenous crack healing in concrete 
is accomplished by further hydrating un-hydrated cement grains, precipitating calcium 
carbonate crystals on the surface of cracks in the presence of water and CO

2
, chipping 

concrete particles inside crack surfaces, and consolidating debris or impurities present 
in the ingress water to seal the crack. The autogenous healing process is recognized at 
a very early stage of creating concrete buildings. It restores the strength of the concrete 
while also repairing the fssures. If the pH of fresh water is close to 7 and there is a lot 
of carbon dioxide in the air, it is possible to seal 200 m wide cracks. Fibers, shrinkable 
polymers like polyethylene terephthalate (PET), and crystalline admixtures like SCM 
(superplasticizers and crystalline admixtures) an all be used to improve. 

1.5.3.2 Autonomous Self-Healing Concrete 
This concrete exhibits self-healing properties, utilizing the inherent capability of con-
crete to repair cracks when exposed to water. The autogenous damage healing pro-
cess involves several mechanisms: further hydration of un-hydrated cement grains, 
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precipitation of calcium carbonate crystals on crack surfaces in the presence of water 
and CO

2
, fragmentation of concrete particles within cracks, and consolidation of 

debris or impurities in the water to seal the cracks. The autogenous healing mecha-
nism has been recognized since the early days of concrete construction, effectively 
flling cracks and preserving concrete durability, particularly in freshwater environ-
ments with a pH close to 7. In environments rich in carbon dioxide, cracks up to 200 
micrometers wide can also be sealed. Enhancements to autogenous healing include 
the addition of fbers, shrinkable polymers like polyethylene terephthalate (PET), or 
crystalline admixtures such as SCM. However, research suggests that incorporating 
GGBS or fy ash reduces calcium ion production, thereby diminishing the concrete’s 
self-healing capacity. 

1.5.3.3 Advantage of Self-Healing Concrete 
1. Improve durability: Self-healing concrete contains microcapsules of healing 

agents that can be released to repair cracks and other damage in the con-
crete. This can extend the life of the building and reduce the need for repairs 
and maintenance. 

2. Reduced environmental impact: Self-healing concrete can reduce the need 
for new concrete, which can signifcantly reduce the environmental impact 
of construction. Additionally, it can reduce the need for transportation and 
disposal of construction materials, which can further reduce the environ-
mental impact. 

3. Cost-effective: While self-healing concrete may have a higher initial cost 
than traditional concrete, it can provide long-term cost savings through 
reduced maintenance and repairs. This can make it a cost-effective option 
for green buildings. 

4. Energy effciency and safety: Self-healing concrete can also improve energy 
effciency by reducing the need for heating and cooling to maintain comfort-
able indoor temperatures. This can lead to lower energy bills and reduced 
greenhouse gas emissions. Self-healing concrete can improve the safety of 
the building by preventing damage from structural failures or natural disas-
ters such as earthquakes or hurricanes. 

5. Design fexibility: Self-healing concrete can be used to create a wide range 
of building designs, including custom shapes and sizes. This provides archi-
tects and builders with more design fexibility and can result in unique and 
aesthetically pleasing building designs. 

1.5.4 FLEXIBLE CONCRETE 

Over the past few years, academics have concentrated on creating sustainable 
concrete. Fly ash, slag, and recycled aggregates are some examples of recycled 
resources included in sustainable concrete, which helps lessen the carbon foot-
print of the concrete production process. A type of concrete with greater fexibility 
and elasticity than regular concrete is known as fexible concrete, bendable con-
crete, or fexible cementitious composite. Deformation won’t cause it to break or 
lose its structural integrity because it is built to endure it. Cementitious materials, 
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aggregates, and additives are the main components of fexible concrete. The pre-
cise composition may change depending on the desired level of fexibility and the 
intended application. Fibers such as steel or polymer fbers are frequently added 
to the mix to increase the concrete’s tensile strength and fexural capacity. Due 
to its great fexibility, fexible concrete can experience severe deformation without 
cracking.34 Fibers that span fssures and distribute stress throughout the material are 
incorporated to achieve this. The fbers allow the concrete to bend and fex without 
breaking by absorbing energy and preventing fracture progression. Flexible con-
crete’s resistance to cracking is one of its main benefts. The presence of fbers aids 
in limiting crack initiation and halting crack spread. This feature is benefcial when 
the concrete is subjected to dynamic loads, such as in earthquake-prone areas or 
structures that experience vibrations. Pavements, bridge decks, precast components, 
architectural facades, and repairs are just a few uses for fexible concrete. Due to 
its fexibility, it can adjust to various structural movements and loads, lowering the 
possibility of damage or failure brought on by outside forces. Flexibility in concrete 
is intended to offer exceptional resilience and lifespan. The material’s resistance to 
shrinkage, cracking, and environmental conditions, including freeze–thaw cycles, is 
improved by adding fbers and other additives. As a result, the concrete construction 
becomes more robust and lasts longer. It also provides multiple construction advan-
tages. Due to its fexibility, expansion joints are less necessary, streamlining con-
struction procedures and lowering maintenance needs. It can be shaped into many 
forms, giving architects fexibility and design freedom. Although fexible concrete 
offers performance benefts, it is crucial to consider the sustainability issues related 
to the materials employed. The sustainability of fexible concrete can be improved 
by using environmentally friendly cementitious components, such as additional 
cementitious materials or substitute binders with lower carbon footprints and recy-
cled aggregates.35 It’s important to remember that the study and use of fexible con-
crete is still a new topic. The qualities and application scope of this novel building 
material are continually being enhanced by ongoing research and developments in 
material science. 

1.5.5 INSULATED CONCRETE FORMS 

Insulated concrete forms are blocks made from expanded polystyrene foam that are 
stacked together and flled with concrete to create a high-performance, energy-effcient 
building envelope. Figure 1.10 shows an illustrative image of insulated concrete 
forms. Insulated concrete forms are a sustainable building technology that can be 
used in green buildings to provide superior insulation, energy effciency, and dura-
bility. Insulated concrete forms are designed to provide a high level of insulation to 
a building’s walls and can be used for both residential and commercial construction 
projects.36 They are also known for their durability, energy effciency, and ease of 
use. Insulated concrete forms come in a variety of sizes and shapes and can be cus-
tomized to ft the specifc needs of a construction project. They are typically made 
from expanded polystyrene foam (EPS) or extruded polystyrene foam (XPS), and the 
foam is reinforced with steel or plastic webbing to add strength to the walls. CFs offer 
several advantages over traditional building materials.37 They provide a high level of 
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FIGURE 1.10 Illustrative image of insulated concrete forms.39 

insulation, reducing energy costs and improving indoor comfort. They are also fre 
resistant and have excellent soundproofng properties. Additionally, because insu-
lated concrete forms are lightweight and easy to install, construction times are typ-
ically shorter and labor costs are reduced. Insulated concrete forms provide strong 
and durable building structures that are resistant to damage from wind, water, and 
fre.38 This can reduce the need for repairs and maintenance and extend the life of 
the building. 

Advantages of Insulated Concrete Forms 
1. Superior insulation: Insulated concrete forms are made from insulating 

foam blocks that are stacked and flled with concrete. This creates a build-
ing envelope that provides superior insulation and reduces energy consump-
tion for heating and cooling. 

2. Energy effciency: Insulated concrete forms create airtight building enve-
lopes that reduce the amount of air leakage and energy loss compared to 
traditional building methods. This results in lower energy bills, reduced 
greenhouse gas emissions, and improved indoor air quality. 

3. Cost effectiveness: While insulated concrete forms may have a higher ini-
tial cost than traditional building methods, they can provide long-term cost 
savings through reduced energy consumption, lower maintenance costs, and 
increased durability. 

4. Sustainable materials: Insulated concrete forms are made from environ-
mentally friendly materials, including foam insulation made from recycled 
materials and concrete made from sustainable materials, such as fy ash. 
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5. Design fexibility: Insulated concrete forms can be used to create a wide 
range of building designs, including custom shapes and curved walls. This 
provides architects and builders with more design fexibility and can result 
in unique and aesthetically pleasing building designs. 

Insulated concrete forms are a sustainable building technology that can be used in 
green buildings to provide superior insulation, energy efficiency, and durability. By 
incorporating insulated concrete forms into building designs, architects and builders 
can create sustainable buildings that are environmentally responsible and cost effec-
tive, with long-term benefits for both the environment and occupants. 

1.5.6 DIGITAL CONCRETE 

A new idea, “digital concrete,” combines conventional concrete with digital tech-
nologies, embedded sensors, and data collection. Various digital components must 
be integrated into the physical structure to track the performance of the concrete 
structure, gather data, and enable real-time analysis. Digital concrete includes strain 
gauges, accelerometers, and temperature and moisture40 sensors within the concrete 
mixture or into precast concrete components. These sensors continuously monitor the 
structural load, temperature swings, humidity levels, and strain distribution within 
the concrete. Digital concrete’s integrated sensors allow for real-time environmental 
conditions, structural performance, and behavior monitoring.40 Engineers and stake-
holders will have access to the most recent data on the structural health and integrity 
of the concrete thanks to the wireless transmission of this data to a central system 
for examination. Digital concrete allows for continuous structural health monitoring, 
identifying and evaluating potential problems such as fractures, deformations, and 
stress concentrations. This proactive technique enables early structural fault detec-
tion, allowing for prompt maintenance or repairs to prevent catastrophic failures. 
Digital concrete makes it easier to optimize the performance of concrete by gather-
ing data on variables like strain, temperature, and moisture. Based on real-time feed-
back, engineers can use data analysis to optimize concrete mix designs and curing 
procedures and increase material performance. It also offers valuable information 
about the aging and deterioration of concrete structures. Engineers can minimize 
downtime and maximize the structure’s lifespan by predicting maintenance needs 
through analysis of the gathered data and creating proactive maintenance plans. It 
can create accurate structural models, and simulations can be made using digital 
concrete data. Engineers can then analyze the effects of environmental conditions, 
simulate various load situations, and optimize the structural design for increased 
performance and safety. Digital concrete’s real-time monitoring and early detection 
features help keep construction sites safer. Identifying potential hazards and weak-
nesses reduces the likelihood of mishaps or structural breakdowns. 

Digital concrete offers valuable information during all stages of a structure’s 
existence, from construction to operation and maintenance. Based on the concrete’s 
performance history, this data-driven method offers better decision making about 
repairs, renovations, and future design concerns. It’s crucial to remember that the 
field of digital concrete is still developing, and its current level of mainstream usage 
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could be higher. However, the creation and application of digital concrete in con-
struction projects are driven by ongoing research and improvements in sensor tech-
nology, data analytics, and Internet of Things (IoT) applications. 

1.5.7 LIGHT-EMITTING CONCRETE 

Researchers from Michoacán University in San Nicolás de Hidalgo, Mexico, have 
created a unique cement that collects solar energy during the day and emits it at 
night. This luminescent cement might be used to illuminate buildings, cycling 
routes, and roadways. Figure 1.11 (a) and (b) shows light-emitting cement used as 
pathways and in building applications, respectively. Cement is often an opaque sub-
stance that prevents light from penetrating its core. It is really a blend of powders 
that, when mixed with water, dissolve as an effervescent tablet and begin to solidify 
into a highly robust gel. In addition, this procedure produces crystal fakes in the 
gel that defect sunlight.41 Due to this, researchers concentrated on changing the 
cement’s microstructure in order to remove all crystals and turn it completely into a 
gel by adding a mixture of polymers with luminescent properties. These polymers 
can absorb solar energy and release it as light for about 12 hours at night into the 
environment.42,43 

Advantage of light-emitting cement 
1. Improved visibility: The luminescent properties of the cement can help 

improve visibility in low-light conditions, making it easier to see walkways, 
stairs, and other important areas. 

2. Energy effciency: Light-emitting cement doesn’t require electricity to pro-
duce light, so it can help save on energy costs. 

3. Low maintenance: The cement doesn’t require any additional maintenance 
beyond standard concrete upkeep. 

FIGURE 1.11 (a) Light-emitting cement used as pathways and (b) used in building.44 
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4. Aesthetic appeal and safety: Light-emitting cement can be used for deco-
rative purposes, creating unique and eye-catching designs. Light-emitting 
cement can improve safety in public areas such as sidewalks, parks, and bike 
paths by increasing visibility and reducing the risk of accidents. 

5. Environmental benefts: Some types of light-emitting cement are made from 
recycled materials, which can help reduce waste and promote sustainability. 

Overall, light-emitting cement has the potential to offer a range of benefts, from 
improving safety to enhancing the aesthetic appeal of buildings and public spaces. 

1.5.8 BIO-CEMENTATION 

“Bio-cementation” refers to using specifc microbes to solidify or “cement” loose 
soil or sand particles together. It is also known as microbial-induced calcite pre-
cipitation (MICP). It has drawn interest as a cutting-edge method for enhancing 
building materials’ stability and mechanical qualities. Bacteria, mainly species of 
Sporosarcina, Bacillus, or other urease-producing microbes, are used in the bio-
cementation process. These microorganisms can produce the enzyme urease, which 
hydrolyzes urea into carbon dioxide and ammonia. The ammonia that is created 
elevates the pH of the environment in the presence of calcium ions, causing calcium 
carbonate (CaCO

3
) to precipitate. The created calcium carbonate serves as a binder, 

gluing the soil particles together to form a solid mass.45 The bio-cementation method 
has several benefts over conventional cement. For example, strength and durability 
are increased because the pores between soil particles are flled with calcium car-
bonate, which leads to better cohesion and interlocking. It also improves the materi-
al’s stability and strength. Bio-cementation can signifcantly improve the ability of 
weak or loose soils to support loads, making them appropriate for use in buildings. 
As soil particles solidify due to calcium carbonate precipitation, the material’s per-
meability is decreased, making it less permeable to water infltration and erosive 
forces. Because bio-cementation uses naturally occurring bacteria instead of cemen-
titious products with a high carbon footprint, it is considered an environmentally 
benign process. 

However, there are several restrictions and difficulties with bio-cementation. The 
bio-cementation method works best with sandy soils and may have some difficulty 
with other soil types. The soil’s composition and environmental factors must be 
favorable for bacteria to flourish and calcium carbonate to precipitate. It can take 
weeks or months for the bacteria to acquire the necessary level of soil consolidation 
during the bio-cementation process. Something other than this might be appropriate 
for construction jobs with tight deadlines. It can be challenging to ensure that bac-
teria and calcium carbonate precipitation are distributed uniformly throughout the 
soil mass. Quality control procedures must be implemented to track and confirm 
the efficiency of the bio-cementation process. Research on bio-cementation is still 
in its early stages, and new studies are being conducted to improve the method and 
overcome its drawbacks. It might offer long-term options for improving building 
materials and stabilizing soil in various technical applications. 
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1.5.9 RECYCLED MATERIALS 

Using recycled materials, such as recycled steel or reclaimed wood, can help reduce 
the environmental impact of building materials. The use of recycled materials in 
green buildings is a sustainable practice that can signifcantly reduce the environ-
mental impact of the building industry. Here are some ways that recycled materials 
can be incorporated into green buildings. 

1.5.9.1 Recycled Steel 
Steel is a common building material, and using recycled steel reduces the environ-
mental impact of steel production. Recycled steel can be used as a building material 
in a variety of applications, including structural framing, roofng, and cladding. Steel 
is a strong, durable, and versatile material that is commonly used in construction, 
and recycling steel can help to reduce the environmental impact of the construction 
industry. Recycling steel involves melting down scrap steel and remolding it into new 
steel products. The process of recycling steel requires less energy and produces fewer 
greenhouse gas emissions than producing new steel from raw materials. In addition, 
recycling steel can help to conserve natural resources, reduce landfll waste, and 
extend the lifespan of existing steel products. In construction, recycled steel can be 
used in a variety of ways. For example, it can be used for structural framing in build-
ings, such as columns, beams, and trusses. Recycled steel can also be used for roofng 
and cladding, as well as in the manufacture of building components such as stairs, 
handrails, and elevators. In addition to the environmental benefts of using recycled 
steel in construction, there are also economic benefts. Using recycled steel can be 
more cost-effective than using new steel, as the cost of recycled steel is typically 
lower than the cost of new steel. In addition, using recycled steel can help to reduce 
the risk of price fuctuations associated with new steel. However, there are also 
some challenges associated with using recycled steel in construction. For example, 
the quality and consistency of recycled steel can vary depending on the source and 
the recycling process. This can pose challenges for builders and manufacturers who 
need to ensure that the steel meets the required standards for strength and durability. 
Overall, the use of recycled steel as a building material can provide environmental 
and economic benefts. By using recycled steel, the construction industry can help 
to reduce greenhouse gas emissions, conserve natural resources, and reduce landfll 
waste. However, careful consideration must be given to the quality and consistency 
of recycled steel to ensure that it meets the required standards for strength and dura-
bility in construction applications 

1.5.9.2 Recycled Concrete 
Concrete is another common building material that can be made with recycled mate-
rials such as crushed concrete or fy ash. Recycled concrete can be used as a building 
material in a variety of construction applications. Concrete is a widely used building 
material, and recycling concrete can help to reduce the environmental impact of the 
construction industry. Recycling concrete involves crushing and grading old con-
crete to produce a material that can be used as an aggregate in new concrete. The 
process of recycling concrete requires less energy and produces fewer greenhouse 
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gas emissions than producing new concrete from raw materials. In addition, recy-
cling concrete can help to reduce landfll waste and conserve natural resources. In 
construction, recycled concrete can be used in a variety of ways. For example, it can 
be used as an aggregate in new concrete, as well as in the manufacture of concrete 
blocks and other precast concrete products. Recycled concrete can also be used as a 
base material for roads and pathways and as a fller material in construction projects. 
There are several benefts associated with using recycled concrete in construction. 
For example, using recycled concrete can help to reduce the environmental impact 
of the construction industry, as it can help to reduce greenhouse gas emissions and 
conserve natural resources. In addition, using recycled concrete can be more cost-
effective than using new concrete, as the cost of recycled concrete is typically lower 
than the cost of new concrete. However, there are also some challenges associated 
with using recycled concrete in construction. For example, the quality and consis-
tency of recycled concrete can vary depending on the source and the recycling pro-
cess. This can pose challenges for builders and manufacturers who need to ensure 
that the concrete meets the required standards for strength and durability. Overall, 
the use of recycled concrete as a building material can provide environmental and 
economic benefts. By using recycled concrete, the construction industry can help 
to reduce greenhouse gas emissions, conserve natural resources, and reduce landfll 
waste. However, careful consideration must be given to the quality and consistency 
of recycled concrete to ensure that it meets the required standards for strength and 
durability in construction applications. 

1.5.9.3 Reclaimed Wood 
Reclaimed wood is a popular choice for recycled materials in building and construc-
tion applications. It is obtained from old buildings, barns, and other structures that 
have been dismantled or demolished. Reclaimed wood can provide a unique look to 
a building project while also offering environmental benefts. Using reclaimed wood 
in construction can help to reduce the demand for new timber, which can help to 
conserve natural resources and reduce the environmental impact of the construction 
industry. Additionally, reclaiming and reusing old wood can help to prevent it from 
ending up in landflls, which can help to reduce waste and greenhouse gas emis-
sions. Reclaimed wood can be used in a variety of ways in construction, including 
as structural framing, fooring, wall cladding, and decorative features. When using 
reclaimed wood, it is important to ensure that it is properly prepared and treated 
to ensure its durability and structural integrity. There are several benefts to using 
reclaimed wood in construction. For example, it can offer a unique aesthetic that 
cannot be replicated with new materials. Reclaimed wood also has a character and 
warmth that can add value to a building project. In addition, using reclaimed wood 
can be more cost-effective than using new timber, as the cost of reclaimed wood is 
typically lower than the cost of new timber. However, there are also some challenges 
associated with using reclaimed wood in construction. For example, the quality and 
condition of the wood can vary depending on the source and the previous use of the 
wood. This can pose challenges for builders and manufacturers who need to ensure 
that the wood meets the required standards for strength and durability. Overall, the 
use of reclaimed wood as a building material can provide environmental and aesthetic 
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benefts. By using reclaimed wood, the construction industry can help to reduce the 
demand for new timber, conserve natural resources, and reduce waste. However, 
careful consideration must be given to the quality and condition of reclaimed wood 
to ensure that it meets the required standards for strength and durability in construc-
tion applications. 

1.5.9.4 Recycled Glass 
Recycled glass is a versatile and sustainable material that can be used in build-
ing and construction applications. Glass recycling involves melting down used glass 
and forming it into new products, which can help to conserve natural resources and 
reduce waste. In construction, recycled glass can be used in a variety of ways. For 
example, it can be used as an aggregate in concrete and asphalt, as well as in the 
manufacture of glass blocks, countertops, and tiles. Recycled glass can also be used 
as a decorative element in landscaping and as a fller material in construction proj-
ects. There are several benefts associated with using recycled glass in construc-
tion. For example, using recycled glass can help to reduce the demand for new raw 
materials, which can help to conserve natural resources and reduce the environmen-
tal impact of the construction industry. Additionally, using recycled glass can help 
to reduce landfll waste and greenhouse gas emissions. Recycled glass can offer 
a unique and attractive aesthetic to a building project, with its texture and color 
adding visual interest. Recycled glass can also be cost effective, as the cost of recy-
cled glass is typically lower than the cost of new glass. However, there are some 
challenges associated with using recycled glass in construction. For example, the 
quality and consistency of recycled glass can vary depending on the source and the 
recycling process. This can pose challenges for builders and manufacturers who 
need to ensure that the glass meets the required standards for strength and durability. 
Overall, the use of recycled glass as a building material can provide environmental 
and aesthetic benefts. By using recycled glass, the construction industry can help 
to conserve natural resources, reduce waste, and reduce greenhouse gas emissions. 
However, careful consideration must be given to the quality and consistency of recy-
cled glass to ensure that it meets the required standards for strength and durability 
in construction applications. 

1.5.9.5 Recycled Insulation 
Recycled insulation refers to insulation materials that are made from recycled 
materials. These materials can include recycled glass, recycled cotton, recycled 
denim, recycled plastic bottles, and other materials that have been diverted from 
the waste stream. Using recycled insulation in buildings can provide several ben-
efts. First, it helps to reduce the amount of waste that goes into landflls. Second, 
it can help to reduce the environmental impact of manufacturing new insulation 
materials from virgin resources. Third, recycled insulation can provide a more 
sustainable and healthier indoor environment by reducing the use of materials that 
contain harmful chemicals. Recycled insulation can be used in a variety of appli-
cations, including wall cavities, attics, foors, and roofs. Depending on the type of 
material used, recycled insulation can have different R-values, which refers to the 
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insulation’s ability to resist heat fow. For example, recycled denim insulation is 
made from post-industrial and post-consumer denim that has been diverted from 
the waste stream. It is a natural and sustainable insulation material that is free from 
harmful chemicals and is safe for people and the environment. Recycled denim 
insulation has a high R-value, which makes it an effective insulator for walls, attics, 
and foors. Another example of recycled insulation is cellulose insulation, which 
is made from recycled paper products such as newspaper, cardboard, and other 
materials. It is an eco-friendly and sustainable insulation material that is treated 
with fre retardant to prevent fre hazards. Cellulose insulation has a high R-value 
and is suitable for use in walls, attics, and foors. Overall, using recycled insula-
tion in buildings can provide environmental, economic, and health benefts. It can 
help to reduce waste, conserve resources, and provide a more sustainable indoor 
environment 

1.5.9.6 Recycled Plastic 
Recycled plastic is a sustainable and versatile material that can be used in building 
and construction applications. Plastic recycling involves collecting, cleaning, and 
processing used plastic products, which can then be used to make new products, 
including building materials. In construction, recycled plastic can be used in a variety 
of ways. For example, it can be used as a substitute for traditional materials like wood 
and concrete in the form of plastic lumber, decking, and fencing. Recycled plastic can 
also be used in roofng materials, insulation, and as a water-resistant barrier. There are 
several benefts associated with using recycled plastic in construction. For example, 
using recycled plastic can help to reduce the demand for new raw materials, which 
can help to conserve natural resources and reduce the environmental impact of the 
construction industry. Additionally, using recycled plastic can help to reduce landfll 
waste and greenhouse gas emissions. Recycled plastic can offer a range of benefts 
to construction projects, such as resistance to moisture, insects, and decay, as well as 
durability over time. Recycled plastic building materials can also be cost effective in 
the long term, as they typically require less maintenance and have a longer lifespan 
than traditional materials. However, there are some challenges associated with using 
recycled plastic in construction. For example, the quality and consistency of recycled 
plastic can vary depending on the source and the recycling process. This can pose 
challenges for builders and manufacturers who need to ensure that the plastic meets 
the required standards for strength and durability. Overall, the use of recycled plastic 
as a building material can provide environmental and economic benefts. By using 
recycled plastic, the construction industry can help to conserve natural resources, 
reduce waste, and reduce greenhouse gas emissions. However, careful consideration 
must be given to the quality and consistency of recycled plastic to ensure that it 
meets the required standards for strength and durability in construction applications. 
The incorporating recycled materials into green buildings is an important sustain-
able practice that can signifcantly reduce the environmental impact of the building 
industry. By using recycled steel, concrete, wood, glass, insulation, and plastic in 
building designs, architects and builders can create sustainable buildings that are 
environmentally responsible and cost-effective. 
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2.1 INTRODUCTION 

Over the coming decades, the generation of electricity in emerging markets and 
developing economies such as India, Indonesia, South Africa, Brazil, and Nigeria 
will have a signifcant impact on the environment and global greenhouse gas emis-
sions. At the present, the majority of people spend 90% of their time indoors and rely 
on mechanical heating and cooling, rendering buildings the largest energy consum-
ers in the world. Furthermore, 30% of overall energy consumption now accounts for 
energy utilization in building applications.1 Building energy utilization exceeds 40% 
of total energy usage in several nations, including the United States of America and 
the United Kingdom. 

In 2020, the construction and operation of buildings accounted for 36% (149 EJ) 
of worldwide energy consumption, with 127 EJ predicted to be used for building 
operations and 22 EJ for manufacturing building materials, as shown in Figure 2.1. 
The building sector emits 37% of global emissions connected to building energy 
as compared to the other sectors.2 Most of the energy in buildings is utilized for 
cooling and heating purposes to achieve the desired comfort level. Thus, innova-
tive methods for energy conservation in buildings must be developed. Therefore, 
sustainable buildings have emerged as a major concern for many industrialized and 
developing nations in the twenty-first century. Building sustainability is a concept 
with many different facets, including economic, ecological, social, and technological 
considerations. 

In order to mitigate the negative impacts of buildings on the environment, society, 
and economy, the integration of thermal energy storage (TES) has been identified 
as an efficient pillar for sustainable buildings. TES systems can store heat or cold 
energy, which can be further retrieved for various applications like air heating or cold 
storage. The integration of TES in buildings helps in reducing air conditioning energy 
consumption, shifting the peak loads, and minimizing the mismatch between energy 
supply and demand. The details about the various heat transfer modes involved in 
building envelopes and other aspects are introduced under the following paragraphs. 

https://doi.org/10.1201/9781003415695-2


Thermal Evaluation of Indoor Climate and Energy Storage in Buildings 

    

 

 

38 

FIGURE 2.1 Energy consumption in building and construction materials and CO
2
 emissions 

related to that energy utilized.2 

FIGURE 2.2 Schematic showing different heat transfer modes in (a) solid wall (b) composite 
wall.3 

2.1.1 HEAT TRANSFER IN BUILDING ENVELOPES 

The heat transfer process through building envelopes is a complex mechanism as 
well as a dynamic that occurs by conduction, convection, and radiation. For example, 
consider the wall of a building, and the solar radiation or heat fux hits the surface of 
the wall, as shown in Figure 2.2. 

From Figure 2.2, it is observed that heat flux from solar radiation is transferred 
to the surface of the wall through convection and radiation, and some of the flux is 
reflected back to the environment. Further, the heat is conducted through the wall 
and exchanged to the indoor environment through convection and radiation again. 
These heat transfer modes control the temperature of the indoor air, which affects 
the level of thermal comfort. Numerous factors such as solar heat gain, interior and 
outdoor temperature, material thermophysical properties, and exposed surface area 
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affect the heat exchange rate and direction through the building envelopes.4 Thermal 
conductivity density, thermal resistance and transmittance, heat capacity, and surface 
characteristics are the thermos-physical properties of materials that influence the 
heat rate of heat transfer in the building envelopes. The material thickness impacts 
the wall’s ability to store and transfer heat in addition to the thermophysical quali-
ties.5 Moreover, the orientation of the wall can also affect heat gain and loss through 
it, therefore this should be taken into account while designing an energy-efficient 
building envelope.6 

Buildings can be categorized into two categories based on how they acquire heat: 
those in hot regions and those in cold climates. In hot climates, the majority of the 
heat is drawn from the outside through building envelopes such as roofs, windows, 
walls, and ceilings. The inclusion of energy storage materials or storage systems in 
the interior or exterior of building envelopes must inevitably result in lower heat trans-
fer to the building’s indoor or outdoor climate depending on climate conditions (hot 
or cold), which in turn results in less energy used for heating and cooling to obtain 
the desired comfort levels.7 The ability of a storage material to absorb and transmit 
heat is one of its most important energy-saving features. Different construction mate-
rials respond differently to the environment depending on their inherent properties. 
Therefore, it was confirmed that the introduction of TES can significantly enhance 
thermal comfort by reducing energy consumption and achieving energy savings. 

2.1.2 CLASSIFICATION OF TES SYSTEMS 

TES systems are classifed into three categories, that is, sensible, latent, and ther-
mochemical energy storage, as shown in Figure 2.3. Further, the integration of TES 
systems into the buildings is classifed by active and passive systems, as well as the 
duration of storage and ground integration.8 

FIGURE 2.3 Classification of different TES systems.9 
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Sensible heat storage: Sensible heat storage stores or releases the heat energy 
by changing the temperature or internal energy of the material without 
undergoing a phase change. The amount of energy accumulated or retrieved 
is mainly dependent on the temperature difference of the storage building 
material, specifc heat capacity, and mass.10 

Latent heat storage: Latent heat storage stocks or retrieves the heat energy by 
undergoing a phase change of a material. The materials used in latent heat 
storage are called phase change materials (PCMs) and will undergo a phase 
transition by absorbing a large amount of energy. The quantity of energy 
stored is mainly dependent on the latent heat of fusion, temperature, and 
mass of the PCM. Further, there are four types of PCMs according to their 
phase transition process, that is, solid–solid, solid–liquid, solid–gas, and 
liquid–gas. Among those, solid–liquid is considered to be the most suitable 
one for building applications due to less volume change during phase tran-
sition and high energy density.11 

Thermochemical energy storage: Thermochemical energy storage stores 
and recovers the energy during exothermic and endothermic reversible 
reactions. However, thermochemical energy storage is not yet viable for 
large-scale installation because of its complex reaction mechanism, safety 
concerns, high initial investment costs, and low reliability.12 

Active TES systems in buildings: In active systems, the heat transfer fuid 
(HTF) (air or liquid) is pumped over the storage material or components 
to store or recover the energy for obtaining the desired comfort level. In 
active systems, mechanical devices are used for driving the HTF in terms of 
forced convective heat transfer, as shown in Figure 2.4. 

Passive TES systems in buildings: In a passive system, natural convection 
and conduction play major roles in energy transfer, and there is a need for 
external devices that consume the energy in a passive system. The storage 
materials (sensible or latent) can be integrated into the building construction 
materials or components for storing or recovering the energy and to obtain 
the desired comfort level, as shown in Figure 2.4.13 

FIGURE 2.4 Passive and active TES system for building heating applications.13 
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FIGURE 2.5 Classification of different TESs based on the location of the storage tank.15 

Duration of storage: Based on the storage duration, TES systems are classi-
fed into shorter or longer periods. In a shorter duration, the energy obtained 
from renewable energy sources is stored in terms of heat or cold. And 
that stored energy can be reused for meeting the daily or weekly energy 
demands during peak energy periods or on cloudy days for heating or cool-
ing applications. In long-term TES, the energy is conserved for months or 
even a whole season. Long-term energy storage involves storing energy that 
is available in the summer and recovering it in the winter and vice-versa for 
end-use applications such as building heating or cooling purposes.14 

Ground-integrated TES: Ground-integrated TES systems are generally long-
term and large-scale TES systems and are classifed into different catego-
ries according to the location of energy storage, that is, above-ground TES 
(TES tank on the surface of the earth) and underground storage (borehole 
storage, pit TES, and aquifer storage), as shown in Figure 2.5. These are 
mainly used for district heating and cooling of large societies.15 

Based on the aforementioned discussion, it is found that TES has a great potential 
for energy savings and hence a wide scope of research. Its integration into the build-
ings has favorable outcomes along with the scope of increased renewable energy 
share to meet the thermal energy demand. There are a number of emerging as well 
as commercial TES technologies available, and a significant amount of literature has 
been published on the advancement of the same. The integration of TES with build-
ings is a crucial decision, and significant preliminary knowledge is required. In view 
of the same, the present chapter discusses the various crucial aspects of TESs in the 
context of their integration into the building. The chapter includes a discussion about 
the various types of TESs, that is, sensible TES, latent TES, and thermochemical 
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energy storage, which is followed by the various developed and developing mecha-
nisms of TES in buildings. Further, the advantages, drawbacks, and challenges asso-
ciated with TES in buildings are presented. Lastly, the conclusions drawn from the 
whole discussion are presented, along with several recommendations. The present 
chapter may be useful for researchers, academics, manufacturers, and other stake-
holders in the TES systems working in the building sector. 

2.2 TYPES OF THERMAL ENERGY STORAGE 

2.2.1 SENSIBLE HEAT STORAGE IN BUILDINGS 

Building envelopes act as a barrier between the outdoor and indoor environmental 
conditions. It protects the building’s interior environment from extremes of the exte-
rior environment, which include wind, temperature, light, noise, and water. In order 
to mitigate the heat wave penetration easily from outside to the inside of the build-
ing, the building envelope should offer good thermal resistance. As a result, it aids 
in obtaining a suitable thermal comfort condition in the building’s indoor environ-
ment. The building envelopes are actually the roof, foor, walls, ceilings, doors, win-
dows, and glazing of a building. These building components come together to form 
a building’s thermal mass. The thermal mass of the building elements controls the 
indoor environmental conditions of the building by absorbing, storing, and releasing 
the thermal energy. Further, thermal mass with a high TES capacity will have high 
thermal mass effectiveness that will lead to a reduction in indoor temperature, result-
ing in better comfort.16 Traditionally, the building’s structural components store heat 
energy as sensible thermal energy. 

In sensible TES, building components stock the excess heat when the tempera-
ture rises and dissipate the same stored heat to the surroundings as the tempera-
ture drops. Thus, these kinds of energy-efficient building envelopes can enhance the 
structural internal thermal behavior by serving as thermal insulation against outside 
heat waves and solar gains. The deployment of energy-efficient building materials 
such as energy storage materials in the construction of building envelopes reduces 
the heat gained from the outside air and solar radiation, as shown in Figure 2.6. 

FIGURE 2.6 Schematic showing the propagation of a heat wave through the energy-efficient 
building wall.17 
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Sensible TES systems have a significant impact on addressing the problems associ-
ated with peak energy demand, energy conservation, and management. Sensible TES 
technologies have been utilized for building applications in the past centuries and have 
become more popular recently. The real examples of sensible TES are the archaeolog-
ical structures or buildings that can be found all over the world. Each one has a unique 
historical relevance as well as a scientific foundation for its existence. These construc-
tions are primarily made of stone, which serves as the fundamental source of TES. 

The main objective of the massive sturdy constructions using rocks or stone as a 
building material is to keep the indoor temperature low as compared to the outdoor 
conditions. This is the reason why someone might feel colder inside a large mag-
nificent building than in the outside environment. Actually, the reason behind the 
concept is absorbing the sensible heat by the massive building elements in the form 
of heat, and that results in maintaining the indoor temperature below the outdoor 
conditions. It’s fascinating to note that our ancient ancestors had already absorbed 
the philosophy behind sensible TES technologies. Current sensible TES systems are 
being developed as a mimic of those systems, but the use of advanced materials and 
technologies can make them more effective and long-lasting.18 

Sensible TES systems are classified into two types based on the storage medium, 
that is, i) solid-medium sensible TES and ii) liquid-medium sensible TES. 

2.2.1.1 Solid Storage Media 
Solid materials include concrete, clay, mortar, rocks, sand, etc. for the construction 
of buildings and thermal applications. Solid-medium TES is mostly preferred for 
fulflling the TES requirements in building space cooling or heating applications. 

The following are some of the objectives in developing solid storage materials19: 

i) To avoid leakage at elevated temperatures. 
ii) To operate at higher temperatures. 

However, solid storage materials exhibit some limitations, which are as follows: 

i) Solid materials are found with low specifc heat capacities that result in 
lower heat absorption capacity. 

ii) Lower energy storage density as compared to the liquid storage medium. 
iii) Higher heat loss during long-term TES. 

Solid storage materials are inexpensive and easily available on the market. But due to 
the lower energy density, the system occupies more space and requires a large storage 
tank installation for supplying the higher energy demand of heating and cooling to 
the building. This will lead to the increase in installation and operational costs of the 
system. 

2.2.1.2 Liquid Storage Media 
Water is the most often used liquid storage material in real life because of its high spe-
cifc heat capacity, availability, and affordability. For instance, it can be determined 
that water has an energy storage density of about 290 MJ/m3 as the temperature rises 
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TABLE 2.1 
Summary of Different Sensible Storage Materials Used in the Construction of 
Buildings and for Thermal Applications20 

Materials Density (kg/m3) Thermal Specifc heat Volumetric 
conductivity (KJ/kg.K) specifc heat 

(W/m.K) (J/K.m3) 

Concrete 2000 1.35 1 2000 
Rock 28000–1500 0.85–3.5 1 2150 
Sand and gravel 1700–2200 2 0.91–1.18 2072 
Cement mortar 1800 1 1 1800 
Clay 1200–1800 1.5 1.67–2.5 3252 
Limestone 1600–2600 0.85–2.3 1 2100 
Lime mortar 1600 0.8 1 1600 
Reinforced concrete 2400 2.5 1 2400 
Ceramic tile 2000 1 0.8 1600 
Ceramic brick 1800 0.73 0.92 1656 
Plywood 1000 0.24 1.6 1600 
Asphalt sheet 2300 1.2 1.7 3910 
Gypsum coating 1000 0.4 1 1000 
Gypsum board 900 0.25 1  900 
Wood 700 0.18 1.6 1120 
Oil 888 0.14 1.88 1669 

Water 990 0.63 4.19 4148 

to 70°C. The majority of medium-temperature applications for solar TES rely on liq-
uid material (water) to achieve the requisite sensible heat storage. The properties of 
sensible heat storage materials mainly utilized for the construction of buildings and 
for building applications are summarized in Table 2.1. 

The amount of energy accumulated in the sensible TES systems is determined 
by using Equation 2.1 Hence, higher density and specific heat should be required to 
attain a large volumetric storage capacity (MJ/m3). 

T
Q ˜ ° f mC dT (2.1)pTi 

Where m represents the mass of the storage media, C
P
 is the specific heat, and T

i 

and T
f
 are the initial and final temperatures of the storage media. Figure 2.7 demon-

strates the best sensible storage materials that are currently available on market based 
on the average specific heat and diffusivity. The use of the ground as an insulating 
medium can also be advantageous, as demonstrated by large-scale underground 
TES systems. However, there are some drawbacks that limit the usage of solids, 
such as their lower energy storage density compared to that of water, comparatively 
expensive operating and maintenance costs, and potential long-term self-discharge 
concerns. 
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FIGURE 2.7 Different sensible storage materials employed for building heating and cooling 
applications.21 

2.2.2 LATENT HEAT STORAGE IN BUILDINGS 

Nowadays, latent TES systems receive greater attention due to the advantages such 
as higher energy density and lower temperature swings as compared to sensible 
TES systems. In addition to their large heat storage capacity, PCMs provide a num-
ber of advantages over other TES technologies and materials, including a broad 
availability range, high latent fusion, non-toxicity, chemical stability, low price, 
and environmental friendliness. The PCMs allow for storing heat in the latent form 
up to 5–14 times more effciently than sensible heat TES materials. Because of 
these advantages, the application of latent TES in buildings has emerged as the best 
technique in recent days for regulating indoor temperature and as well reducing 
energy consumption.22 Figure 2.8 illustrates how a PCM-embedded wall regulates 
a building’s interior temperature throughout the day. In the daytime, heat waves 
induced by solar insolation penetrate the PCM-embedded wall, and that leads to the 
melting of PCM by absorbing the heat. This melting of the PCM results in delaying 
and minimizing heat transfer to the building’s indoor environment and causes the 
maintenance of desired comfort temperatures as well reduces the energy demand 
for cooling. During the nighttime, when lower temperatures are reported, the heat 
energy stored in the PCM is released to both indoor and outdoor areas, result-
ing in better thermal comfort by minimizing the heating load of a building. The 
main distinction between PCMs and conventional thermal mass is that a masonry 
wall absorbs and releases the heat energy slowly, while PCMs exhibits faster heat 
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FIGURE 2.8 Schematic showing the working principle of a PCM-embedded wall.23 

exchange. The strengths and weaknesses of employing PCMs in building envelopes 
are as follows: 

Strength 
• Enhances thermal capacity and thermal inertia of building envelops such as 

Trombe walls and lightweight walls. 
• Decreases the building peak loads, which helps in shifting the peak load 

demands and also maintains constant power supply, especially when the 
major contribution of energy is from renewable energy sources. 

• Decreases the building heating and cooling load during winter and summer 
seasons. This is due to the PCM’s ability to absorb solar insolation and 
transform it into heat. Further, this stored heat in PCM helps in maintaining 
the required thermal comfort level during winter and summer with minimum 
energy consumption. 

• PCMs are available with a wide range of phase transition temperatures. 
Therefore, they have a significant capacity for regulating heat that enables 
the building’s adaptation to various external climatic conditions. 
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• At the end of their useful lifespan, PCM components can be easily 
disassembled and are environmentally friendly also. 

• Buildings with PCMs installed can have stronger and more durable con-
struction. This is owing to PCMs’ ability to control the building envelope’s 
temperature fluctuations, which in turn lowers the rate of material deterio-
ration due to chemical interactions such as reinforcement corrosion, sulfate 
attack, and alkali–silicon reactions.24,25 

Weakness 
• The most common organic paraffin PCMs employed in building compo-

nents suffer from some major issues like flammability, leakage during melt-
ing, and thermal expansion. 

• PCMs encounter hysteresis and super-cooling phenomena during the phase 
transition, which affect their capacity to store and release the heat. 

• PCMs’ poor thermal conductivity prevents the accumulated heat from being 
released in a timely manner. Buildings using PCMs need to have better long-
term reliability and durability. 

• The temperature of the PCM will rise quickly once it has completely melted. 
Thus, the PCM-embedded envelope is vulnerable to overheating on hot days 
due to the heat from the discharge process being transported into the room. 

• It is impossible to control the energy storage trigger mechanism in PCMs. 
Thus, it might be challenging to find PCMs that perform well in both sum-
mer and winter.26,27 

2.2.2.1 Classifcation of PCM 
PCMs are classifed into different categories based on their composition, that is, organic, 
inorganic, and eutectic, as shown in Figure 2.9. Further, these are again subdivided 
into various groups based on their chemical composition, as depicted in Figure 2.9.28 

FIGURE 2.9 Classification of solid–liquid PCMs.28 
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FIGURE 2.10 Schematic showing enthalpies of different commonly available PCMs.29 

Identifying each PCM’s operational range and considering its thermal capacity at the 
same time is crucial for meeting the required demand. Figure 2.10 demonstrates the 
enthalpies as a function of melting temperature for commonly used PCMs. 

2.2.2.1.1 Organic PCMs 
Generally, there are two categories of organic PCMs, that is, paraffn and non-paraf-
fn. Paraffn-based PCMs emerge as the most widely utilized PCMs in thermal stor-
age applications due to their phase transition temperature range of 0–100°C. They 
also possess additional qualities that make them a viable choice for TES applications. 
Their chemical properties are better stability, higher energy storage density during 
phase transitions, non-corrosive and non-toxic qualities, solidifcation without super-
cooling, and a high nucleation rate. They are limited to particular applications due 
to their low density, low thermal conductivity, and inability to operate above 150°C. 
Further, due to the high fammability, poor thermal conductivity, and variable levels 
of toxicity, fatty acids, esters, and alcohols that are under the group of non-paraffns, 
these PCMs are often not used in building cooling or heating applications. 

2.2.2.1.2 Inorganic PCMs 
Inorganic PCMs are generally salt hydrates and metals. Metallic PCMs are not prac-
tical to be employed in building heating or cooling applications due to their heavy 
weight and inadequate temperature range. Compared to organic PCMs, they have 
better energy density and effciency and are also found with the advantages of a 
wide phase transition temperature range, greater latent heat, and thermal conduc-
tivity. In addition, they are less expensive, non-toxic, and non-fammable organic 
PCMs. However, the demerits of lower thermal stability, supercooling, corrosiveness, 
decomposition, and phase segregation dominate their merits and hinder their usage 
in building applications. 
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2.2.2.1.3 Eutectics 
A eutectic is a mixture of two or more components that has a melting point lower than 
each component alone, that is, organic, inorganic, or both. During the crystallization 
state, a combination of components is produced that can behave as a single entity, and 
each constituent can freeze and melt independently. The components of the eutectic 
produce a very homogeneous crystal mixture as they freeze, and there is no distinc-
tion between the two components while both PCMs melt simultaneously. Eutectics 
have the major beneft of allowing the melting points of their PCMs to be changed by 
varying the weight ratios of their components. Their best qualities include not being 
concerned with phase segregation and super-cooling, which results in an increase 
in usage in building applications. Commercially available PCMs in the market with 
phase transition temperature and latent heat capacity are depicted in Figure 2.11. 

2.2.2.2 PCM Selection Criteria for TES 
A suitable PCM must be chosen in order to control the indoor thermal conditions 
of the buildings. Not all the available PCMs can be utilized as storage material, 
especially in building thermal comfort applications. The thermal characteristics 
of PCMs vary according to their chemical composition. Therefore, to attain the 
required thermal comfort levels in varied climatic conditions and seasons, it is 
essential to select the proper PCM with a suitable phase transition range and energy 
storage capacity. It can be challenging to choose a PCM with the required thermo-
physical characteristics for a specifc TES application. Hence, the optimum charac-
teristics required for building applications should be considered while selecting the 
PCM. The optimal PCMs for building energy storage should have the desired ther-
modynamic, kinetic, chemical, technological, and economic properties,30 as shown 

FIGURE 2.11 Schematic of different PCMs available in the market with phase transition 
temperatures and latent heat capacities for building applications.21 
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FIGURE 2.12 PCM selection requirements for building applications. 

in Figure 2.12. Further, the procedure to be followed for choosing the specifc PCM 
based on the assessments of the materials for building applications is shown in the 
fow chart as Figure 2.13. 

When choosing PCMs for building thermal comfort applications, the operating 
temperature range of the PCMs is another crucial factor to be considered. The PCMs’ 
operating temperature range has to be in conformity with the regional climate, where 
they are located in the buildings, or the sort of system they are employed in. Building 
thermal comfort applications allow the usage of PCMs with a phase transition nearer 
to the range of human comfort temperatures (18–30°C). 

There are three different PCM temperature ranges that have been recom-
mended for usage in buildings: up to 21°C for building cooling, 22–28°C for 
human thermal comfort application, and finally, 29–60°C for hot water require-
ments in buildings. 

2.2.2.3 Benefts of PCM-Based TES for Buildings 
The PCM-based TES systems offer many benefts for buildings. This technique is 
the most effective way of accumulating thermal energy in building components or 
elements. The following sections show some of the advantages. 

2.2.2.3.1 Enhancing Energy Management and Utilization Effcacy 
This technology can assist us in increasing energy effciency by conserving energy 
derived from numerous resources that would otherwise be squandered, such as 
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FIGURE 2.13 Flow chart showing the procedure for assessing PCMs in building applications. 

heating and cooling systems utilized in a variety of applications, waste heat from 
equipment and processes, renewable energy, and so on. 

2.2.2.3.2 Energy Stored for Later Use 
Energy can be stored using this method for either short- or long-term consumption 
in the future. Energy that is accumulated throughout the summer and utilized during 
the winter is an example of long-term storage. 

2.2.2.3.3 Shifting the Heating and Cooling Demand 
With the help of this technology, it is also possible to adjust the heating and cooling 
load as needed, thereby balancing the needs for energy supply and demand. As a 
result, it may be possible to lower operating costs for energy generation, transmis-
sion, and distribution, which leads to enhancing system performance. Therefore, this 
technology may be advantageous to both the supplier and the customer. 

2.2.2.3.4 Flexibility 
This technology is fexible and can be utilized in buildings as either an active or 
passive technology. It enables buildings to perform an automatic thermal exchange, 
allowing heat to be captured during the day and released at night to maintain interior 
comfort levels, or it can act as an insulator to absorb excess heat during the day. 

It enables more effective integration of solar systems and other renewable energy 
technologies into electrical systems. Different organic and inorganic PCMs used in 
building components are given in Tables 2.2 and 2.3, respectively. 
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TABLE 2.2 
Different Organic PCMs for Building Comfort Applications31 

Group Compound Melting Heat of fusion Cp K ρ(kg/m3) 
temp. (°C) (kJ/Kg) (kJ/Kg K) (W/m K) 

Paraffin Cooling Paraffin C14 4.5 165 − − − 
Paraffin C15-C16 8 153 2.2 (s.) − − 
Polyglycol E400 8 99.6 − 0.187 (liq. 38.6°C) 1125 (liq. 25°C)

0.185 (liq. 69.9°C) 1228 (s. 3°C) 
Dimethyl-sulfoxide (DMS) 16.5 85.7 − − 1009 (s./liq.) 
Paraffin C17-C18 20–22 152 2.2 (s.) − − 
Polyglycol E600 22 127.2 − 0.189 (liq. 38.6°C) 1126 (liq. 25°C)

0.187 (liq.67.0°C) 1232 (s, 4°C) 
Paraffin C13-C24 22–24 189 2.1 (s.) 0.21 (s.) 760 (liq. 70°C)

900 (s. 20°C) 
1-Dodecanol 26 200 − − − 
Paraffin C18 28 244 2.2 (s.) 0.148 (liq. 67.0°C) 774 (liq. 70°C)

27.5 243.5 0.15 (s.) 814 (s. 20°C) 
Heating Paraffin C20-C33 48–50 189 − 0.21 (s.) 769 (liq. 70°C)

912 (s. 20°C) 
Paraffin C22-C45 58–60 189 2.4 (s.) 0.21 (s.) 795 (liq. 70°C)

920 (s. 20°C) 
Paraffin wax 64 173.6 − 0.167 (liq. 63.5°C) 790 (liq. 65°C)

266 0.346 (s. 33.6°C) 916 (s. 24°C) 
0.339 (s. 45.7°C)

Polyglycol E6000 66 190 − − 1085 (liq. 70°C)
1212 (s. 25°C)

Paraffin C21-C50 66–68 189 − 0.21 (s.) 830 (liq. 70°C)
930 (s. 20°C)

(Continued) 
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TABLE 2.2 (Continued)
Different Organic PCMs for Building Comfort Applications31 

Group Compound Melting Heat of fusion Cp K ρ(kg/m3) 
temp. (°C) (kJ/Kg) (kJ/Kg K) (W/m K) 

1-Tetradecanol 38 205 − − − 
Paraffin C16-C28 48–50 189 − 0.21 (s.) 765 (liq. 70°C)

910 (s. 20°C) 
Biphenyl 71 119.2 − − 991 (liq. 73°C)

1166 (s. 24°C)
Propionamide 79 168.2 − − − 
Naphthalene 80 147.7 2.8 (s.) 0.132 (liq. 83.8°C) 976 (liq. 84°C)

0.341 (s. 49.9°C)
0.310 (s. 66.6°C) 1145 (s. 20°C)

Fatty Acids Cooling Propyl palmitate 10 186 − − − 
16–19 

Caprylic acid 16 148.5 − 0.149 (liq. 38.6°C) 901 (liq. 30°C)
0.145(liq. 67.7°C) 862 (liq. 80°C)

16.3 149 0.148 (liq. 20°C) 981 (s. 13°C)
1033 (s. 10°C)

Isopropyl palmitate 11 95–100 − − − 
Capric-lauric acid + Pentadecane 13.3 142.2 − − − 
(90%–10%)

Isopropyl stearate 14–18 140.142 − − − 
Capric-lauric acid (65%–35%) 18 148 − − − 

17–21 143 
Butyl stearate 19 140 − − − 
Capric-lauric acid (45%–55%) 21 143 − − − 
Dimethyl sebacate 21 120–135 − − − 
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TABLE 2.2 (Continued)
Different Organic PCMs for Building Comfort Applications31 

Group Compound Melting Heat of fusion Cp K ρ(kg/m3) 
temp. (°C) (kJ/Kg) (kJ/Kg K) (W/m K) 

Octadecyl 3-mencaptopropylate 21 143 − − − 
Mystriric acid-capric acid (34%–66%) 24 147.7 − 0.164 (liq. 39.1°C) 888 (liq. 25°C)

0.154 (liq. 61.2°C) 1018 (s.) 
Octadecylthioglycate 26 90 − − − 

Heating Vinyl stearate 27–29 122 − − − 
Lauric acid 42–44 178 2.3 (liq.) 0.147 (liq. 50°C) 862 (liq. 60°C)

44 177.4 1.7 (s.) 870 (liq. 50°C)
Myristic acid 49–51 204.5 2.4 (liq.) − 861 (liq. 55°C)

54 187 844 (liq. 80°C)
58 186.6 1.7 (s.) 990 (s. 24°C) 

Palmitic acid 64 185.4 2.8 (liq.) 0.162(liq. 68.4°C) 850 (liq. 65°C)
61 203.4 1.9 (s.) 0.159(liq. 80.1°C) 847 (liq. 80°C)
63 187 0.165 (liq. 80°C) 989 (s. 24°C) 

Stearic acid 69 202.5 2.2 (liq.) 0.172 (liq. 70°C) 848 (liq. 70°C)
60–61 186.5 1.6 (s.) 

70 203 965 (s. 24°C) 
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TABLE 2.3 
Different Inorganic PCMs for Building Heating and Cooling Applications31 

Application Compound Type of Melting temperature Heat of Cp K ρ 
melting* (°C) fusion (kJ/ 

(kJ/Kg K)** (W/m K)** (g/m3) 
Kg) 

Cooling LiClO
3
–3H

2
O C  8.1 253 1.35 (s.) − 1720 

ZnCl
2
–3H

2
O − 10 − − − − 

K HPO –6H O − 13 − − − − 
2 4 2

NaOH–7/2CO
2 

− 15 − − − − 
Na CrO –10H O − 18 − 1.31 (s.) − − 

2 4 2 

KF–4H
2
O C 18.5 231 1.84 (s.) − 1447 (liq.)

1445 (s.) 
Mn(NO ) –6H O − 25.8 125.9 − 2.34(s.) 1800 (liq.)

3 2 2 

CaCl
2
–6H

2
O i 29 188.34 1.43 (s.) 0.54 (liq.) 1562 (liq.) 

(liq.)2.31 1.09 (s.) 1802 (s.) 
Heating LiNO

3
–3H

2
O − 30 296 − 0.58 (liq.) 1780 (liq.) 

(s.)1.37 2140 (s.) 
Na CO –10H O i 33 247 1.79 (s.) − 1442 (s.)

2 3 2 

Na SO –10H O i 32.4 251 1.44 (s.) 0.5–0.7 1420 (s.)
2 4 2 

CaBr
2
–6H

2
O i 34 115.5 − − 1956 (liq.)

2194 (s.) 
K(CH

3
COO)

-
3/2H

2
O − 42 − − − − 

K PO 7H O − 45 − − − − 
3 4– 2 

Zn(NO ) –6H O C 36.4 147 1.34 (s.) − 2065 (s.)
3 2 2 

(liq.)2.26
Ca(NO ) –4H O i 42.7 − − − − 

3 2 2 

Na HPO –7H O i 48 281 1.70 (s.) 0.514 (s.) 1520 (s.)
2 4 2 

(liq.)1.95 0.476 (liq.) 1442 (liq.) 
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TABLE 2.3 (Continued)
Different Inorganic PCMs for Building Heating and Cooling Applications31 

Application Compound Type of Melting temperature Heat of Cp K ρ 
melting* (°C) fusion (kJ/ 

(kJ/Kg K)** (W/m K)** (g/m3) 
Kg) 

Na S O –5H O i 48–49 209.9 3.83 (liq.) − 1666
2 2 3 2 

48 201–206 
Zn(NO ) –2H O C 54 − − − − 

3 2 2 

NaOH–H
2
O C 58 − 2.18 (s.) − − 

Na(CH
3
COO)–3H

2
O − 58 226 − − 1450 

267 2.79–4.57 0.63 (s.) 1280 
Cd(NO ) –4H O C 59.5 − − − − 

3 2 2 

Fe(NO ) –6H O − 60 − − − − 
3 2 2 

Na B O –10H O i 68.1 − − − − 
2 4 7 2 

Na PO –12H O i 69 − − − 
3 4 2 

Ba(OH)
2
–8H

2
O i 78 265.7 − 0.653 (liq.) 1937 (liq.) 

(s.)0.678 2070 (s.) 
KAI(SO ) –12H O i 80 − − − − 

4 2 2 

Al (SO ) –18H O − 85.8 − − − − 
2 4 3 2 

Al(NO ) –8H O − 88 − − − − 
3 3 2 

 c = congruent, i = incongruent *

s = Solid, l = liquid 
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2.2.2.4 Current Problems in Embedding PCMs in Building Envelopes 
PCMs are expected to provide more comfortable temperatures and energy savings. 
However, the current problems such as low thermal conductivity, phase segregation, 
supercooling, thermal stability, fammability, leakage, and seasonal adaptability32 as 
shown in Figure 2.14 have a signifcant impact on the utilization and popularity of 
PCM in buildings. 

2.2.2.4.1 Low Thermal Conductivity 
Most of the organic PCMs have poor thermal conductivities (usually between 0.2 and 
0.3 W/m K), which affects the rates of heat storage and release. In order to improve 
the thermal conductivity of PCMs, additives with high conductivity can be added 
to the PCMs to form a composite PCM, and another example is the encapsulation 
of PCM to enhance heat transfer. The additives include graphite powder, expanded 
graphite, metal particles, carbon fbers, and metal foams. The composite PCM’s ther-
mal conductivity and thermal stability are both improved by these additives. 

2.2.2.4.2 Phase Segregation 
The phase segregation process generally occurs in salt hydrates and industrially pro-
duces organic PCMs that are not pure, or eutectic PCMs. The storage capacity and 
heat transfer effciency of salt hydrates will decrease as they are irreversibly split 
into two or more layers. This issue can be resolved by adding thickening or gelling 
material to the PCMs. 

2.2.2.4.3 Supercooling 
In inorganic salt hydrates and pure PCMs, keeping the PCM in a liquid form at a 
temperature lower than the solidifcation temperature is known as supercooling. The 

FIGURE 2.14 Schematic representing current issues in PCMs for adoption in buildings.32 
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latent heat release will be prevented by a signifcant temperature differential of the 
PCM. The supercooling effect can be reduced by adjusting the cooling rate, modify-
ing the container’s properties, or adding nucleate additives. 

2.2.2.4.4 Adaptability 
For PCMs, the issue of “season adaptation” possess a signifcant challenge especially 
when buildings are situated in countries with complex climate conditions, such as 
extreme summer and winter regions. In order to create a comfortable interior and 
maximize energy savings, the phase transition temperature of the PCM depends on 
the climate, thermal comfort level, and location of the PCM layer in the building 
envelope. The issue of seasonal adaptation has been addressed by the use of multiple 
PCMs (with different phase change temperatures) in building envelopes. 

2.2.2.4.5 Thermal Stability 
One important criterion for evaluating PCMs is thermal stability. In order to assess 
thermal stability, differential scanning calorimetry (DSC) experiments and acceler-
ated melting/solidifcation cycles are used. Moreover, tests using Fourier transform 
infrared spectrometry (FT-IR) and thermal gravimetric analysis (TGA) are commonly 
utilized to verify chemical stability in addition to thermophysical properties. The 
thermal stability of PCMs can be improved through the shape stabilization process. 

2.2.2.4.6 Flammability 
Organic PCMs are widely utilized to control the inside temperature of buildings. 
However, the greatest obstacle to their widespread implementation is their famma-
bility. Chemical modifcations of the material can improve the fame-retardant char-
acteristics of organic PCMs by adding synergistic dioxins. 

2.2.2.4.7 Leakage of PCMs 
The incorporation of PCMs in building applications is signifcantly hindered by PCM 
leakage during phase change. Leakage of the PCM will reduce storage capacity in addi-
tion to corroding the building’s exterior and envelopes. Composite PCMs with shape 
stabilization could effectively address the leakage issue during the phase change pro-
cess. However, because of the incompatibility between the PCM and the building mate-
rials as well as the structural stress, the leakage problem remains extremely signifcant. 

2.2.2.5 PCM Embedding Techniques in Buildings 
In order to avoid leakage or mixing with foreign particles and surrounding envi-
ronment, to enhance heat transfer, and to hold the PCM during melting, a proper 
incorporation technique is required. A suitable incorporation technique is extremely 
essential for PCMs’ thermal performance. There are fve incorporation techniques 
that have been used in building applications, as shown in Figure 2.15.33,34 

2.2.2.5.1 Direct Mixing 
In direct mixing, the PCM is directly mixed with the building construction materials 
to form a composite construction, and this is only limited to passive building appli-
cations. It is considered the simplest and most affordable approach to incorporating 
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FIGURE 2.15 Different PCM incorporation techniques in building envelopes. 

PCMs. However, there are certain drawbacks, that is, leakage, reduction in the 
strength of materials, and exposure to chemical reactions in the surroundings. 

2.2.2.5.2 Immersion 
The method utilized to increase the thermal inertia of building materials that have 
already been manufactured is immersion. In the immersion method, the building 
material is dipped into the liquid PCM, and that liquid PCM is absorbed by the mate-
rials through capillary action to form a composite PCM. The interaction between 
the PCM and the hydration products of the building element has an adverse impact 
on both durability and mechanical qualities, which is regrettably one major draw-
back. In general, the impregnation method is appropriate for incorporating PCMs 
into lightweight building materials. 

2.2.2.5.3 Macro-Encapsulation 
Encapsulation is a technique that produces an exterior shell or coating on the surface 
of the PCM. The process of encasing a PCM in a shell material having a dimension 
of greater than 5 mm is known as macro-encapsulation. In macro-encapsulation, 
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FIGURE 2.16 Photograph of different PCM encapsulation methods used for PCM-embedded 
buildings.35 

the PCM is the core of the capsule, which prevents outdoor reactions and hazardous 
fres. Encapsulating the PCM also enhances the thermal conductivity and surface 
area based on the geometry and materials utilized. The geometry confguration 
of a macro-capsule might vary depending on the application, and different PCM 
encapsulation geometries for building applications are depicted in Figure 2.16. 
Further, salt hydrates are challenging to encapsulate because of their corrosive 
nature toward metals and water solubility. In contrast, organic PCMs exhibit insol-
ubility in water and are non-corrosive with metals. Enveloping or encasing the 
organic PCMs with an inorganic material will lead to a reduction in the risk of 
fammability.35 

2.2.2.5.4 Micro-Encapsulation 
Small capsules made of synthetic or natural polymers with a diameter ranging from 
1 μm to 1000 μm are used in this process to encapsulate PCMs, known as micro-
encapsulation. A micro-encapsulated PCM consists of the PCM as the core and a 
synthetic or natural polymer shell as an envelope. Micro-encapsulation offers numer-
ous benefts that include the augmentation of heat transfer due to an increase in the 
heat exchange surface area, no leakage concerns, and a reduction in reactivity with 
surroundings. Micro-capsules can also be manufactured in different shapes such as 
regular (spherical, tube, and cylinder) and irregular shapes. 
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2.2.2.5.5 Shape Stabilization 
Instead of the PCM being coated with the shell, the PCM is blended or infused 
directly into the supporting metal. There are two different kinds of supporting mate-
rial: one is porous, which avoids PCM leakage, while the other uses nano-materials, 
which enhance PCM thermal characteristics. Pores in porous materials are typically 
micro- or nanoscale in size. Higher porosity and smaller pores in a porous material 
show stronger surface tension and capillary action for absorbing PCM, which will 
lead to the prevention of leakage. The most popular shape-stabilizing processing 
methods are vacuum impregnation and melting impregnation. The key benefts asso-
ciated with these approaches are their high specifc heat, strong thermal conductivity, 
and potential to maintain PCM stability during the phase change process without 
the requirement of a container. Based on the discussions and comparison of all the 
encapsulation methods, macro- and micro-encapsulation techniques are the most 
widely employed in building applications. 

2.2.3 THERMOCHEMICAL STORAGE IN BUILDINGS 

Thermochemical energy storage (TCES) systems rely on highly reversible chemical 
processes in which a heat source supplies heat to convert an AB chemical substance 
into products (A and B). Thereafter, the A and B products are separated and stored 
at the surrounding temperatures. As shown in Figure 2.17, the separated products 
(A and B) are mixed to produce the previous product (AB), which results in a revers-
ible chemical reaction that releases a considerable amount of heat. A rearrange-
ment of the chemical bonds of the molecules involved in a reaction (dissociation 
and recombination) characterizes a chemical reaction. With the help of a catalyst, 
endothermic reactions can store energy, and reverse exothermic reactions can release 
energy. As compared to both sensible and latent TES technologies, TCES offers the 
distinguishing characteristics of combined higher energy storage and low heat losses 
and is currently deemed to be the most promising alternative.36 Another appealing 
feature of TCES is the ability to store heat energy at room temperature as long as 
required, without suffering from heat losses resulting from reversible chemical inter-
actions. Under the same volume of storage, TCES has an energy storage density that 
is roughly 8–10 times higher than that of the sensible storage system and twice as 
high as that of latent storage materials. TCES has gained considerable interest as a 
technology for seasonal energy storage because of those benefts.37 

The phenomenon of holding or capturing a gas or a vapor by an adsorptive mate-
rial in a condensed state (solid or liquid) through less intense physical reactions is 
known as sorption storage. Further, TCES materials are divided into different cat-
egories based on the process involved, that is, physical sorption (zeolite and silica 
gel) and chemical reaction. For building applications, the research and development 
in TCES systems are still in the early stage. The main obstacles to deployment are 
the high cost of materials, inadequate heat and mass transport capabilities, improper 
working temperature, ineffective discharge power for building applications, delayed 
kinetic reactions, and low/moderate efficacy of storage material densities. The pri-
mary focus of material research for building applications is long-term solar energy 
storage. 
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FIGURE 2.17 Schematic of the heat storage and release process in TCES38 
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2.3 TES METHODS AND THEIR APPLICATIONS IN BUILDINGS 

The various types of TES materials discussed in the previous section can be imple-
mented in buildings using various methods, as presented in Figure 2.18. The selection 
of the TES method in a building application depends upon various factors of build-
ing, location, climate, energy source, material availability, and economic viability. 
However, this section is limited to the discussion of various TES methods in building 
applications. As shown in Figure 2.18, the TES methods for building applications 
are broadly divided into passive and active methods. In passive methods of TES, the 
temperature difference between the storage material and surrounding establishes the 
driving force during the charging and discharging process. On the other hand, pumps 
or fans are used in the case of active methods. The combination of active and passive 
methods has also been frequently used for TES in buildings, wherein charging is 
carried out using an active method with discharging using a passive method and vice-
versa. The utility of the active method is found more frequently as compared to the 
passive methods. The various methods of TES in buildings and their advancement 
are discussed in detail in the present section. 

2.3.1 PASSIVE STORAGE TECHNIQUES 

The purpose of a building envelope is not only to provide structural support but 
also to provide protection from outdoor weather conditions. Passive methods of TES 
include the smart utilization of storage material under such building envelopes. In 
these methods, the indoor temperature must vary with time to allow heat transfer 
during storage and its release. Therefore, a thorough study of the indoor temperature 
variation characteristics is essential for its effective design and effcient functioning. 
The implementation of adequate passive storage techniques in buildings may reduce 
thermal energy consumption by 7% to 22%.40,41 The thermal energy can be stored 
with the passive method in the form of latent heat using PCMs as well as in the form 
of sensible heat using high thermal mass. The thermal performance of a PCM is 
majorly dependent on the specifc latent heat and specifc heat capacity. The discus-
sion about material properties is presented under the previous section, and details of 
storing techniques are discussed in the following subsections. 

FIGURE 2.18 Classification of TES methods in building applications.39 
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2.3.1.1 Sensible Thermal Mass 
The term ‘thermal mass’ refers to the construction material of the building itself hav-
ing the ability to absorb and release heat for heating/cooling applications as per the 
availability and requirement. Such materials respond as a heat sink during the warm 
period and a heat source during the cool period. The TES behavior of these materials 
is infuenced by the specifc heat capacity, thermal conductivity, thermal diffusivity, 
and density of the material. The sensible thermal mass with the concept of a nearly 
zero-energy building (NZEB) is found suitable to accomplish heating and cooling in 
climatic conditions of a desert. However, comparatively heavy construction is rec-
ommended in such conditions to reduce the peak load with a constant value of the 
total heating and cooling load.42 Commercial buildings of large occupancy such as 
schools and offces have a higher potential for energy savings by the use of heavy 
construction materials. It is also found to be an effective method to reduce tempera-
ture swings and increase thermal comfort. 

The sensible thermal mass is basically categorized as high-thermal-mass materi-
als and solar walls. High-thermal-mass materials are used to store a larger amount 
of heat, which provides a higher value of thermal inertia to the building compo-
nents. Stones, earth materials, concrete, and alveolar bricks are considered high-
thermal-mass materials. A detailed discussion about high-thermal-mass material is 
reported by Rempell and Rempell.43 Solar walls are specifically designed building 
walls that provide a feasible approach to effectively utilizing the directional flow of 
heat within the building. Trombe walls and solar water walls are two different types 
of solar walls. A Trombe wall is made up of high-thermal-mass material covered by 
a glass cover, and an air channel is provided between them. The concept involved in 
a Trombe wall can be understood with the help of various configurations presented in 
Figure 2.19, and a detailed review of the same is reported by Saadatian et al.44 

2.3.1.2 Latent Thermal Mass 
The heat associated with a material during its phase change is referred to as latent 
heat. Mostly, the solid–liquid phase is used for storage due to ease of control, constant 
temperature process, and large heat storage capacity. The materials used to store the 
latent heat are known as PCMs, which store and release heat during the melting 
and solidifcation processes, respectively. Shape stabilization, stable composite form, 

FIGURE 2.19 Various configurations of Trombe walls (a) without ventilation, (b) with air 
circulation for winter mode, (c) with cross ventilation for summer mode.45 
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direct incorporation, immersion, vacuum impregnation, and encapsulation are the 
different ways to incorporate PCMs in the building structure. 

In direct incorporation, the PCM in liquid or powder form is directly added into a 
building material such as concrete, gypsum, or mortar. In the immersion method, the 
porous building structure material is subjected to immersion in a container filled with 
liquid PCM for its absorption through capillary action, and then, the obtained material 
is applied to the building structure. In contrast, the air is evacuated initially from porous 
aggregates using a vacuum pump and subjected to socking with a liquid PCM under a 
vacuum in vacuum impregnation. The obtained aggregate is further used for the build-
ing structure. The mixing of high-density polyethylene with a PCM at high temperatures 
to increase its thermal conductivity and use it after solidification for TES in buildings is 
called shape stabilization. Moreover, once a mass fraction of high-density polyethylene 
is optimized based on the requirement, the method is referred to as a stable composite. 

The use of a micro-encapsulated PCM in the concrete wall of cubicles is also 
found favorable in terms of avoiding excess temperature and temperature swings.46 

However, the addition of a PCM with concrete can deliver a positive outcome up to 
a certain limit, as concrete itself has a large thermal mass. Moreover, its addition of 
lightweight material may result in comparatively better performance.47 Figure 2.20 
shows the variation in indoor air temperature (T

i
free) when sinusoidal heat input is 

given to maintain the room temperature at 22°C for a variable ambient temperature 
(T

e
) for light as well as heavy construction material. 
A significant amount of energy consumption for cooling can be reduced by the 

use of PCM ceiling panels in buildings.48 Alternatively, the use of PCM under build-
ing walls can effectively reduce the heating load by 6% to 15% and 7% to 20% with a 
maximum comfort approach and minimum energy approach, respectively. However, 
geographical location and climatic conditions will be the influencing factors in such 
decisions.49 In order to assess the effectiveness of PCM integration under wallboards, 
Evola et al.50 suggested several indicators such as thermal discomfort intensity, stor-
age efficiency, thermal discomfort frequency, and frequency of activation. 

Conclusively, it can be said that the increase in sensible or latent thermal mass results 
in decreased heating/cooling load along with higher stability in indoor temperature. 

FIGURE 2.20 Variation in indoor air temperature (T
i
free) with a sinusoidal heat gain in the 

case of (a) light construction material or (b) heavy construction material.39 
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However, the common outcomes obtained in most of the studies revealed that the 
magnitude of energy saving using passive TES is lesser compared to that for other 
TES techniques. The outcomes of latent thermal mass are significantly dependent on 
the properties of the selected PCM under the given operating conditions. 

2.3.2 ACTIVE STORAGE TECHNIQUES 

In active storage techniques, some external source of energy is deliberately added 
by means of pumps or fans for the effective working of TES systems. As shown in 
Figure 2.18, the thermal energy can be stored using the active method in three dif-
ferent ways: storage in the heating, ventilation, and air conditioning (HVAC) system; 
building structure; and direct vicinity of the building. With HVAC systems, the TES 
unit is integrated with the HVAC system and it is used for heating as well as cooling 
purposes. In the case of storage in a building structure, the thermal energy is stored 
in walls, foors, or ceilings of the building, and the existing air/water distribution 
system is used to transfer it for required applications. Developing boreholes, aqui-
fers, snow storage, and underground tanks for TES are categorized as storage in the 
direct vicinity of the building. Various positions/ways to integrate different storage 
methods are shown in Figure 2.21. A detailed discussion of these active methods of 
TES is presented in the following subsections. 

FIGURE 2.21 Different ways to integrate TES in buildings.51 
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2.3.2.1 Storage in Heating, Ventilation, and Air Conditioning Systems 
The purpose of integrating HVAC systems in buildings is to maintain indoor thermal 
comfort, and its overall energy consumption can be reduced by the integration of 
TES. Most common technologies such as domestic water heaters and solar collectors 
with storage tanks are considered under this category of TES. In order to provide 
more clarity, these types of TES have been further categorized into storage tanks, 
latent storage in ventilation, and thermochemical storage. 

2.3.2.1.1 Storage Tanks 
A storage tank is the most common and widely used technique of TES. Depending 
upon the type of storage material, the thermal energy can be stored in the form of 
latent as well as sensible heat under the storage. Water is one of the most common 
media of TES due to its favorable properties, easy availability, and almost negligible 
cost.52 Due to the requirement of large amounts of energy in a short span of time, 
water storage tanks are usually used in domestic water heaters with solar collectors, 
gas boilers, and conventional electric heaters. The installation of water storage tanks 
helps to reduce peak saving and heating power. The thermal performance of such 
storage tanks majorly depends on their design, and the use of macro-encapsulated 
PCM has also been reported in favorable outcomes in recent studies.53–56 

The concentration and placement of PCM modules in hybrid water/PCM stor-
age tanks play a crucial role in their performance. Studies suggest that the posi-
tioning of a PCM on the top of the storage tank delivers positive outcomes like 
longer stability and comparatively reduced size.57 Moreover, the average energy 
density also increases due to the presence of PCMs.58 However, several factors are 
crucial in the case of solar water heaters having PCMs in storage tanks. Heat losses 
during the night may increase due to higher temperature differences between the 
tank and the atmosphere. Therefore, proper insulation measures are a must to pre-
vent such heat losses. Moreover, solar collectors work at reduced efficiency in the 
morning period due to the comparatively high temperature of the PCM; therefore, 
the overall performance of a system is negatively impacted.59 Therefore, a decision 
regarding the use of PCMs with water in storage tanks depends on several other 
system-related factors apart from the properties of the PCM. 

Various developments have also been reported about the performance of compact 
storage tanks.60–62 The major drawback associated with compact storage tanks is a 
poor heat transfer rate. Therefore, a smooth tube coil is recommended to replace 
the finned tube coils in such systems. The utility of external heat exchangers may 
increase the efficiency of the storage tanks.62 A study based on the simulations car-
ried out using TRNSYS revealed that the replacement of the internal heat exchanger 
with an external one for a single-family house may reduce the energy saving by 300 
to 400 kWh/year.63 However, the importance of a control strategy for effective func-
tioning as well as energy savings is also pointed out by the authors. 

For cooling applications, paraffin waxes, chilled water, ice harvesters, ice storage, 
and eutectic salt-based storage systems are commonly used. The economic aspect 
plays a crucial role in the selection of these systems, as the chiller and other auxil-
iary equipment are its additional requirements. Various researchers have reported 
the potential and benefits of ice storage for cooling purposes. In general, ice can be 



Thermal Evaluation of Indoor Climate and Energy Storage in Buildings 

 

68 

stored in three different ways in storage tanks: pure ice, ice slurry, and encapsulated 
ice. Direct heat transfer with the working fluid is found to be more useful in the case 
of ice storage. 

The favorable outcomes and associated challenges of TES in storage tanks for 
seasonal storage of solar heat have also been explored by various researchers. This 
method of TES is popular in European nations. Moreover, the exergy efficiency of 
the storage tank is also affected by stratification, which is the formation of a ther-
mocline with a high thermal gradient. The higher the stratification (thinner layer of 
thermocline), the better the performance of the storage tank will be.64 

2.3.2.1.2 Latent Heat Storage in Ventilation 
Thermal energy can also be stored along with ventilation and AC systems of build-
ings, and PCMs are most used in this method due to their lower specifc volume. 
When integrating the PCM storage tank with the air conditioner system for space 
heating, the major issue is due to the poor heat transfer rate of the PCM. Hamada and 
Fukai65 recommended using a carbon fber brush in the tank to overcome this issue 
with additional benefts of space saving and cost reduction. 

Several researchers also reported the use of PCMs directly in the ventilation sys-
tem.66–69 Integrating the packed bed of a PCM into the ventilation system is a prom-
ising approach as is associated with the additional benefit of free cooling. Moreover, 
PCMs with a higher range of melting points are favorable to sustain a longer cycle. 
However, such PCMs are not suitable for regions with significant variations in ambi-
ent temperature in day and night periods. This is due to the early solidification of 
PCM and hence the reduced ventilation effects during the night period. In general, 
PCM cold storage is very sensitive to climatic conditions, building design, cooling 
load, and the specifications of HVAC systems. The provision of a bypass is necessary 
with PCM storage systems to handle the situations of lower ambient air temperature 
than air under PCM storage.70 Nevertheless, the cold ambient air during the night 
period may be used to reduce the temperature of PCM cold storage. It will reduce 
conventional energy consumption and save energy consumption.71,72 

The application of ice slurries for cold storage and its various factors are reported 
by Bellas and Tassou.73 The authors compared the cooling performance of the 
absorption system with the ice slurry system for a building complex and found that 
cooling of a building can be carried out with ice slurry at a 50% lower running cost. 
However, the energy requirement for ice slurry production is found to be more than 
that for normal ice production. Finally, the authors found the cooling performance 
of the ice slurry system better for lesser energy consumption by the air distribution 
system, scope of peak load reduction, and flexibility to shift the ice production pro-
cess from day to night. 

In several applications, absorption cooling using ice is not found effective due to 
the operating conditions. Such issues arise mostly in applications where cooling is 
required below 0°C. In such a situation, an aqueous solution of an ammonium salt 
named clathrate hydrate slurry (CHS) is reported as a feasible option, which can also 
be used with absorption cooling. CHS can be used as a storage medium and heat 
transfer fluid. When comparing the performance of the CHS storage system with no 
storage, water storage, and ice storage for an office building, Hayashi et al. found the 
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lowest annual electricity consumption for the same due to a reduction in pumping 
power requirement.74 The outcomes of using micro-encapsulated PCM slurry are 
also found favorable through initial research and development. This may be due to 
the high surface area-to-volume ratio and its homogenous nature. However, more 
research and development is required to offer the same for commercial technologies. 

2.3.2.1.3 Thermochemical Storage 
In thermochemical energy storage systems, the involvement of heat during reversible 
chemical reactions (exothermic and endothermic reactions) is utilized to store the 
energy. As discussed in section 2.2.3, heat is absorbed by a compound during its split 
into two components and stored for a long duration of time without losses. These two 
components are brought together to form the initial compound and thermal energy is 
released due to the exothermic nature of this reaction. The thermochemical storage 
systems are basically of two types: closed systems and open systems. Both types of 
systems can store the energy with adsorption as well as absorption principles. 

In closed systems, mass exchange is restricted to the environment, and the reac-
tions are carried out under a vacuum environment. The evaporation of working fluid 
during discharge is essential in closed systems and is usually achieved through some 
low-grade heat source. The heat source should be sufficient to evaporate water at 
5°C under vacuum conditions, as water is the commonly used working fluid in these 
systems. In contrast, mass exchange is allowed with the environment in the open 
systems. Therefore, the use of water becomes mandatory in such systems. Moreover, 
the local climatic conditions play a crucial role in the performance of these systems 
due to the use of ambient air during discharging. 

2.3.2.2 Storage in Building Structures 
The addition of storage facilities to building elements such as foors, ceilings, and 
walls can also be used to store thermal energy. The use of a water pipe network or 
electric heating cables in the foor for heating and active ceiling panels for cool-
ing purposes are common examples of this storage method. These storage systems 
are also referred to as thermally activated building systems (TABSs). Based on the 
charging/discharging method, TABSs can be classifed as air distribution systems 
and water distribution systems, which are discussed in this section. 

In TABS with air distribution systems, the thermal mass integrated into a build-
ing structure for TES is charged/discharged using the network of the air distribution 
system. This type of storage method is found to be better compared to the methods 
discussed in the previous section (storage in HVAC) in terms of indoor thermal com-
fort and energy efficiency.75 However, energy efficiency is significantly influenced 
by the coordination between thermal mass temperature and air mass flow rate. The 
performance of these systems is equally influenced by the properties of the storage 
material and configuration of the storage system.76 The major observations reported 
in the literature are based on numerical studies; therefore, more experimental studies 
are required for this type of storage method. 

The TABSs with water distribution systems have major applications in building 
cooling using activated ceiling panels with PCMs. The combination of water as a 
heat transfer fluid and PCM as a storage material increases the allowable temperature 
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range of the cooling system compared to the air distribution system.77 A concept of an 
active PCM hollow slab was reported by Pomianowski and Jensen. It was found that 
such a slab gives better results compared to a conventional concrete slab for cooling.78 

Moreover, Mazo et al. investigated the use of PCM in a radiant floor heating system 
coupled with a heat pump.79 The authors developed a model of the same and obtained 
the performance of single-zone building through simulations. Based on the obtained 
results, it reported that the use of PCM may shift the peak to off-peak hours, and 
hence, associated energy costs may be reduced by up to 18%. 

2.3.2.3 Storage in the Direct Vicinity 
Various storage mechanisms discussed under sections 2.3.2.1 and 2.3.2.2 directly or 
indirectly become integral parts of the building. Contrary, the TESs that fall under 
this category are located outside the building structure. Such types of TESs are suit-
able for larger buildings or groups of buildings. Aquifer storage, borehole storage, 
and snow storage are different types of TESs in the direct vicinity of buildings, and 
these types are discussed in detail in this section. 

2.3.2.3.1 Aquifer Storage 
Aquifers are geologically formed bodies of saturated rocks that contain groundwater 
and have a great potential to store thermal energy for a long duration. In such aqui-
fers, one or more wells are drilled to inject and extract the groundwater as a heat 
carrier. The charging/discharging processes are carried out either through alterna-
tive fow in production and injection wells or continuous fow in one direction. The 
charging/discharging processes with a continuous fow are adopted for cooling appli-
cations. The working principle of typical low-temperature aquifer storage is shown 
in Figure 2.22. The existence of aquifers in large volumes (hundreds to thousands of 

FIGURE 2.22 Working principle of a typical low-temperature aquifer storage system.81 
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cubic meters) facilitates them to store huge amounts of thermal energy. Therefore, 
their application is found suitable for seasonal storage, that is, the heat stored in 
summer can be utilized for heating applications during winter. For the same reason, 
aquifer storage is found appropriate for building applications.80 

Economic feasibility, high energy storage capacity, and higher charging/discharg-
ing rates are several additional benefits associated with aquifer storage systems. On 
the other hand, conflicts associated with groundwater use and water chemistry are 
the major concerns allied with it. Novo et al.82 claimed that aquifer storage’s average 
heat storage capacity is between 30 and 40 kWh/m3. However, the rate of heat loss to 
the environment decreases with an increase in the size of the aquifer. Moreover, the 
effect of natural convection and thermal diffusion can prevent this by increasing its 
size beyond 20000 m3. 

2.3.2.3.2 Borehole Storage 
In borehole storage systems, a bed of rocks is used for heat storage, and a borehole 
having a pipe is used to circulate the heat carrier, as shown in Figure 2.23. Borehole 
storage and aquifer storage are the underground TES concepts and are considered 
benefcial for seasonal TES. As stated earlier, aquifer storage is usually used for a 
large time periods (seasonal TES), whereas borehole storage can be used for small-
scale, large-scale, or seasonal storage systems. Small-scale borehole storage can be 

FIGURE 2.23 Schematic of a typical solar-based borehole storage system.83 
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a single borehole for cooling, a single borehole for heating with a heat pump, or a 
single borehole for heating with a heat pump as well as direct cooling. Large-scale 
systems have more than one borehole for heat extraction with a heat pump. The size 
of borehole systems for seasonal storage is comparatively much larger, and energy is 
stored for later extraction. 

2.3.2.3.3 Snow Storage 
Snow storage is an energy-effcient method of cooling with the help of snow collected 
and stored during the winter season. It is an ancient method of cold storage, which 
includes harvesting ice/snow from rivers/lakes and storing it in barns. In the modern 
era, artifcial snow also comes into the picture for space cooling and food storage 
applications. Along with the building sector, the seasonal snow storage method has a 
strong potential in the industrial and agricultural sectors. Similar to the borehole and 
aquifer storage concepts, energy extraction takes place by the circulation of energy 
carriers through stored snow. 

2.4 ADVANTAGES AND CHALLENGES OF TES 

In this section, the advantages and challenges associated with TES are discussed in 
brief. The integration of TES systems in buildings delivers many advantages for dif-
ferent groups such as building owners, the environment and society, and energy pro-
viders. The reduction in costs associated with heating/cooling, improved quality of 
the indoor environment, and lesser expense of electricity to fulfll the energy needs 
of HVAC equipment are benefts for the building owners or consumers. Moreover, 
TES integration in buildings is benefcial from a societal and environmental point 
of view, as it can help to increase the utility of renewable energy sources to fulfll 
the energy needs of the buildings. A lower requirement of energy from power plants 
helps in the reduction of conventional fuel consumption and pollutant emissions. 
Moreover, TES integration in buildings is also benefcial for the energy provider, as 
it may reduce the peak load electricity demand, help to increase the effciency of the 
energy production plants, and enhance the utility load factor. 

Apart from the benefits, there are several challenges also associated with TES 
technologies and their implementation in buildings. The selection of a TES technol-
ogy is the major challenge associated with its integration in buildings as it depends 
on a number of factors such as storage period, operating conditions, compatibility 
of storage material with building materials, and many more. There is no ‘one-size-
fits-all’ theory available in the literature to define the selection criteria of the TES 
technology in buildings. Thermal load profiles, excess heat availability, electric-
ity costs, provision of auxiliary, building type, and occupancy are several specific 
parameters that should be taken into consideration during the selection of TES tech-
nology. Economic feasibility is another major challenge in the adaptability of TES 
in buildings. Due to the higher initial costs of such technologies compared to that of 
their conventional counterparts, this option is usually not considered by the common 
people during the development of the building. However, the payback period may be 
nearly five years or less for the same, whereas operating and maintenance costs are 
almost negligible in the case of TES systems for thermal comfort. The retrofitting 
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of TES technologies to existing buildings is also a major issue, and stakeholders are 
working on this problem to take advantage of the benefits discussed in the previous 
paragraph. 

The various benefits revealed in the first paragraph of this section may be achieved 
by overcoming the various challenges discussed in the previous paragraph. Social 
awareness, the adoption of concepts like NZEB, guidelines for building construction, 
and policy making are several steps that require efforts regarding TES integration. 

2.5 CONCLUSIONS 

In the present chapter, a detailed discussion of the various aspects of TES integrated 
into buildings is presented. It includes the importance of integrating the TES in 
buildings in terms of energy conservation and environmental benefts along with 
various types of TES systems. The chapter also discusses the various existing and 
underdeveloped mechanisms of TES in buildings. Various advantages, drawbacks, 
and challenges associated with TES in buildings are also incorporated in the chap-
ter. It can be concluded from the discussion that the utilization of TES in buildings 
is benefcial to increase energy effciency in a sustainable manner. It also provides 
a platform to increase the share of renewable energy resources to meet the total 
energy demand of the buildings. Apart from this, the emission of harmful pollutants 
is reduced, the effciency of HVAC components is increased, peak load magnitude is 
reduced, and temperature swing in indoor thermal comfort is decreased with the use 
of TES. A wide range of TES technologies is compatible with the buildings and com-
mercially available. Moreover, the results of several emerging technologies are also 
found favorable, and their commercialization may be a milestone in the adaptability 
of TES in buildings. However, the economic feasibility, compatibility of TES mate-
rials with building materials, public awareness, and involvement of related policies in 
essential guidelines for building development are several challenges associated with 
TES in buildings, and stakeholders are working on them. Moreover, the selection 
of a TES material and mechanism is a crucial decision that requires a substantial 
amount of preliminary research about the existing options. The TES technologies for 
buildings need more research and development to make them competitive with their 
conventional counterparts. The present chapter may be useful for the stakeholders 
working in the feld of TES and energy effciency in buildings. 
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3.1 INTRODUCTION 

In the building industry, it is critical to make use of sustainable materials and recy-
cled ones. This can include wood that was harvested in an ethical manner, steel that 
has been recycled, fooring made of bamboo, and paints and fnishes that are non-
toxic and have low emissions. According to the fndings of the International Energy 
Agency’s study of global carbon dioxide (CO

2
) emissions, the amount of CO

2
 released 

into the atmosphere as a result of the combustion of fossil fuels rose by 60% between 
the years 1990 and 2017 (Yoon et al., 2023). The need to reduce greenhouse gas emis-
sions is urgent because carbon dioxide stays in the atmosphere for over 10 years. All 
energy-consuming sectors have developed energy-effcient solutions, including smart 
building design strategies in the building sector, to reduce climate change’s environ-
mental impact. It is also important that houses be designed to produce the least amount 
of greenhouse gas waste during the building process and to incorporate strategies for 
the recycling and correct disposal of materials. Ventilated double-skin facades, also 
known as VDFs, make use of the thermal interaction that occurs between the interior 
and exterior of a building in order to lower the amount of heating or cooling a building 
requires and the amount of greenhouse gas emissions it produces. Depending on the 
parameters, they also offer naturally occurring ventilation and daylight, as well as ther-
mal and acoustic insulation. This chapter reviews previous research on VDFs’ thermal 
behavior, discussing classifcation criteria as well as the parameters that affect it. 

• Ventilated double-skin facades (VDFs) 

A building’s facade protects its interior. It’s crucial to the building’s functionality 
and occupants’ safety. It helps conserve energy and improve the building’s appear-
ance. Despite their aerodynamic unknowns, facade systems are being improved and 
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used more due to their importance. Double-skin facade (DSF) systems clad build-
ings. The inner and outer skins are separated by a gap. Tall buildings with mostly 
glass and steel facades use these. A few centimeters to 2 m can separate the facades. 
DSF systems save energy because the gap air insulates the building’s interior and 
exterior. An improperly designed DSF system may perform worse thermodynami-
cally than single-skin building facades. 

Double-skin facades (DSFs) are a promising passive building technology that 
improves energy efficiency and thermal comfort through measured and simulated 
performance (Ghaffarianhoseini et al., 2016). Double-skin facade refers to decoupled 
layers of transparent, translucent, or opaque constructions. Double-skin facades follow 
curtain wall construction principles. The gap width between the facades is crucial 
because a DSF system can reduce effective heat transfer by 27% and 24% in summer 
and winter, respectively (Zhu et al., 2019). The control of greenhouse gas emissions, 
the improvement of the building’s thermal and acoustic insulation, as well as the pro-
vision of natural ventilation and exposure to daylight are all essential components of 
a sustainable house. Studies have shown that making full use of the electric energy 
generated by solar PV panels that are integrated with a DSF system can reduce the 
total amount of energy needed for heating, cooling, and lighting by up to 44.1%. This 
can be accomplished by integrating the panels into the DSF system (Yoon et al., 2023). 

• Natural ventilated systems 

Natural ventilation systems need weather-sensitive planning. Mechanical solu-
tions are more reliable but require control and installation. Mechanically driven 
openings, fans, and air conditioning units can control temperature and humidity. 
Each floor offers more flexibility, making room configurations easier. Its cost and 
time to clean are drawbacks. Air conditioning, natural lighting, and light control in 
the facade increase design complexity and effort. This chapter discussed compre-
hensive analysis of the design, technical aspects, and construction characteristics for 
energy efficiency and thermal performance. 

• Thermodynamics and greenhouse effect 

The building has two transparent facades, which enable a significant amount of solar 
radiation to enter the interior. Due to the fact that the sunlight is reflected, absorbed, 
and refracted by both facades, it is possible that they will cause a greenhouse effect in 
the gap (Škvorc et al., 2023). The outer facade reflects some solar radiation from the 
inner facade. The outer facade partially reflects solar radiation onto the inner facade. 
In cooler climates, this may be beneficial, but in warmer climates, it may overheat. 
Shape the building’s exterior or interior facades to control (lower and higher) the tem-
perature. Controlling solar radiation on building facades adjusts heating and cooling. 

• House materials and climate 

The process of reducing emissions caused by the built environment includes 
using materials that have a low carbon footprint, which is an important component 
of that process. Because eco-friendly materials are readily available, the future of 
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environmentally friendly building materials looks bright (Modus Staff, 2021). As 
environmental awareness grows, so do sustainable building materials. Sustainable 
building materials help architects, builders, and homeowners reduce their environ-
mental footprint. 

• House construction materials 

Recycled wood and clay can build energy-efficient, resource-saving buildings. 
Ten eco-friendly construction materials that are made from sustainable building 
materials can provide better way for the future (The Constructor, 2023). Renewable, 
eco-friendly, and low-impact plant materials for house construction are available. 
Bamboo, cork, hempcrete, timber, coconut timber, etc. are sustainable plant-based 
construction materials (The Constructor, 2023; Nowotna et al., 2019). Fast-growing 
bamboo can be harvested sustainably in a few years. It’s tough and versatile. Bamboo 
can be used for flooring, walls, roofing, and structures. Cork comes from cork oak 
bark. The bark is harvested without cutting down the tree, making it renewable. Cork 
is fireproof, acoustic, and insulating. Flooring, wall tiles, and insulation use it. Grain 
crops produce straw bales. They can be stacked and used as load-bearing or infill 
walls, providing excellent insulation. Hempcrete is a mixture of hemp fibers and lime 
binder. It is lightweight, breathable, and has excellent thermal insulation properties. 
Hempcrete is used as an alternative to traditional concrete for walls and insulation, 
reducing carbon emissions associated with concrete production. Sustainable timber 
is used for framing, flooring, siding, and interior finishes. Linoleum flooring is made 
from linseed oil, wood flour, and jute fibers. It is biodegradable, non-toxic, and dura-
ble. Mature coconut palm trees without fruit produce coconut timber. Coconut trees 
grow faster than hardwood, making it more sustainable. Coconut wood is used for 
flooring, furniture, and structures. Eco-friendly materials address the environmen-
tal, social, and economic sustainability in building construction (Manandhar et al., 
2019; Nowotna et al., 2019). 

• Renewable plant materials 

Green composites—biocomposites with a bio-based polymer lattice reinforced 
by common strands—are a growing polymer research field. Concrete is a composite 
material made of coarse granular material (filler aggregate) encased in a hard matrix 
(cement or binder) that bonds the aggregate particles together. Energy-saving mate-
rials like sheep’s wool, cellulose, plywood, fibrous materials with external gypsum, 
wooden panels, and clay plaster with straw are healthy, cheap, and often locally avail-
able (Manandhar et al., 2019). Green architecture reduces the amount of resources 
used in a building’s construction, use, and operation, as well as its emissions, pollu-
tion, and waste (Ragheb et al., 2016). These renewable plant materials offer a vari-
ety of benefits, including a lower impact on the environment, the use of renewable 
sources, increased energy efficiency, and an improvement in the quality of the air 
inside the building. Figure 3.1 presents a graphical representation of a sustainable 
house with low-energy-performance characteristics. It is essential, when using plant-
based materials, to ensure that they have been responsibly sourced and that they meet 
relevant quality standards for the structural integrity and safety of the building. 
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FIGURE 3.1 Graphical representation of the sustainable house characteristics. 

3.2 CHALLENGES AND MITIGATION 

Remember, a sustainable construction approach also includes minimizing waste, 
optimizing energy effciency through proper design and insulation, and considering 
the life cycle of the materials used. Concrete is the second-most-used material after 
water and the second-largest CO

2
 emitter. Due to global heat waves, storms, and 

fooding, climate-change-challenged construction is rising. Additional research is 
required to complete a comprehensive analysis of the signifcant benefts that using 
double-skin facades (DSFs) can provide (Ghaffarianhoseini et al., 2016). 

According to a literature review, DSF systems on buildings are poorly understood, 
and tall buildings complicate the issue (Škvorc et al., 2023). Because tall buildings 
are so common in cities, interference effects between multiple buildings must be 
studied experimentally or numerically. These effects can severely disrupt signal 
transmission. How do we build a sustainable house? The cement industry would 
be the third-largest carbon dioxide emitter if it were a country. Concrete supports 
business and society worldwide. Its sustainability, exploitation, and development 
are essential to a healthy global economy and environment, although they are chal-
lenges to a sustainable environment. Concerns, consequences, and potential solutions 
regarding the emission of carbon dioxide from the building sector and bringing the 
greenhouse gas emissions produced by the cement industry down to net zero use mit-
igation strategies that focus on the value chain (Ali et al., 2020; Miller et al., 2021). A 
lack of appropriate data input, limited experience with the tools, difficulty using the 
tools, calculations, and integration into design and construction processes, requiring 
details for various elements and components for completing the whole installation. 
Kazemian recommends life-cycle analysis and carbon footprint calculations of any 
kind (Kazemian et al., 2022). As future performance-based design approaches for 
durability are expected, monitoring durability performance in tropical exposure 
environments is urgently needed to calibrate them (Tam Chat Tim, 2014). Green concrete 
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encourages sustainable and creative use of waste and unconventional concrete mate-
rials (Liew et al., 2017). 

Standards, demonstration projects, training, public awareness, cross-disciplinary 
collaborations, and more research and development are needed to promote green 
concrete in large-scale infrastructure projects worldwide. Many carbon dioxide regu-
lating and environmentally friendly alternatives exist. Beyond fixing concrete issues, 
they will make buildings greener. Skill shortage, unscheduled maintenance/replace-
ment, policies, standards, and regulations are possible requirements for sustainable 
construction. Sustainable construction requires training in new eco-friendly materi-
als. These barriers could improve new policy actions. Removing these barriers would 
help the sector achieve waste policy goals and adopt circular economy thinking 
(European Environment Agency, 2023). An European Environment Agency (2023) 
briefing examines how circular economy-inspired actions can help achieve waste 
policy goals such as waste prevention and increasing recycling quantity and quality 
while reducing hazardous materials. By incorporating sustainable materials, we can 
create an environmentally friendly and energy-efficient home. 

In order to ensure that relevant quality standards are met for houses and build-
ings and to make a sustainable future, this chapter discusses energy-efficient houses, 
performance-based design, adoptable technology approaches, healthy environments, 
and plant-based materials. 

3.3 ENERGY-EFFICIENT HOUSES 

These houses are designed to minimize energy consumption and maximize energy 
effciency. This includes proper insulation, energy-effcient windows, LED lighting, 
and the use of energy-effcient appliances and HVAC (heating, ventilation, and air 
conditioning) systems. Renewable energy sources such as solar panels or wind tur-
bines can be installed to generate clean energy on-site. Characteristics of water heat-
ing and solar systems represent effcient house structures. 

• Heating systems 

Water heating systems aim to efficiently convert energy into heat to raise the 
temperature of water. Water heating can be achieved using various energy sources, 
including electricity, natural gas, oil, or solar energy. Water heating systems can 
either have a storage tank to store heated water or be tankless, instantly heating 
water as it flows through the system. Water heating systems can experience heat loss, 
especially in systems with storage tanks. Proper insulation and efficient design help 
minimize heat loss. A low-energy-performance house, also known as a passive house 
or energy-efficient house, is designed and constructed to minimize energy consump-
tion and maximize energy efficiency. Such houses are built using various design 
principles, materials, and technologies to reduce the need for heating, cooling, and 
overall energy usage. Here are some characteristics and details commonly associated 
with low-energy-performance houses mentioned in Table 3.1. Hamburg et al. (2021) 
addressed the issue of heat loss from domestic hot water pipes, exploring factors con-
tributing to heat loss and proposing solutions to minimize it. Marszal-Pomianowska 
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et al. (2021) conducted a field study in two Danish detached houses, examining the 
comfort aspects of domestic water in terms of flow, temperature, and energy at var-
ious draw-off points. P.A. Hohne et al. (2019) provided a review of water heating 
technologies, focusing on their application in the South African context and assess-
ing their energy efficiency and suitability for the region. 

• Renewable energy sources 

Solar energy is a renewable energy source derived from the sun’s radiation. It is con-
tinuously available and does not deplete natural resources. The sun provides an abun-
dant source of energy capable of meeting the world’s energy needs many times over. 
Solar energy production does not release greenhouse gases or pollutants, contributing 
to a cleaner environment and reduced carbon footprint. Solar panels require minimal 
maintenance, primarily consisting of periodic cleaning to ensure optimal performance. 
While the upfront costs of installing solar energy systems can be significant, they can 
result in long-term cost savings by reducing reliance on traditional energy sources and 
lowering electricity bills. Low-energy-performance houses are mentioned in Table 3.1. 

Solar low-energy smart houses explore the concept of energy efficiency and sus-
tainability through the integration of solar technologies and smart systems (Chwieduk 
et al., 2020). In a building with solar PV/T panels and a heat storage unit, Behzadi 
A. et al. (2020) analyzed the energy savings and overall performance of such a sys-
tem. Azhar K. Mohammed et al. (2021) compared electrical and solar water systems, 
particularly solar water heaters, to assess the energy savings and cost-effectiveness 
of adopting solar water heating technologies. Another study examined the effects 
of storing solar energy in residential and commercial buildings, evaluating differ-
ent energy storage technologies and their economic and environmental implications 
for maximizing the utilization of solar energy (Fares et al., 2017). In general, the 

TABLE 3.1 
Characteristics and Details Commonly Associated with Low-Energy-
Performance Houses Mentioned in Categories 
Categories 

Water heating 

Solar energy 

Details 

Heat loss due to domestic hot 
water pipes 

Domestic water in Danish 
detached houses 

Application to the South African 
context 

Solar low-energy smart house 
Building with solar PV/T panels 
and a heat storage unit 

Energy savings for electrical and 
solar water systems 

The impacts of storing solar 
energy 

Reference 

Hamburg et al., 2021 

Marszal-Pomianowska et al., 2021 

Hohne et al., 2019 

Chwieduk et al., 2020 
Behzadi et al., 2020 

Mohammed et al., 2021 

Fares et al., 2017 
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findings of these studies highlight how important it is for homes in various parts 
of the world to have a low energy performance. Ongoing research and development 
efforts continue to improve the efficiency and cost-effectiveness of solar energy sys-
tems, making them increasingly viable for widespread adoption. 

3.4 DEVELOPING ENERGY-EFFICIENT HOUSES 
AND BUILDINGS WITH WALLS 

The signifcance of residential and commercial construction is determined by a number 
of factors, including wall design, architectural modeling, and air fow, among others. 

• Characteristics of house walls 

The wall can enhance the visual appeal, architectural design, structural support; 
insulate the interior; maintain comfortable temperatures; and protect against exter-
nal elements such as weather and noise. In Table 3.2, characteristics of house walls 
were discussed in detail. A study by Leang E et al. (2021) examines the effect of a 

TABLE 3.2 
Characteristics and Details Commonly Associated with House Walls, House 
Design, Modeling, and Air Flow Systems Are Discussed in Detail 
Categories Details Reference 

House wall Composite wall with phase change Leang et al., 2021 
materials 

Wall-brick-timber Zheng et al., 2021 
Construction of a passive exterior wall Lan et al., 2022 
Thermal performance analysis of Zheng et al., 2019 
exterior wall materials 

Wall with insulation systems Carlier et al., 2020 
Design of house Design of buildings in the Polish region Godlewski et al., 2021 

Design strategy for cold Pan et al., 2020 
Building envelope design in the Sassine et al., 2022 
Lebanese climate 

Climate-adaptive container building Shen et al., 2020 
design 

Modeling Investment and energy calculations Niskanen et al., 2020 
Building design for energy performance Mahmoud et al., 2020 
Deep learning for smart apartments Komala et al., 2022 
Eco-friendly speed control algorithm Kim et al., 2021 
development 

Building energy performance Abbas et al., 2022 
simulations 

Air flow Windows with portable air purifiers Wang et al., 2021 
Indoor air quality Kanama et al., 2021 

Sustainable air heat pump system Jeong et al., 2020 
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composite Trombe wall with phase change materials on the thermal behavior of a 
low-energy-consumption house. It investigates how the wall design influences the 
energy efficiency and thermal performance of the individual house. Further, the 
effect of the envelope structure on the indoor thermal environment of a low-energy 
residential building in a humid subtropical climate is explored to assess how the 
design of the building envelope affects energy consumption and thermal comfort 
(Zheng et al., 2021). Another study investigates the thermal performance measure-
ment and construction of a passive exterior wall with low energy (Lan et al., 2022). 
It explores different strategies and materials used in the construction of the exterior 
wall to achieve energy efficiency and thermal comfort in buildings. A thermal per-
formance study analyzes the exterior wall materials used in residential buildings 
in Huizhou considering the local climate conditions. It examines how the choice of 
wall materials impacts energy efficiency and thermal comfort in buildings (Zheng et 
al., 2019). Another study focuses how different wall designs and materials affect the 
energy efficiency of buildings using switchable insulation technology (Carlier et al., 
2020). The findings of these studies, taken as a whole, shed light on how important 
it is for residential walls to be energy-efficient in many different parts of the world. 

• Design of houses 

The importance of a house’s design is directly proportional to the degree to which 
it optimizes the functionality and efficiency of living spaces, safety features, etc., 
which in turn enable the house to adapt to changing requirements and ways of life. In 
Table 3.2, the design of houses was discussed in detail in several studies, focusing on 
important characteristics. In the Polish region, one study explores the design consid-
erations for buildings, taking into account factors such as climate, culture, and local 
architectural traditions. It discusses strategies and principles for designing energy-
efficient buildings (Godlewski et al., 2021). Pan W et al. (2020) discusses the tech-
niques and approaches for designing buildings that can effectively withstand cold 
temperatures and minimize heat loss. Further, Sassine E et al. (2022) investigates 
strategies for designing envelope systems that can effectively regulate temperature, 
optimize energy performance, and ensure occupant comfort in the specific climatic 
conditions of Lebanon. Container buildings are designed to respond and adapt to 
changing climate conditions based on innovative design approaches and technologies 
for creating flexible structures that can adapt to different climates (Shen et al., 2020). 
In general, these studies emphasize the significance of the design and architecture of 
the home for the development of energy-efficient buildings. 

• Importance of modeling 

The modeling process will result in the production of visual representations and 
simulations, which will improve both comprehension and investigation. It supports 
an iterative process of refinement and improvement, enables accurate representation 
of the house’s systems, and facilitates scalability for analysis at various levels of 
detail. In the aspect of modeling, several studies have discussed sustainability and 
related topics in Table 3.2. Here is a summary of those studies that were discussed. 
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A study by Niskanen J et al. (2020) explores the investment calculations, energy 
modeling, and collaboration strategies employed by Swedish housing companies for 
passive houses, which are highly energy-efficient buildings. It focuses on the sustain-
ability aspects of passive house design and construction. A building design study in 
the UK discusses the opportunities and limitations of building energy performance 
simulation tools during the early stages of building design (Mahmoud et al., 2020). 
The use of deep-learning techniques to develop an innovative photo energy model 
for estimating energy distribution in smart apartments is important for sustainability 
in residential buildings (Komala et al., 2022). The development of an eco-friendly 
speed control algorithm for autonomous vessel route planning helps to minimize 
energy consumption and reduce environmental impact (Kim et al., 2021). Abbas S. 
et al. (2022) investigates energy-efficient building structures using building energy 
performance simulations. This study examines how simulation tools can be used 
to assess and optimize the energy performance of buildings, contributing to sus-
tainability goals. Collectively, these studies illuminate the universal importance of 
modeling for efficient household sustainability management. 

Tools for building energy simulations provide the opportunity to integrate 
double-skin facade (DSF) technologies into whole-building simulations through 
the use of dedicated modules or other possible workarounds (Gennaro et al., 2023). 
Research compared simulation results with experimental data to assess their ability 
to predict thermophysical quantities. The results showed that no instrument performs 
better for any of the quantities analyzed. Due to a daytime peak underestimate, cavity 
air temperature is the least accurate parameter across all software. In the shade, the 
IES-VE model is most accurate for supply air and thermal buffer modes, while the 
EnergyPlus model is most accurate for outdoor air curtain mode. When it comes to 
surface temperatures and the amount of solar radiation that is transmitted, it seems 
that TRNSYS is the software that performs the best (Gennaro et al., 2023). 

• Importance of air flow 

Air flow is very important in the process of developing an energy-efficient house 
because it encourages natural ventilation, lessens the need for artificial cooling sys-
tems, and improves indoor air quality by lessening the amount of pollutants and 
moisture. Additionally, it contributes to the comfort of the occupants as well as their 
overall well-being, which in turn helps to improve energy efficiency. Mechanical 
cooling and ventilation are reduced as a result. An important study investigates the 
factors influencing occupants’ window operation in apartments equipped with por-
table air purifiers (Wang et al., 2021). The authors examine the impact of occupants’ 
behavior on energy consumption and indoor air quality, contributing to sustainable 
building operation. Kanama N et al. (2021) discussed the indoor air quality cam-
paign conducted in an occupied low-energy house. The authors explore strategies to 
improve indoor air quality and thermal comfort, considering the spatial and temporal 
aspects of building occupancy. Further, a study by Jeong M G et al. (2020) exam-
ines the effect of a sustainable air heat pump system on energy efficiency, housing 
environment, and productivity traits on a pig farm. It explores the application of 
sustainable heating systems in agricultural settings to enhance energy efficiency and 
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environmental sustainability. Overall, these studies show how vital it is to improve 
indoor air quality in order to improve energy efficiency. 

The porous double-skin facade (PDSF) is a DSF system that is widely used and 
is considered important. Its outer facade is porous and allows air to flow through 
the gap between the facades, in contrast to the solid inner facade, which is typically 
made of glass panels and steel frames (Škvorc et al., 2023). Porosity of the desired 
level can be accomplished by cutting openings in the exterior facade. Because of the 
higher dynamic pressure inside the building, the single glass panel that is located on 
the interior of the building’s facade has the potential to cause significant damage if 
it is subjected to the elements of the environment such as precipitation, snow, or hail. 
Because of this, it is essential that the outer facade shield the inner facade from the 
various components that make up the environment. 

3.5 ECO-FRIENDLY LIVING PRACTICES 

It is important that important technologies for effcient house aspects focus on incor-
porating technologies that improve smartness and effciency in residential buildings, 
and all together, residential management should require less money. The consump-
tion of energy is growing at an alarming rate all over the world, and one of the major 
contributors to this trend is the demand for electricity to power lighting fxtures found 
inside of buildings. Research has identifed fve high-performance light-transmitting 
concrete samples including different amounts of optical fber, and their performances 
in terms of daylight and electricity saving were analyzed based on simulations per-
formed with the Diva for Rhino software (Navabi et al., 2023). The use of transparent 
facades is the most common method currently available to reduce the amount of elec-
trical energy that is consumed in contemporary buildings such as museums; however, 
there are other methods available to deal with this issue. Nevertheless, these solutions 
come with a number of drawbacks, including insuffcient protection for the space, 
heat gains during the summer, and glare; energy loss caused by light-transmitting 
seams and visual discomfort are the primary drawbacks associated with transpar-
ent facades. Thus, a new method is needed to pass natural light to improve visual 
comfort without damaging the building’s exterior walls’ thermal insulation. Light-
transmitting concrete is one solution. 

• Cost-effective households 

Research facilities that are both environmentally friendly and economical to oper-
ate are given ample attention in several studies. In Table 3.3, the following cost-ef-
fective research topics were discussed by various studies. Gürel AE et al. (2020) 
discussed research focused on cost-effectiveness in household refrigerators, explor-
ing ways to improve energy efficiency while keeping costs reasonable. Another 
study discussed the use of sound-absorbing and insulating low-cost panels, aiming 
to provide cost-effective solutions for noise reduction and insulation in buildings 
(Neri et al., 2021). García Kerdan I et al. (2020) explored the use of an artificial 
neural network structure, which offers a cost-effective approach for various appli-
cations such as predicting energy consumption or optimizing system performance. 
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TABLE 3.3 
Characteristics and Details Commonly Associated with House  
Cost-Effectiveness and Smartness Research Are Discussed in Detail 
Characteristics Details Reference 

Cost-effectiveness Household refrigerators Gürel et al., 2020 
Sound-absorbing and insulating Neri et al., 2021 
low-cost panels 

Artificial neural network structure García Kerdan et al., 2020 
CO  emissions and cost by floor

2
Jang et al., 2016 

types in apartments 
Utilization of cost-efficient waste- Tsai et al., 2018 
wood composite 

Smart houses Cyber security framework for Alkatheiri et al., 2021 
energy management 

Design and implementation of the García-Vázquez et al., 2022 
E-Switch 

Architecture, technologies, and Li et al., 2018 
systems 

Renewable energy management Al-Ali et al., 2011 

Design and implementation of Elkholy et al., 2022 
real-time management 

The relationship between CO
2
 emissions and cost based on different floor types in 

apartments was investigated by Jang H J et al. (2016). This research aimed to identify 
cost-effective flooring options that minimize environmental impact. Tsai M et al. 
(2018) study the utilization of cost-efficient waste-wood composite materials, high-
lighting their potential as a sustainable and affordable alternatives in various con-
struction applications. 

• Development of smart houses 

The development of smart houses has become an important task in recent times, and 
several studies have emphasized it through their technology and research (Table 3.3). 
Here are some key contributions from these studies. Alkatheiri MS et al 2021 dis-
cussed a cyber security framework for energy management in smart houses. This 
highlights the importance of protecting smart-home systems from potential cyber 
threats and ensuring the secure management of energy resources. Another study 
focused on the design and implementation of the E-Switch, which is a technology 
aimed at enhancing the control and automation capabilities of smart houses (García-
Vázquez et al., 2022). This contributes to the development of more efficient and 
user-friendly smart-home systems. Min Li et al. (2018) researched the architecture, 
technologies, and systems involved in smart houses. This comprehensive overview 
provides insights into the different components and integration methods necessary 
for the successful implementation of smart-home technologies. The importance of 
renewable energy management in smart houses highlights the need for the efficient 
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utilization of sources, such as solar or wind power, to optimize energy consumption 
and reduce reliance on traditional energy grids (Al-Ali et al., 2011). Elkholy MH 
et al. (2022) focused on the design and implementation of a real-time management 
system for smart houses. This contributes to the development of advanced monitoring 
and control systems that enable real-time data analysis and decision making to optimize 
energy usage and improve overall smart-home performance. Taken together, these 
reports stress the need for environmentally friendly smart houses in many parts of 
the world. 

• Water conservation and waste management 

Low-flow toilets, faucets, and showerheads save water. Rainwater harvesting 
systems can store rainwater for non-potable uses like watering gardens and flush-
ing toilets. Water-efficient fixtures like low-flow toilets, faucets, and showerheads 
can cut water use. Rainwater harvesting systems can be used to water gardens 
and flush toilets. According to the findings, water efficiency programs were 
more effective in lowering per capita consumption (pcc) in financially strained 
and smaller households (Manouseli et al., 2019). The findings indicate that the 
design of rainwater harvesting (RWH) systems should be based on archival data 
and account for many years of rainfall changes (Gwoździej-Mazur et al., 2022). 
This will improve performance and ensure benefits for system users. It has been 
suggested that the work that will be done in the future on rainwater harvesting will 
address these three priority challenges. First, more empirical data on system oper-
ation should be included; second, maintenance aspects for the quality of collected 
rainwater should be explored; and third, understanding of socio-political support 
to improve system efficacy is required (Campisano et al., 2017). Smart irrigation 
systems using weather data and soil moisture sensors optimize watering schedules 
and reduce water waste. These systems adjust watering based on the weather to 
avoid overwatering. 

A sustainable water-harvesting house can reduce freshwater demand, municipal 
water system strain, and resource conservation by using these methods. 

3.6 ENERGY-EFFICIENT STRUCTURES WITH GLOBAL COVERAGE 

Research has used thermal mass and passive design to improve residential building 
energy effciency and thermal comfort in specifc climates. It is essential to have 
a good understanding of the signifcance of energy-effcient buildings all over the 
world in general, with particular reference to the climate of the various regions. 

• Energy-efficient house worldwide 

The following is an account of the specifics of each study, with an emphasis on the 
significant information that may be applicable to any part of the world. In Table 3.4, 
the discussion revolves around energy-efficient structures in various regions of the 
globe. Fedorik F et al. (2021) studied the hygrothermal performance of buildings in 
the Nordic region. Given the unique climate conditions in this region, the research 
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TABLE 3.4 
Discussions Revolving around Energy-Effcient Structures for Various 
Categories Are Mentioned with References 
Characteristics Details Reference 

Nordic region Hygrothermal performance in the Fedorik et al., 2021 
Nordic region 

Brazilian region Passive house for the Brazilian Cruz et al., 2020 
Bioclimatic Zone 8 

Mediterranean region Thermal ceramic panels and Echarri et al., 2017 
passive systems in housing 

Egypt region Modern building techniques Farouk Mohamed et al., 2020 
Creates sustainability Walls using natural and waste Georgescu et al., 2022 

materials 
Design of the passive solar house Zhu et al., 2022 

Zero-energy buildings Manzoor et al., 2022 

Promoting eco-friendly houses Koengkan et al., 2023 
Eco-friendly approach Technology roadmap for eco- Shim et al., 2019 

friendly building materials 
Decarbonization and energy Shimoda et al., 2021 
management 

Eco-friendly approach Eco-friendly buildings and Šatrevičs et al., 2023 
decision-making criteria 

Impact of energy policies on Fuinhas et al., 2022 
residential properties 

Creates sustainability Demand control strategies of Hu et al., 2021 
ventilation systems 

Design and implementation of Zhen et al., 2021 
energy management systems 

aimed to identify and analyze building techniques and materials that optimize 
energy efficiency while considering moisture management. Another study explored 
the concept of a passive house designed specifically for the Brazilian Bioclimatic 
Zone 8 (Cruz et al., 2020). By considering the climate conditions and specific energy 
needs of the region, the research aimed to propose energy-efficient design strategies 
and technologies suitable for residential buildings in Brazil. Echarri V. et al. (2017) 
researched the use of thermal ceramic panels and passive systems in housing within 
the Mediterranean region. By utilizing thermal mass and passive design principles, 
the research aimed to enhance energy efficiency and thermal comfort in residential 
buildings, taking into account the specific climate conditions. Through the use of 
experimental data, the simulation model demonstrates that there is potential for a 
reduction in the amount of energy used for cooling, heating, and lighting of up to 
44.1% by fully utilizing the electric energy generated by solar PV panels that are 
integrated with the DSF system (Yoon et al., 2023). 

Overall, these studies highlight the significance of energy-efficient structures in 
various regions of the world. 
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• Roadmap for eco-friendly houses 

The roadmap for energy-efficient structures through eco-friendly approaches 
is important in framing the sustainability agenda. Georgescu S. V. et al. in 2021 
explored the use of natural and waste materials in constructing walls for energy-
efficient structures. Zhu Y. et al discussed this topic in 2022 and discussed the design 
principles and strategies used to create passive solar houses, which harness solar 
energy for heating and cooling purposes. “Zero‐Energy Buildings” is likely a bib-
liometric review that examines the existing literature on zero-energy buildings and 
energy efficiency, along with a case study to support sustainability goals (Manzoor 
et al. in 2022). Koengkan M. et al. (2023) discussed various initiatives and mea-
sures aimed at promoting the construction of eco-friendly houses. These references 
demonstrate the diverse research efforts and approaches within the field of ener-
gy-efficient structures and sustainability. The study conducted by Shim, H. et al. in 
2019 discusses a technology roadmap for eco-friendly building materials. The road-
map focuses on adopting environmentally sustainable approaches in the construc-
tion industry. It aims to reduce carbon emissions and promote energy efficiency in 
the residential sector in Japan. The researchers propose evaluating decarbonization 
scenarios and energy-management requirements through bottom-up simulations of 
energy end-use demand. This approach will help identify the most effective strat-
egies for achieving sustainability goals in the construction and housing sectors. By 
combining effective policies and sustainable management practices, the eco-friendly 
approach contributes to the creation of a sustainable future. 

• Eco-friendly home management 

Policy and management for an eco-friendly approach require the integration of 
eco-friendly buildings and decision-making criteria. Researchers such as Šatrevičs 
V. et al. (2021) emphasize the importance of incorporating sustainable building prac-
tices and considering eco-friendly criteria in decision-making processes. In terms of 
policy impact, Fuinhas J.A. et al. (2022) studied the influence of energy policies on 
the energy efficiency performance of residential properties in Portugal. This high-
lights the significance of well-designed energy policies in promoting sustainability 
in the residential sector. To achieve sustainability, strategies and implementation are 
essential. Hu Y. et al. (2021) explored demand control strategies for a phase change 
material (PCM)-enhanced ventilation system in residential buildings, aiming to 
optimize energy usage. Additionally, Zhen Y. et al. (2021) discussed the design and 
implementation of smart-home energy-management systems using green energy, 
indicating the importance of innovative technologies in achieving eco-friendly goals. 

The use of renewable energy sources can be quite challenging due to the limited 
space available on the exterior walls of buildings and the shared nature of the roof 
space available on buildings. As a result of the utilization of a central system, heating, 
ventilation, and air conditioning (HVAC) equipment can be challenging to replace. 
As a consequence of this, the majority of the methods for retrofitting apartments are 
limited to the replacement of windows. According to the evaluation of the environ-
mentally friendly renovation project that was funded by the government of South 
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FIGURE 3.2 Graphical representation of the sustainable energy and climate-efficient house 
model. 

Korea, approximately 10,000 cases involved the replacement of windows, while only 
146 cases involved the addition of insulation or an HVAC system (Yoon et al., 2023). 
Figure 3.2 represents sustainable energy and a climate-efficient house model. By 
employing natural and circular economy building methods, we can lessen the impact 
that housing has on the surrounding environment. The elimination of waste, the 
maximization of resource efficiency, and the promotion of reuse and recycling are 
all results of designing buildings and infrastructure with a circular economy in mind. 
These studies, taken as a whole, shed light on how important eco-friendly build-
ings, effective policies, and sustainable management strategies are for the creation of 
a sustainable future. They help mitigate climate change, preserve biodiversity, and 
safeguard ecosystems, leading to long-term environmental and socio-economic ben-
efits. The obvious knowledge gap concerning the effects of wind loads on high-rise 
structures that have porous double-skin facades is the primary focus of the current 
research, and the primary objective of this research is to close that gap. It is antici-
pated that the findings that were obtained will make a significant contribution to the 
existing body of knowledge on the subject, which will contribute to the advancement 
of research endeavors, the improvement of engineering applications, and the estab-
lishment of a reliable reference for international standards and codes. Here, we have 
presented energy-efficient solutions, including smart building design strategies in the 
house-building sector. 

3.7 CONCLUSION AND FUTURE PROSPECTS 

Eco-friendly management involves sustainable practices in construction. This 
may include effcient waste management, recycling, and eco-friendly technolo-
gies. Ventilated double-skin facades (VDFs) reduce a building’s heating, cooling, 
and greenhouse gas emissions by using thermal interactions between the inside and 
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outside. This includes creating and enforcing renewable energy, carbon emission, 
and natural resource protection policies. We can encourage the use of environmen-
tally friendly materials in the construction of homes and get family members in 
the habit of water conservation by educating and raising their awareness about the 
issue. It protects ecosystems, mitigates climate change, and preserves biodiversity. 
We can reduce housing’s environmental impact by using natural and circular econ-
omy construction methods. Designing buildings and infrastructure for a circular 
economy reduces waste, maximizes resource effciency, and encourages reuse and 
recycling. Eco-friendly policy and management promote environmental conserva-
tion and reduce environmental impact to create sustainability. We can build homes 
and buildings that beneft ecosystems by incorporating nature into the built environ-
ment. Fostering behaviors that save energy and promote the responsible utilization of 
environmentally friendly materials will lead to sustainability. 
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4.1 INTRODUCTION 

A sustainable “building-integrated greenery system” solution involves incorporating 
live plants into exterior or interior architecture. Lower energy expenses, improved 
air quality, and improved aesthetics are benefts of building-integrated greenery sys-
tems. Vertical gardens, green walls, and green roofs are a few examples of available 
building-integrated greenery systems. A green roof covers a structure’s roof with a 
layer of fora that may insulate a building and reduce heat absorption. On the other 
hand, green walls are vertical installations of plants on the interior or external walls 
of a structure. Although vertical gardens can be also constructed indoors or outdoors, 
they are freestanding, unlike green walls. It is crucial to consider several aspects 
when installing an extensive system, including the environment, the type of plants, 
and the upkeep needs. Certain plants do better in specifc environments, while others 
may need more or less upkeep. Considering the building’s structural integrity and 
any required irrigation and drainage systems is crucial. Using a building-integrated 
greenery system in the design of a building may be a terrifc approach to promote sus-
tainability and improve the usability and aesthetic appeal of the structure. Figure 4.1 
shows the different greenery systems for integration in buildings. 

4.2 WHY PLANTS? 

Green indoor and outdoor spaces are essential in architecture because they develop 
a deep connection to nature. These green spaces soften the constructed environ-
ment, making it more welcoming and calmer while reducing the hazards connected 
with sick building syndrome and adding to people’s psychological well-being. Plants 
not only enhance the environment physically, but they also improve psychological 
wellness. Roger Ulrich’s research showed that exposure to living plants can consid-
erably improve overall health. Plants provide several benefts to both buildings and 
residents. NASA research has shown that having at least one living plant per 100 
square feet of foor space can successfully flter the air in an offce. This purifcation 
technique is very effective against volatile organic compounds (VOCs), a signif-
cant contributor to sick building syndrome. Tropical plants excel at eliminating these 
toxic VOCs through natural processes such as photosynthesis, which also lowers CO
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FIGURE 4.1 Different greenery systems for integration in buildings [1]. 

levels and increases oxygen release, enabling fresh and clean breathing for building 
occupants. In particular, trees contribute to environmental well-being by absorbing 
CO

2 
during photosynthesis, providing shade for outdoor spaces, and functioning as 

noise barriers in metropolitan contexts. Plants also help to cool buildings by lowering 
air temperatures and lessening the demand for air-conditioning systems during hot 
summer days. 

Furthermore, additional quantitative benefits connected with plants need to 
be better understood. These include stress reduction, as studies have shown that 
being around plants reduces stress levels, increases work productivity, and fewer 
complaints about symptoms linked with sick-building syndrome. In conclusion, 
integrated greenery systems offer an innovative approach to building design that inte-
grates plants and vegetation into the built environment, providing various benefits to 
building occupants and the surrounding environment. By improving air quality and 
energy efficiency and creating green spaces in urban environments, IGSs (Integrated 
greenery systems) represent a sustainable solution to building design that is gaining 
popularity worldwide. Vegetation solves most indoor and outdoor problems. Optimal 
air quality plays a crucial role in architectural design, fostering a sense of well-being 
and nourishing the spirit. Plants, through photosynthesis, actively remove carbon 
dioxide while releasing oxygen, effectively cleansing the air of harmful chemicals. 
They contribute to enhanced air quality by replenishing oxygen levels, moderating 
humidity and temperature, capturing dust particles, absorbing pollutants, and gener-
ating ions. Studies led by Dr. Craig Knight and his team at the Universities of Exeter 
and Groningen have explored the impact of workspace environments on productivity 
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and well-being. By comparing minimalist workspaces with enriched ones featuring 
elements like indoor plants, researchers observed a notable improvement of over 15% 
in well-being metrics such as workplace comfort, identity, engagement, and altruistic 
behavior. Interestingly, the research suggests that the benefits of incorporating plants 
into indoor and outdoor spaces extend beyond their direct environmental effects. 
Even modest greenery, such as grass and a few small trees, can significantly enhance 
individuals’ ability to cope and adapt. 

4.3 ADVANTAGES OF INTEGRATED GREENERY SYSTEMS 

The enhancement of air quality is one of IGS’s main advantages. Plants generate oxy-
gen and absorb carbon dioxide and other air pollutants, purifying the air and fostering 
a healthier indoor atmosphere. In addition, plants can help to reduce noise pollution, 
making them ideal for urban environments where noise can be a signifcant problem. 

IGS can also improve energy efficiency by providing natural insulation and reducing 
heat absorption. Green roofs, for example, can help reduce heat gain and loss through 
the roof, leading to lower energy costs and improved comfort for building occupants. 

By offering shade and lowering heat absorption, green walls and living facades 
can also aid in controlling a building’s temperature. The development of green spaces 
in urban settings is another advantage of IGS. IGS can restore nature to the city and 
make it more inviting and beautiful for tenants and the neighborhood by incorporat-
ing plants and vegetation into the building design. Other advantages of green envi-
ronments include less stress, enhanced mental health, and increased productivity. 
The different advantages of utilizing integrated vegetation systems are as follows: 

1. Better air quality: Plants release oxygen and absorb carbon dioxide, helping 
to improve the environment and reduce air pollution. Moreover, green roofs 
and living walls can flter airborne particles and contaminants. 

2. Energy effciency: Living walls and green roofs can increase insulation and 
temperature control, lowering the demand for heating and cooling systems 
and resulting in energy savings. 

3. Stormwater management: By absorbing rainwater and lowering the amount 
of water entering stormwater systems, integrated greenery systems can 
help manage stormwater runoff and prevent fooding and the risk of water 
contamination. 

4. Noise reduction: Green roofs and living walls are effective noise reduction 
strategies because plants can absorb and block out sounds. 

5. Enhanced biodiversity: By offering a habitat for birds, insects, and other wild-
life, living walls and green roofs can improve biodiversity in urban settings. 

6. Better mental health: Research has shown that being around greenery can improve 
mental health by lowering stress and anxiety levels and elevating mood. 

7. Aesthetics: Integrated plant systems can beautify and provide visual interest to 
structures and urban areas, increasing their allure and attractiveness to visitors. 

Integrated greenery systems provide several advantages that might enhance human 
and environmental health and well-being. 



Thermal Evaluation of Indoor Climate and Energy Storage in Buildings 

  

 

102 

4.4 DIFFERENT WAYS OF INTEGRATING GREENERY 
SYSTEMS WITHIN BUILDINGS 

Greenery in buildings can be incorporated either in horizontal or vertical greenery 
systems. An example of a horizontal greenery system is the addition of fora and 
plants to horizontal surfaces like roofs, balconies, terraces, and even pavement. From 
conventional rooftop gardens to hanging baskets or planter boxes on balconies, hor-
izontal greenery systems come in various shapes and sizes. The primary objective is 
to incorporate plants into the built environment since they may reduce heat gain and 
energy use, improve air quality, increase biodiversity, and enhance the area’s visual 
appeal, among other advantages. When there is a lack of green space or room for 
traditional gardens, horizontal greenery systems are frequently employed in urban 
settings. They may also raise the standard of living for those who live in high-rise 
buildings by giving them access to a natural environment and a place to unwind 
and breathe fresh air. Ultimately, horizontal greenery systems provide several advan-
tages to humans and the environment while offering a sustainable and eco-friendly 
solution to introduce greenery into urban spaces. Vertical greenery systems (VGSs) 
entail mounting vertical plant systems on building walls or facades, which has var-
ious advantages, including lowering the urban heat island effect, enhancing visual 
appeal, and improving air quality and biodiversity. Systems for vertical greenery can 
be as basic as trellises with climbing plants or as sophisticated as systems with soil, 
irrigation, and a wide range of plant species. They are adaptable to various climates 
and settings and can be constructed to ft practically any building or structure, from 
single-family houses to tall business towers. There are several advantages to vertical 
greenery systems. They can aid in decreasing building temperatures, which will min-
imize energy use and the urban heat island effect. In addition to providing a home for 
wildlife and fostering biodiversity in urban settings, they also contribute to improved 
air quality by fltering pollutants and absorbing carbon dioxide. Vertical greenery 
systems offer a sustainable and eco-friendly solution to add greenery to urban set-
tings and several advantages for both people and the environment. Different types 
of IGSs, each with specifc advantages and diffculties, can be included in buildings 
to improve their environmental performance and sustainability. For instance, green 
roofs need to be carefully planned and installed to ensure that they are structurally 
solid and do not leak. Green walls must be adequately irrigated and maintained to 
guarantee that the plants stay healthy and continue giving the desired advantages. The 
many strategies for incorporating a vegetation system in green buildings are depicted 
in Figure 4.2. 

FIGURE 4.2 Different methods of integrating greenery systems in green buildings. 
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4.4.1 GREEN ROOFS 

Green or vegetative roofs are constructed atop a waterproofng membrane and cov-
ered in vegetation, such as plants and grasses, growing in a growing medium (soil, 
sand, and gravel). The different layers of the biodiverse roof are shown in Figure 4.3. 

Green roofs provide a range of benefits to buildings and their surroundings, 
including: 

1. Reducing the urban heat island effect: Green roofs can reduce the heat 
island effect. In this phenomenon, urban areas are signifcantly warmer 
than surrounding rural areas due to the absorption and retention of heat by 
buildings and other structures. Vegetation and soil on green roofs absorb 
heat and release moisture through evapotranspiration, which cools the air 
and reduces the temperature on the roof and surrounding areas. 

2. Improving air quality: Plants on green roofs flter pollutants from the air, 
thereby improving the air quality in the surrounding area. 

3. Reducing stormwater runoff: Green roofs absorb rainwater and release it 
slowly, reducing the amount of stormwater runoff and the strain on storm-
water management systems. 

4. Extending the life of the roof: The layer of vegetation on green roofs acts 
as a protective layer for the waterproofng membrane, thereby extending the 
roof reliability. 

FIGURE 4.3 Different layers of vegetative roofing [2]. 
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FIGURE 4.4 (a) Intensive green roofing. (b) Extensive green roofing [4], [5] 

There are two types of green roofs, intensive and extensive green roofs. Both of 
them are vegetative roofs, which are roof systems that incorporate vegetation in some 
form. However, they differ in terms of their depth of soil, vegetation, and mainte-
nance requirements. 

A shallow soil covering (often 2 to 6 inches deep) and low-maintenance plants 
like sedum, grasses, and herbs define an extended green roof [3]. Large-scale green 
roofs are made to be lightweight, with little need for fertilizing or irrigation. They 
offer many advantages, such as enhanced air quality, energy savings, stormwater 
management, and aesthetic appeal. Unfortunately, only a small variety of plants may 
be planted due to the shallow soil layer. Extensive green roofs may offer several 
advantages over more intricate dense green roofs. 

On the other hand, an extensive green roof is distinguished by a deeper soil layer 
(about 6 inches deep) and a wider variety of vegetation possibilities, including shrubs 
and small trees. Intensive green roofs require more upkeep than extensive green 
roofs because of the greater variety of plants and the deeper soil layer. However, they 
offer other advantages, including more extraordinary biodiversity and comprehen-
sive stormwater management. 

The structural integrity of the building, the desired degree of vegetation, and the 
care requirements all play a role in determining whether a green roof is intensive or 
extensive. Another category is semi-intensive green roofs, which falls between exten-
sive and intensive green roof systems, characterized by small herbaceous plants, 
ground covers, grasses, and small shrubs, requiring moderate maintenance and 
occasional irrigation. A typical growing medium depth for a semi-intensive green 
roof is around 150 mm. This system can retain more stormwater than an extensive 
system and supports a larger range of species of vegetation. This green roof system 
provides the potential to make a formal garden, but it demands higher maintenance 
compared to an extensive system since the plants tend to need pruning, irrigation, 
and fertilization. The comparison between different green roofing system is given 
in Table 4.1. 
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TABLE 4.1 
Comparison between Different Types of Green Roofng System [6]. 
Characterstics Extensive Semi-Intensive Intensive 

Depth of substrate 150 mm or less About 150 mm More than 150 mm 
Accessibility Often inaccessible Partially accessible Usually accessible 
Fully saturated weight 70–170 Kg/m2 170–290 Kg/m2 290–970 Kg/m2 

Plant diversity Low Greater than Greatest 
extensive 

Plant communities Moss, sedum Herbs Grass, herbs, and Lawn herbs and 
and grasses shrubs shrubs 

Uses Ecological Desgined green roof Park-like garden 
protection layer 

Cost Low Medium Highest 

Maintance Minimal Medium Highest 

4.4.2 GREEN WALLS 

A green wall is a vertical garden that can be installed on the exterior or interior of a 
building. This system can help purify the air, provide insulation, and create a visually 
appealing aesthetic. Vertical gardens are an innovative way to bring nature indoors 
and maximize green spaces in urban environments. They consist of plants and veg-
etation grown vertically on a wall or other vertical surface. Some of the benefts of 
vertical gardens in buildings are as follows [7]: 

1. Improving air quality: Vertical gardens improve interior air quality and give 
tenants a better environment by fltering airborne toxins with plants. 

2. Reducing urban heat island effect: The plants in vertical gardens absorb heat 
and release moisture through transpiration, reducing the temperature inside 
the building and improving the overall climate. 

3. Enhancing aesthetics: Vertical gardens are visually appealing and provide a 
natural element to the interior or exterior of a building. 

4. Providing insulation: Vertical gardens can also provide insulation to build-
ings, reducing energy consumption for heating and cooling. 

5. Reducing noise pollution: The vegetation in vertical gardens can absorb and 
reduce noise, creating a more peaceful environment inside the building. 

6. Increasing property value: Buildings with vertical gardens may have a 
higher property value and marketability due to their sustainability and aes-
thetic appeal. 

7. Creating a positive impact on mental health: Studies have shown that 
exposure to green spaces and nature can reduce stress and improve overall 
mental health, making vertical gardens a valuable addition to building 
interiors. 
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FIGURE 4.5 Illustrative image of a vertical garden [8]. 

FIGURE 4.6 Classification of green walls. 

Vertical gardens in buildings provide numerous benefts and are a sustainable and 
environmentally friendly way to maximize green spaces in urban environments. 

4.4.2.1 Types of Green Walls 
Green walls system can be divided into two categories based on their techniques and 
application. Living walls and green facades. Further, living walls and green facades 
can be divided into sub-categories depending on maintenance, desired plant diver-
sity, and budget. Figure 4.7 shows living wall and green facade. 
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FIGURE 4.7 (a) Green facade and (b) living wall design [9]. 

Modular trellis panel System and Cable & wire rope net system. On the other 
hand, Living Wall techniques can be divided into three sub-categories: Modular liv-
ing walls, biofilters, and Vegetated mat walls. There are several types of green walls, 
including: 

4.4.2.1.1 Pocket Green Walls 
Pocket green walls are similar to planter-based green walls but use pockets to hold 
the plants. The pockets can be made from various materials, including felt or canvas, 
and can be attached to a wall or freestanding. Pocket green walls are a type of ver-
tical garden designed to be compact and portable. They consist of a panel or frame 
with pockets or compartments that can hold soil or a soilless growing medium and 
plants. These panels can be used indoors and outside and mounted on walls, fences, 
or other vertical surfaces. Green pocket walls are a popular solution for people who 
wish to add greenery to tiny spaces or give walls or other vertical surfaces visual fair. 

They can also be utilized as decorative elements, room dividers, or privacy 
screens. Depending on the design and surroundings of the wall, different plants can 
be utilized to create green pocket walls. Succulents, herbs, and miniature-blooming 
plants are examples of common plants. Since the plants are growing vertically, main-
tenance of green pocket walls may be more complex than of conventional horizontal 
gardens. It may also call for more frequent feeding and watering. However, many 
pocket green walls incorporate integrated irrigation systems to make upkeep simpler. 
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FIGURE 4.8 Illustrative image of pocket green walls [10]. 

Environmentally friendly materials like recycled plastic felt or fabric are frequently 
used to create green pocket walls. They are a popular option for DIY gardeners 
or people wishing to establish a small-scale vertical garden without the money or 
labor of a more enormous, permanent installation because they are lightweight and 
straightforward. 

4.4.2.1.2 Modular Green Walls 
Modular green walls are pre-fabricated panels that can be easily installed on any 
surface. They come in various sizes and forms and are made to sustain a wide range 
of plant types. Vertical gardens or living walls are other names for modular green 
walls, a type of green infrastructure involving growing plants on a vertical surface. 
They consist of easy-to-assemble modules or panels mounted on fences, walls, or 
other structures. Urban regions with limited space frequently choose modular green 
walls because they enable the creation of green spaces in inaccessible locations. They 
can also offer several environmental advantages, such as better air quality, reduced 
noise, and thermal insulation. Many kinds of modular green walls are available, from 
soil-based systems that rely on conventional gardening methods to hydroponic sys-
tems that employ a nutrient-rich water solution to support plant development. Some 
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modular green walls are also made self-suffcient with drainage and irrigation sys-
tems included to keep plants healthy. In a variety of contexts, including residences, 
workplaces, and public areas, modular green walls can be used [11]. The plant vari-
eties can be modifed to meet specifc design requirements and vary depending on 
the region and desired appearance. For those looking to add more greenery to their 
surroundings, modular green walls are a popular alternative since they provide sev-
eral aesthetically pleasing and environmentally benefcial advantages. 

4.4.2.1.3 Panel Green Walls 
Panel green walls, like modular green walls, are typically created to ft certain 
places. They are made of many materials, including wood, metal, or plastic, and can 
support a variety of plant types. Panel green walls or green wall systems are vertical 
gardens with panels or modules to encourage plant growth. These systems typically 
comprise numerous interconnected panels and can be installed on a wall or other 
vertical surface. Several irrigation and drainage systems for green panel walls are 
included, making them easy to install and maintain. With panels being offered in 
various sizes, shapes, and materials, they may also be altered to meet unique design 
requirements. Panel green walls have a variety of uses, which is one of their benefts. 
They can be used inside and outside, in private residences, workplaces, public areas, 
and commercial structures. Also, they can offer many environmental advantages like 
better air quality and less heat absorption. Panel green walls may accommodate a 
variety of plants, including herbs, fowers, and miniature trees [12]. Specifc systems 
enable the incorporation of edible plants, making them a popular option for commu-
nity agriculture and urban gardening initiatives. Anybody looking for a diverse and 
adaptable solution to add greenery to their surroundings frequently chooses green 
panel walls. They are generally simple to install and maintain and can offer a variety 
of environmental advantages as well as aesthetic appeal. 

4.4.2.1.4 Trellis Green Walls 
Trellis green walls are vertical gardens that support climbing plants using a trellis 
or lattice construction. The trellis can be fashioned in various ways and made from 
various materials, including wire, metal, and wood, to suit diverse surroundings and 
aesthetics. Typically, climbing or trailing plants like ivy, jasmine, or climbing roses 
create green trellis walls. A living green wall that offers shade, privacy, and aesthetic 
appeal can be made by training these plants to grow up and along the trellis. Trellis 
green walls can meet a space’s precise measurements and can be utilized indoors 
and outdoors. However, they can also be used in commercial or public contexts, 
such as outside buildings or parks. They are popular in home settings such as balco-
nies, patios, and gardens. Because the plants need constant trimming and training 
to ensure they properly grow along the trellis, maintaining green trellis walls can 
be more complex than maintaining other vertical gardens. Maintaining the health 
and vitality of the plants also requires fertilization and watering [13]. Green trellis 
walls can soften and make hard surfaces feel more inviting. They can be a lovely and 
valuable addition to any room. The decision will be based on the location’s unique 
needs and constraints for the green wall installation. Each green wall design has its 
advantages and disadvantages. 
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4.4.2.1.5 Plant-based Green Walls 
Vertical gardens that employ plants to cover and grow on walls or other vertical sur-
faces are called plant-based green walls. These can be found indoors and outdoors 
and are gaining popularity because they bring more vegetation into cities, enhance 
air quality, and provide areas with visual fair. Green walls can be created in vari-
ous methods, but they typically include a supporting framework, a planting medium, 
and a watering and drainage system. With hydroponics or aeroponics, the plants 
can be raised either in soil or in a soil environment. They can be chosen based on 
beauty, upkeep needs, and environmental factors. In addition to lowering the heat 
island effect in cities and insulating buildings, green walls can improve air quality 
by removing pollutants. Also, they can enhance biodiversity, make spaces more wel-
coming and pleasant, and offer chances for urban agriculture. Ferns, succulents, and 
other low-maintenance species that may fourish in vertical growing circumstances 
are some of the common plants used for green walls. However, the specifc setting 
and layout of the green wall will determine the plants to be used. A green wall’s long-
term health and success may necessitate professional installation and upkeep. 

4.4.3 GREEN FACADES 

Buildings with green facades have outside vegetation. These plants are often planted 
on a unique support structure linked to the building’s exterior, giving it a lush and 
attractive appearance. Green facades can improve air quality, lessen the impact of 
urban heat islands, provide insulation, and lower a building’s overall energy usage, 
among other things. Due to the plants’ ability to absorb and flter water, they can also 
aid in reducing the quantity of rainfall runoff from structures. Green facades can be 
ftted to various building types and architectural styles on both new and old construc-
tion. They can produce a particular pattern or image on the building’s exterior using 
various plant species, from blooming vines to succulents. Soil-based and hydroponic 
green facades are the two primary varieties. A growing soil media is used in contain-
ers or pockets affxed to the building’s exterior for soil-based green facades. Plants 
are grown in these pots and either manually watered or watered by an irrigation sys-
tem. Soil-based green facades are employed for projects that are more noticeable and 
long-lasting. Hydroponic green facades use a system that allows plants to grow with-
out soil using a nutrient-rich solution instead. The solution is delivered to the plants 
through drip irrigation or misting systems. Hydroponic green facades are often used 
in smaller installations or locations where soil-based systems may need to be more 
practical. Green facades can also be categorized by design, including panel, modu-
lar, and cable systems. Panel systems are pre-grown panels of plants attached to the 
building’s facade. Modular systems use individual plant modules arranged in differ-
ent patterns and confgurations. Cable systems use wire cables to support the plants 
and can be used to create a more minimalistic design. By integrating these greenery 
systems within buildings, we can create more sustainable, healthy, and attractive liv-
ing and working spaces that beneft both people and the environment. 

4.4.3.1 Types of green facades 
Different types of green facades exist, depending on where they are mounted and 
what plant is used. It often depends on the building itself which solutions are the most 
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FIGURE 4.9 Illustrative image of green facade. (a) Traditional green facade. (b) Double-skin 
green facade [14]. 

suitable. Generally, factors like costs, maintenance, and underlying structure should 
be kept in mind. 

4.4.3.1.1 Traditional green facades 
The traditional green facade is a vertical garden used for centuries in various cul-
tures worldwide. It typically involves using climbing plants trained to grow up the 
exterior of a building, either on a trellis or a wire mesh structure. The plants used in 
a traditional green facade are often chosen for their aesthetic qualities, such as col-
orful fowers or attractive foliage. However, they may also provide other benefts like 
shade, privacy, or insulation. 

Conventional green facades can benefit buildings and their occupants in several 
ways. They can offer insulation for structures, lessen the urban heat island effect, 
and enhance a building’s aesthetic appeal. A trellis or wire mesh framework is often 
installed on the building face before climbing plants are planted, making the con-
struction and upkeep of a classic green facade very straightforward. They must be 
pruned regularly to maintain the plant’s health and vigor. Ivy, wisteria, honeysuckle, 
and clematis are climbing plants frequently utilized in traditional green facades. 
These plants can help buildings and their occupants in various ways because they are 
well-suited to growing vertically. 

4.4.3.1.2 Double-skin green facades 
Buildings and their occupants can beneft from double-skin green facades in sev-
eral ways. They might improve the air quality, lessen the impact of the urban heat 
island, and improve building insulation. A double-skin green facade demands partic-
ular knowledge and tools for installation and upkeep. Typically, the approach entails 
mounting a trellis or wire mesh framework on the building face, afterward covered 
in climbing plants. 
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FIGURE 4.10 Traditional green facade [15]. 

FIGURE 4.11 Double-skin green facades [15]. 
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The various plant species are then planted on the inside side of the trellis after the 
modular panels have been put in place. The plants are watered using a drip or mist 
irrigation system, and regular pruning and upkeep may be necessary to maintain 
their health and vigor. The Hydrotech Wall Garden and Oxyvital Green Facade sys-
tems are two double-skin green facade systems. These solutions combine the advan-
tages of a climbing plant with a modular green facade. 

4.4.3.1.3 Continuous green facade 
A vertical garden, known as a continuous green facade, covers the whole exte-
rior of a building instead of being constructed in modular panels. A living wall 
system produces a continuous green surface on a building’s front. A continuous 
green facade uses plants specifcally chosen to fourish in the unique growth cir-
cumstances of the facade. They are often selected for their capacity to survive the 
challenging weather factors on a building’s exterior, including high winds, glaring 
sunlight, and dry soil. Buildings and their occupants can gain various advantages 
from continuous green facades. They can enhance air quality, reduce the impact of 
urban heat islands, and provide building insulation. They can also contribute to a 
building’s aesthetic appeal and make its occupants feel more at home. Continuous 
green facade installation and upkeep require specialized knowledge and tools. On 
the building face, a substrate or growing media is usually installed as part of the 
system before other plant species are added. The plants are watered using a drip 
or mist irrigation system, and regular pruning and upkeep may be necessary to 
maintain their health and vigor. The Green Façade and Bioskin systems are two 
instances of continuous green facade systems. These systems, which are frequently 
utilized in commercial and public settings, are created to seamlessly produce a 
green surface on the facade of a structure. 

4.4.3.1.4 Modular green facade 
Plants are cultivated in individual modules positioned all over the wall for a modular 
green facade. In the event of plant growth issues, it is simpler to substitute certain 
sections. Also, maintenance is less expensive because the facade hidden by the veg-
etation is easier to access. A vertical garden that may be erected on the outside of 
a building is a modular green facade. It is made up of several readily installed and 
maintained modular panels. The panels often have tiny pockets or cells for planting 
and are composed of lightweight materials like recycled plastic. The plants in a mod-
ular green facade are specifcally chosen to fourish in the facade’s unique growing 
circumstances. They are frequently selected for their capacity to withstand the chal-
lenging environmental factors on a building’s facade, such as ferocious winds, glar-
ing sunlight, and arid soil [16]. Buildings and those living in them can beneft from 
modular green facades in several ways. They can improve the air quality, lessen the 
impact of the urban heat island, and insulate buildings. The Fytowall, LivePanel, and 
Green screen systems are a few instances of modular green facade systems. These 
systems are available in various sizes and confgurations to meet various structures 
and environments. 
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4.4.3.1.5 Direct green facade 
A building facade with plants and vegetation is known as a “direct green facade” since 
the plants are grown right on the facade’s surface. The plants are supported by a wire 
mesh or trellis system attached to the building and can be grown in soil or a hydroponic 
system. The direct green facade provides several advantages, including improving air 
quality, consuming less energy, lowering the impact of the urban heat island, and offer-
ing natural insulation. The plants used in the facade can be selected based on their 
adaptability to the local climate and aesthetic appeal, and they can be switched out sea-
sonally for diversity. A direct green facade can signifcantly reduce a building’s energy 
needs for cooling and heating because the plants serve as natural insulation and shading. 
Also, the plants remove carbon dioxide and other air pollutants, enhancing air quality 
and fostering a healthier atmosphere for residents [17]. Direct green facade installation 
and maintenance make present particular diffculties. The installation procedure can be 
challenging and needs thorough planning and engineering to guarantee that the facade 
is structurally sound and does not affect the structure. Since the plants require regular 
watering, pruning, and fertilization, maintenance can also be more diffcult and expen-
sive. The direct green facade is an innovative and sustainable way to improve buildings’ 
environmental performance and make urban landscapes more appealing and sustain-
able. However, for it to succeed, careful planning and upkeep are necessary. 

4.4.3.1.6 Indirect green facade 
When a building has an indirect green facade, the plants are not fastened to the wall in 
any direct way. Mesh or wires are typically installed along the wall so the plants can 
climb and develop higher. A building facade with plants and fora is called an indirect 
green facade. The plants are cultivated on a separate structure that is positioned in 
front of the building, as opposed to a traditional green facade where they are planted 
directly on the front. In front of the building, the structure, which can be a trellis, 
wire mesh, or other support systems, allows the plants to grow vertically. Besides 
offering insulation and shade, the indirect green facade also reduces noise pollution, 
improves air quality, and improves the appearance of the surrounding region. The 
plants used in the facade can be selected based on their adaptability to the local cli-
mate and aesthetic appeal, and they can be switched out seasonally for diversity. The 
ability to be installed on existing structures makes an indirect green facade one of its 
key benefts and an excellent option for upgrading older buildings [18]. The instal-
lation procedure is often less invasive than a conventional green facade because the 
support structure is attached to the building facade rather than having plants grown 
directly on it. It also makes it simpler to maintain and, if required, replace the plants. 
The indirect green facade is a creative way to enhance a building’s environmental 
performance while improving the urban surroundings’ aesthetics and sustainability. 

4.4.4 INDOOR PLANTS 

Any interior space can beneft greatly from having indoor plants because they 
offer aesthetic value and have many positive health effects. By releasing oxygen 
and absorbing carbon dioxide, plants enhance air quality and lower the number of 
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dangerous poisons in the atmosphere. They can also aid in lowering stress, boosting 
productivity, and elevating mood. Regarding their function as a greenery system, 
indoor plants can be employed to produce a lush, green environment within the home 
that is comparable to outdoor gardens. They can be used as a backdrop or a focal 
point to enhance a room’s decor. The area’s lighting and humidity levels must be 
considered while selecting indoor plants as a greenery system. While some plants 
do better in low light than others, some do better in more sunshine. Like us, some 
plants prefer dry environments, while others need high humidity. Popular house-
plants include peace lilies, pothos, snakes, and spiders [19]. These plants are simple 
to maintain and do well in various lighting and humidity levels. 

Indoor plants can serve as an effective greenery system, providing aesthetic and 
health benefits while creating a more natural and inviting indoor environment. 

4.4.5 BIOPHILIC DESIGN 

The biophilic design approach aims to promote a sense of connection between people 
and nature by introducing natural elements into the built environment. It may have 
water features, natural lighting, and organic materials. An approach to architecture 
and interior design known as “biophilic design” aims to incorporate natural aspects 
into constructed surroundings. It involves utilizing organic materials, natural lighting, 
and, most signifcantly, plants and other vegetation. Biophilic design can offer sev-
eral advantages to interior areas as a vegetation system. Biophilic design can enhance 
overall well-being, reduce stress and anxiety, and improve air quality by incorporating 
plants and other natural elements. According to research, outdoor exposure has been 
linked to improved cognition, creativity, and productivity. Plants and other natural 

FIGURE 4.12 Building design using a biophilic approach [21]. 
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features can improve a space’s aesthetic appeal and be suitable for physical and mental 
well-being. They can enhance the environment by adding texture, color, and visual 
curiosity [20]. A few examples of biophilic design strategies include living walls, green 
roofs, indoor gardens, and organic elements like wood, stone, and water features. 

These methods can be used indoors in commercial buildings, retail stores, med-
ical facilities, or residential constructions. Incorporating plants into interior spaces 
using the biophilic design method is a novel and effective way to promote health and 
well-being while enhancing the surrounding region’s aesthetic appeal. 

4.4.6 GREEN ATRIUMS 

A building’s green atrium is a space that is open to the elements of nature and veg-
etation. It can provide residents of buildings with a peaceful haven, improve the air 
quality, and bring in more natural light. Atriums featuring many plants and other 
natural elements, usually trees and plants, are called “green atriums.” Atriums can 
serve as focal points for both visitors and inhabitants. They are often enormous, open 
spaces frequently placed in the center of a structure or near the entrance. Atriums 
with vegetation provide beauty to interior spaces. They can improve interior air qual-
ity, reduce noise, and regulate temperature and humidity. Indoor vegetation has also 
been shown to reduce stress and improve general well-being [22]. 

Green atriums can also lower the demand for artificial lighting and energy use 
by offering natural light. They can reduce energy costs and offer significant envi-
ronmental benefits. Depending on the specific needs and goals of the area, there are 
many different ways to design a green atrium. Some may be built to support a variety 
of plant species, while certain atriums may concentrate on including trees or water 
features. The design of the atrium can also vary, ranging from more organic and natu-
ralistic to modern and minimalist forms. Green atriums may successfully incorporate 
vegetation into interior spaces, providing occupants with several benefits and gener-
ating an aesthetically pleasing and stimulating environment. 

4.4.7 VERTICAL GREENERY SYSTEMS 

Plants growing on vertical surfaces are typically referred to as vertical greenery sys-
tems (VGSs) [23]. In other words, this is the process through which various plant 
species, whether created by humans or occurring naturally within or outside of a 
building, can grow on vertical surfaces [24]. The VGS may be affxed to the build-
ing’s wall surface or standing in front of it [25]. VGSs are basically any kinds of 
plants growing on any kinds of vertical building surfaces [26]. The VGSs can be 
categorized as extensive and intensive systems in accordance with the criteria of 
implementation and maintenance costs [27, 28]. There is yet another classifcation of 
VGSs based on plant species, construction techniques, and growing conditions [29]. 
The different literature studies identifes four kinds for vertical greenery systems 
(VGSs), including wall-climbing type, module type, hanging-down type, and tree-
against-wall type, as shown in Figure 4.13. 

Vertical greenery systems (VGSs) and tree-against-wall systems enhance green-
ery in architectural spaces similarly despite differing operational principles. Wall 
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FIGURE 4.13 Different categories of vertical greenery systems [30]. 

climbers, which are common in traditional structures, use plants to cover wall sur-
faces or climb up trellises. While simple to deploy, this VGS requires time to cover 
the space with flora [31]. Hanging-down VGSs are commonly found on balconies 
or rooftops, quickly transforming them into rich green places. In VGSs, color, and 
aesthetic appeal may be considered, as well as the selection of diverse plant species. 
Module-type VGSs are a newer technology that provides benefits such as colorful-
ness, aesthetic variation, quick development, ease of modification, and adaptability 
for diverse plant varieties [31]. Since the early twentieth century, there has been an 
increase in research on VGSs, stressing their importance in urban contexts. The use 
of VGSs and green roofs has grown in popularity as people become more aware of the 
environmental impact of buildings on both the outside and inside environments [32]. 
Today, VGSs are intended to provide long-term solutions with important implications 
for society, the environment, and the economy [34]. Using sustainable materials alone 
is no longer sufficient in green building development. VGSs, the insulating charac-
teristics of green roofs, tree shading effects, and urban heat reduction via evapotrans-
piration are all factors to consider in addition to sustainable materials [32]. VGSs 
play an essential role in “greening processes,” helping to turn building envelopes into 
green spaces [32]. Both plants and VGSs provide benefits in urban areas by changing 
microclimates through shading, reflection, and absorption. Green spaces provide a 
direct cooling impact, and vertical garden systems are an innovative approach to 
introducing varied plant species into metropolitan settings [35]. Combining green 
roofs and VGSs is considered an excellent temperature management technique, while 
VGSs, as a novel approach to temperature control, require additional research and 
evaluation [41]. Attractive VGSs improve urban environments, increase biodiversity, 
reduce pollution, and provide economic benefits through energy savings and lower 



Thermal Evaluation of Indoor Climate and Energy Storage in Buildings 

 

  

118 

surface temperatures [45]. The ability of VGSs to accommodate many plant species 
with different attributes is a crucial advantage [46]. 

4.4.7.1 Signifcance of Vertical Greenery Systems 
Economic, environmental, and social advantages of vertical greenery systems are 
among their three categories of benefts [47–50]. Vertical greenery systems (VGSs) 
function similarly to tree-against-wall systems, albeit with distinct operational prin-
ciples. In traditional buildings, wall climbers often utilize plants to directly cover 
wall surfaces or climb trellises, albeit this method requires more time to fully green 
the area. Hanging-down type VGSs, commonly found on balconies or rooftops, rap-
idly transform buildings into lush green spaces. To enhance the aesthetic appeal of 
buildings, it may be necessary to incorporate various plant species and add color 
within VGSs. Research on VGSs in metropolitan areas has surged since the 20th cen-
tury, highlighting their importance in urban settings. The consideration of VGSs and 
green roofs has intensifed due to the evident environmental impact of buildings on 
both external surroundings and internal climates. Nowadays, VGSs are designed to 
provide long-term solutions with signifcant societal, environmental, and economic 
impacts. Sustainable building development now encompasses not only the use of eco-
friendly materials but also the integration of VGSs, green roofs for insulation, tree 
shading, and urban heat reduction through evapotranspiration. 

Both plants and VGSs offer advantages for urban environments by influencing 
microclimates through shading, reflection, and absorption. Research confirms the 
direct relationship between green spaces and temperature, demonstrating that even 
small green areas can effectively cool surroundings. Utilizing VGSs on underused 
building surfaces presents a strategic approach to incorporating diverse plant spe-
cies into metropolitan areas. Optimal use of greenery systems in buildings involves 
combining green roofs with VGSs, leveraging their respective benefits in tempera-
ture management. While green roofs have been commonly used for temperature 
control, VGSs represent a novel approach requiring further research and evaluation. 
Attractive VGSs have the potential to enhance urban environments, promote biodi-
versity, reduce pollution, and yield economic benefits such as energy savings and 
surface temperature reduction. The versatility of VGSs lies in their ability to accom-
modate a variety of plants with different characteristics. 

1. Environmental advantages: There are several environmental advantages to 
vertical greenery systems. For instance, plants used in vertical landscaping 
trap dust and purify the air [51, 52], acting as a form of natural air fltration. 
Additionally, according to photosynthesis, plants take in carbon dioxide and 
expel oxygen [53–55]. This improves air quality and lowers carbon dioxide 
emissions. The earth warms up because carbon dioxide blankets its surface 
like a blanket [56]. Additionally, it causes an increase in signifcant green-
house gas growth in the atmosphere [57]. The potential of vertical greenery 
systems to regulate noise and their usage as barriers for noise abatement are 
two further signifcant environmental benefts [58, 59]. They can also lessen 
noise disturbance and sound refection [48]. 
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2. Economic advantages: Modern society is increasingly focusing on the 
economic advantages of vertical greenery systems. One method is to use 
vertical vegetation systems as window coverings [60]. Appropriate shade 
systems that are prepared by vertical vegetation systems have the features of 
increasing daylight and minimizing discomfort glare, and they fnally result 
in decreased electricity consumption [61]. Additionally, they can behave 
as spongy surfaces and regulate storm waters [62]. Vertical greenery sys-
tems are appropriate for retroftting projects such as eco-retroftting, which 
aims to improve the human and environmental conditions and is more cost- 
effective than demolition and reconstruction [63]. Temperature reduction is 
a signifcant beneft of vertical greenery systems in addition to their many 
economic advantages [64]. The primary element of human comfort that is 
infuenced by lifestyle is temperature [65]. Construction envelope design is 
infuenced by a variety of elements, including function, social culture, aes-
thetics, environment, and technology [66], yet contemporary construction 
materials like concrete retain heat throughout the day more than rural set-
tings [67]. Asphalt and concrete are hard, impermeable surfaces that absorb 
solar radiation and also radiate it back into the atmosphere [68]. The primary 
causes of high temperatures, particularly in metropolitan areas, are absorp-
tion and re-radiated solar radiation [69]. It results in urban heat island, which 
is a serious issue in cities and urban areas. Urban heat island is the maxi-
mum temperature difference between urban areas and rural areas [70, 71]. 
Utilizing vegetated spaces has a signifcant impact on lowering urban heat 
island because plants absorb shortwave radiation and diminish solar radia-
tion from hard surfaces [72, 73]. 

Additionally, they create a cooler atmosphere through transpiration, evap-
oration [72, 74–78], and the shadowing effects of plants [60, 79]. Accord-
ingly, constructing vertical greenery systems as well as green roofs is an 
appropriate strategy to mitigate urban heat island effects in dense urban 
regions [67, 72, 80, 81]. There has been some research on the impacts of 
urban greenery and green roofs in lowering urban heat island [82–84], but 
more research is needed on the effects of vertical greenery systems on tem-
perature reduction and urban heat island reduction. Additionally, the instal-
lation of a vertical greenery system lowers the temperature of a building 
or structure and lowers the urban heat island [85, 86]. Vertical greenery 
systems are appropriate systems for reducing cooling energy demand and 
enhancing building energy effciency because of their capacity to store heat. 

3. Social advantages: The use of vertical vegetation systems for societal 
advantages extends back to ancient times, and the famous Babylon Hanging 
Garden is one such them [48, 68, 87, 88]. Because connection to nature is 
physically fundamental, people utilized greenery in buildings and their liv-
ing spaces in various ways for aesthetic purposes. It has been demonstrated 
that contact with nature has a psychological impact and improves human 
health and well-being [89] and that plants provide areas for relaxation and 
rest [90, 91]. Additionally, access to green spaces can reduce stress and 



Thermal Evaluation of Indoor Climate and Energy Storage in Buildings 

  

 

 

 

 

120 

lessen obesity [92]. Humans consequently instinctively demand compound 
greenery in urban settings and switch from grey and soulless surfaces to 
green screens. All respondents found houses with green facades to be aes-
thetically pleasant, according to an online study that compared one house 
with no greenery to others with various greenery positions [90]. It supports 
the theory put forth by Blanc [93] that plants in urban areas and compounds 
near buildings draw more people than plants in gardens. Making people 
aware of the economic and environmental benefts of vertical greenery sys-
tems is crucial, in addition to their social advantages. 

4.4.7.2 General Knowledge about the Advantages of Vertical  
Garden Systems 

Studies on greenery themes frequently focus on respondents’ aesthetic senses and 
their desire for greenery places, locations, or particular plant species [90, 94]. There 
aren’t many studies on people’s knowledge of the fnancial and environmental advan-
tages of vertical greenery systems. A survey questionnaire was created in Singapore 
to understand people’s understanding of the benefts of vertical greenery systems [88]. 
The responders who were chosen from various populations did not concur that ver-
tical greenery systems have a benefcial impact on lowering cooling energy demand 
via insulating. 

Additionally, they held the view that vertical greenery systems could not extend 
building lifespan, improve water quality, or regulate runoff [88]. According to the 
findings of a different study, in addition to the advantages of vertical greenery sys-
tems, people also do not have adequate knowledge of the advantages of green roof 
systems, and some individuals were unaware that they had a green roof system put 
on their building [95]. 

To use greenery on buildings, the general public needs to be educated about 
the use and advantages of these systems. Landlords and investors often request the 
installation of vertical greenery systems due to their initial expense, but in reality, 
doing so has very minimal costs and many advantages [96]. This is because there 
is a lack of public understanding about the economic and environmental benefits of 
these systems. People typically employ vertical greenery systems for their grace-
ful qualities rather than their ability to reduce temperature and generate income. In 
order to use the most efficient elements for lowering temperature and cooling energy 
consumption, a new movement to utilize these systems based on their economic and 
environmental benefits is required. 
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5 Bioclimatic Building 
Technology 

Ankush Banyal, D. K. Singh, and Rajan Kumar 

5.1 INTRODUCTION 

The environmental footprints of the conventional construction industry and alarming 
situation of climatic change have raised concerns about sustainability. The continu-
ous depletion of energy sources is one of the major contributory factors for the same. 
Further substantial energy consumption owing to growing population, urbanization, 
and income and lower energy effciency and performances of current technology has 
intensifed the issues of energy crises at a global scale.1–3 As per reports published 
in Forbes, 40% of global energy is used by buildings, half of which is wasted due to 
ineffciency.4 As per another published report, current building operations contribute 
27% of greenhouse gas emissions, and it’s imperative to decarbonize the buildings.5 

Human comfort is the primary driving force for all the development and growth that 
human civilization has undergone since industrial revolution. But if it continues at 
the same pace, it could lead to irreversible and irreparable damage to environmental 
sustainability and, consequently, to the existence of humankind. Therefore, to avert 
this unwelcoming scenario, a paradigm shift towards enhancing the energy perfor-
mance of buildings has been noticed that resulted in the emergence of bioclimatic 
building technology which promises to address human comfort and environmental 
sustainability simultaneously.6 The technology involves the interplay of bioclimatism 
and architecture, with the objective to address sustainability in modern buildings 
and providing thermal comfort to their occupants. The technology employs the stra-
tegic use of bioclimatic designs and globally accessible technology to enhance the 
energy performance of the buildings. However, the energy performance of the build-
ings depends not only properties of a building; building controls which are occu-
pant dependent also act as a determinant. Thus, the main idea is to ameliorate the 
risks associated with sensory organs to provide thermal comfort to the occupants. 
Bioclimatic building technology involves using local climate data to design buildings 
that minimize the need for active thermal comforters, resulting in reduced energy 
consumption and lower carbon emissions.7 

This book chapter will discuss the bioclimatic building technology in detail, 
including its basic concept, the practical utility of Givoni’s bioclimatic chart, and 
the utilization of local climate data to extend the thermal comfort. All the relevant 
natural strategies like passive solar heating, passive solar cooling, cooling with ther-
mal mass, evaporative cooling, and cooling through ventilation have been discussed 
in detail with practical utility. The importance of vernacular architecture and its 
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inclusion in modern architecture has also been discussed. The chapter also gives a 
quick overview of recent approaches in the field of bioclimatic building technology 
with the objective of highlighting bioclimatic architecture’s integration in the cur-
rent scenario. Further, LEED (Leadership in Energy Efficient Design) certification 
based on building monitoring and performance has also been briefly presented in 
this chapter. 

5.2 BASIC CONCEPT OF BIOCLIMATIC BUILDING TECHNOLOGY 

The concept of bioclimatic building technology has been deemed to be originated 
from the basic principles of vernacular and traditional buildings across the world. 
The evolutionary process and theory of bioclimatism in architecture has been dis-
cussed in detail recently by Nguyen and Reiter, who highlighted the role of the theory 
of natural evolution in the emergence of innovative eco-friendly designs leading to 
green buildings.8 Further, local culture, religion, and traditions also infuence the 
vernacular architecture. To introduce the bioclimatic concept to architecture, a mul-
tidisciplinary approach is needed to be followed, as defned by Olgyay: a) defne the 
measure and aim of requirements for human comfort, b) review the existing climatic 
conditions, and c) attain a rational architectural technological solution.9 Thus, 
knowledge of biological sciences to measure human comfort, meteorological sci-
ences to understand the climatic impact and existing climatic conditions, and engi-
neering sciences to develop such an architecture that brings meteorological sciences 
and engineering sciences to the same platform to harmonize biological sciences.8,9 

The main aim of BBT is to provide human thermal comfort both indoors and out-
doors by utilizing solar energy and other relevant natural environmental resources. 
The thermal comfort of a person is a subjective parameter evaluated by dry bulb 
temperature, clothing level, metabolic rate, air velocity, humidity, and mean tempera-
ture and defned by person’s response to the surrounding environment and scale of 
satisfaction that he gets from the thermal environment.10 To achieve thermal comfort, 
the monthly local climate is assessed and analyzed through the Givoni bioclimatic 
chart11 (Figure 5.1) and the Mahoney table to strategize suitable bioclimatic designs.12 

Bioclimatic designs can also be strategized by Mahoney tables, designed by 
British architect C. Mahoney. As the name suggests, Mahoney tables are a set of 
some reference tables that help to analyze the meteorological data to set some indices 
to draw framework guidelines for the construction of climate-friendly architecture.12 

Setiawan has explained the use of Mahoney table to strategize bioclimatic models 
in a very detailed manner and explained that the charting of geographical coordi-
nates of the targeted location is the first task, followed by the charting of average 
extremes of temperature and humidity and then of rainfall and wind. Sorting of 
selected locations into humidity groups is important to understand the interactions 
with the temperature extremes to diagnose the limit of thermal stress. Next step is to 
identify indicators of stress to come up with thermal stress indices, on the basis of 
which recommendations are framed and suggestions are delivered.13 Thus, it is now 
clear that BBT involves deeper insights into the microclimate of the targeted location 
before designing any of the interior, exterior, or outdoor sections of the buildings to 
make the best use of natural solar energy and environmental sources with a purpose 
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FIGURE 5.1 Givoni’s psychometric bioclimatic chart. 

to reduce energy consumption with maximum comfort to its residents. These envi-
ronmental sources are utilized through passive solar systems for heating, cooling, 
and lighting the buildings, which is a basic element of bioclimatic design. However, 
there are some fundamental principles of bioclimatic design to have a holistic insight 
of BBT as proper enveloping of the building to insulate it in extreme weather; smart 
orientation of buildings along its openings to capture enough solar energy to utilize 
it as a primary source of heating in summer and light throughout the day around the 
year; adequate shading of the buildings to protect from the summer sun and dissipa-
tion of collected heat to the surroundings using natural means; and the designing of 
exterior spaces of buildings to improve microclimatic environment as a whole.14 In 
order to fully appreciate the BBT, we should first understand the basic concepts of 
thermal load and provisions for reducing the thermal load of buildings. 

5.3 THERMAL LOAD 

In order to appreciate bioclimatic technologies, one must understand the scope of 
energy conservation in buildings. The total energy consumption, on the basis of 
application, in the buildings can be categorized into three components: to maintain 
thermal comfort, to maintain illumination, and to operate appliances (electrical and 
electronic devices such as ACs, heaters, computers). 

Amongst the aforementioned three categories, thermal comfort commands the 
majority of energy consumption in modern buildings. Hence, the greatest scope of 
energy conservation lies in this category. We will restrict our discussion to the mea-
sures for reducing energy consumption in this category only. The broad categoriza-
tion of the techniques for reducing thermal load while maintaining thermal comfort 
has been illustrated in Figure 5.2. 
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FIGURE 5.2 General approach for a reduction in thermal load. 

In cold climates, the outflow of heat is prevented, whereas in hot climates inflow 
of heat is prevented. In the same spirit, more exposure to the sun is desirable in 
cold climates, and less exposure is desirable in hot climates. Therefore, the underly-
ing principles of energy conservation are the same. A combined approach has been 
explained without any special reference to any specific conditions. 

5.3.1 IMPROVEMENTS IN BUILDING MATERIALS AND DESIGN 

5.3.1.1 Insulation 
Insulation of any material is done by the introduction of a material which is a poor 
conductor of heat. By doing so, there is an increase in the thermal resistance of the 
material or building, thereby reducing the heat transfer rate. As per Fourier’s Law of 
heat conduction, the amount of heat transferred through (via conduction) the material 
bears a direct relation with the thermal conductivity of the material. 

dTQ ˜ °k A 
dx 

Q = Rate of heat transfer through the material by conduction (W) 
k = Thermal conductivity of the material (W/m-K) 
A = Area of the cross section normal to the direction of flow of heat 
dT

 = Temperature gradient in the direction of the flow of heat 
dx 

Insulating materials have low thermal conductivity and inhibit heat transfer. If the 
temperature of the surroundings is greater than that of the inside, the maximization in 
terms of time lag appears when the insulating material is applied on the outer side of the 
building material. Applying an insulation layer will not only contribute to the thermal 
comfort of the residents but also curb energy consumption.15 The selection of the insulat-
ing material is dependent upon the composition, thermal conductivity, operating range, 
durability, ease of application, etc. The location of the insulating layer and thermal mass 
layer in the wall is very important and is a decisive factor. For instance, a layer of heavy 
insulation exterior to the thermal mass layer results in more damping of load fluctuation 
and a smaller peak load of the inner surface heat flow.16 In a hot, dry climate, it should 
be on the outer side of the building envelope,17 as this gives little fluctuation.18 The appli-
cation of a higher amount of thermal mass on the inner side is also considered beneficial 
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to improve thermal comfort.19 However, one study suggested that during intermittent 
heating, the application of thermal insulation on the inner side has the ability to reduce 
40% of energy consumption.20 Further, the occupant’s behaviour (passive or active) also 
affects the efficacy of external and thermal insulation. For instance, if the behaviour 
is passive (no moveable shadings and closed window), internal thermal insulation is 
effective in terms of energy consumption; however, with active behaviour (moveable 
shadings and night ventilation), external thermal insulation efficiency is more.21 

5.3.1.2 Air Cavities 
The working principle of air cavities is similar to that of insulation. Air is a bad 
conductor of heat, and the air entrapped between two layers of the building’s wall 
or roof acts as a barrier to heat transfer. Such a technique is effective only until no 
convection sets up in the cavity, which would facilitate the heat transfer, thereby 
defeating the purpose. Therefore, the thickness of the air cavity is a very important 
factor which governs its effectiveness.22 

It has been found that the thickness of the air cavity beyond 50 mm facilitates 
heat transfer due to the movement of the trapped air. Therefore, cavities larger than 
50 mm are generally avoided. However, in cases where greater thickness of the air 
cavity is required for achieving the required insulation levels, partition of the main 
large air cavity can be provided as an alternative.23 The thermal resistance offered by 
the air cavities depends upon the thickness, location, and orientation of such cavities. 
Further, the most economical cavity configuration depends on the thermal emissivity 
and the insulation material used.23 In addition, the air cavities between the insulation 
boards result in an additional cooling effect, as described by Halik et al.24 

5.3.1.3 Improved Glazing 
The glazing of a building allows the entry of not only heat but also natural light. There 
are times when the type and size of the window become major design parameters, as 
it may become the largest source of heat transfer. Ordinary windows having one layer 
allow sunlight into the building; however, adding further layers of glass, typically two 
or three layers, namely double-glazed and triple-glazed windows, respectively, results 
in a drastic reduction in heat transfer. These multiple layers of glazing work on the same 
principle as air cavities. Inert gases, mainly argon and krypton, can also be used in 
place of air. These inert gases have lower thermal conductivity than air. Being heavier 
than air, convection/movement would not set easily in these inert gases as compared to 
air. Moisture is often a problem on the interior size of the cold single-glazed glass. The 
visual problem due to condensation is not much, as it evaporates during the day since the 
glass receives heat during the day.25 Nowadays, the concept of smart glazing employing 
the use of thermochromic, electrochromic, photochromic, and gasochromic materials 
is in trend with an objective of reducing energy consumption to lower the temperature 
by dynamic regulation of glazing transmittance, absorptance, and refectance.26 

5.3.1.4 Coatings 
Heat transfer through glazing occurs via all three modes, that is, conduction, convection, 
and radiation. Special coatings having low values of emissivity are used to reduce heat 
transfer by radiation, especially for long-wavelength radiation. The value of transmis-
sivity should be high simultaneously in order to facilitate illumination inside the space. 
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Such coatings result in a reduction in long-wavelength radiation from the glazed sur-
faces. The coatings can either be coated on the surface of the glazing or can be applied 
in the form of thin flms. These coatings get deteriorated on the exposed surface, thereby 
reducing the performance of the coatings over time. Therefore, the coatings are gener-
ally applied to the frst available protected surface of glass in the heat fow direction. 

In the case of cold climates (heat flow from inside to outside is to be prevented), 
the coating is applied on the outer surface of the inner glazing. However, in hot cli-
mates (heat flow from outside to inside is to be prevented), the coating is applied on 
the inner surface of the outer glazing. Besides this, high transmission–low emissivity, 
selective transmission–low emissivity, and low transmission–low emissivity prod-
ucts can be used depending upon the location of the building. High transmission– 
low emissivity products are best suited for heating-dominated areas, particularly to 
south-facing windows. Selective transmission–low emissivity products are suited 
for locations having both summer cooling and winter heating. The low emissivity 
reduces heat loss during the winter, and the selective property allows the natural light 
during the day but blocks the summer heat. Similar effects can be achieved by com-
bining a low-emissivity coating with a spectrally selective tinted glass. 

Nowadays, thin-layer nanocomposite coatings like zirconium oxide and alumin-
ium oxide are being used as insulation to decrease the rate of heat transfer through 
the building envelope. Such specialized coatings prevent energy loss effectively by 
acting as a thermal barrier, even at small thicknesses.27 

5.3.1.5 Seals 
Moisture is often a problem on the interior size of the cold single-glazed glass. The 
visual problem due to condensation is not much, as it evaporates during the day since 
the glass receives heat during the day. However, the moisture between the layers of 
the glazing is a problem. The simple way of achieving this is the proper sealing of the 
windows so as to avoid the entry of moisture between the glazing.28 In cases where 
seals are to be provided as improved building material as a stand-alone measure for 
reducing the thermal load, either only secondary seals (single sealed) or both primary 
and secondary seals (dual sealed) can be used as per requirement. Multi-glazed win-
dows/fenestration are sealed on the sides, which provides structural strength along 
with restriction of the ingress of moisture into the inside of the glazing. A further 
modifcation results in terms of the usage of the edge seal, which consists of the 
spacer (metal as well as non-metal) along with a desiccant and a sealant29 (Figure 5.3). 

FIGURE 5.3 Single and dual seals (left) and components of double glazing (right). 
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5.3.2 MODIFICATIONS IN THE BUILDING FEATURES 

After discussing the methods of reduction in thermal load by incorporating changes 
in the building materials and components, further enhancement of energy conserva-
tion can be achieved by controlling air infltration into the building, which causes 
unwanted air changes between the building envelope and the outside environment 
through openings such as cracks, clearances, fenestration, etc. Therefore, deciphering 
the parameters on which air infltration depends is of signifcant importance. 

Air infiltration between the building envelope and the outside depends on the 
following factors: 

• The meteorological factors such as average wind speed, prevailing direction 
of the wind, seasonal and daily variation in wind speed and direction, etc. 

• The shape of the building/house, the nature of the surroundings, and local 
obstacles such as nearby buildings, trees, hills, etc., as these factors influence 
the pressure distribution between the interior and exterior of the building. 

• The airflow characteristics of all opening and flow paths. 
• The temperature difference between the outside and inside of the building. 

The gains/losses due to air infltration are proportional to the number of air changes 
and the volume of the building. The volume of air changes is given by: 

V = A × L × (ΔP) n 

Here, 
‘A’ stands for joint/opening discharge coefficient. 
‘L’ stands for joint/opening length. 
‘ΔP’ stands for pressure difference. 
‘n’ exponent stands for pressure difference. 

The pressure difference is primarily dependent upon the fow of air with respect to the 
building and secondarily on the temperature difference. The difference in the velocity 
of wind between the windward side (facing the prevailing wind) and leeward side (fac-
ing away from the prevailing wind) results in a pressure difference across the building. 
This effect is known as the wind effect.30 The difference in temperature creates a dif-
ference in the density of the air. The less dense air (high temperature) rises up, allowing 
the relatively cool air to come into the lower side of the building, thereby creating a 

31,32 pressure difference. This effect is known as the stack effect or buoyancy effect. 
The infiltration of outside air can be reduced by making collective efforts by 

changing shape, orientation, etc., which can be reduced to the broader phrase of 
‘modifying external features of the building’. 

5.3.3 HEAT RECOVERY SYSTEMS 

The heat demand of a building can be reduced by possibly recovering the waste 
heat. A heat recovery system in an arrangement that operates like a heat exchanger. 
In buildings, the heat recovery system preheats the incoming air with the help of 
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FIGURE 5.4 Heat recovery system (left) and regeneration (right). 

outgoing/recycled waste heat. Heat recovery systems have the ability to recover heat 
in the form of sensible heat as well as latent heat; therefore, these systems can cater 
to the requirement of fresh air supply and indoor air humidity for the building. About 
60–95% of waste energy can be recovered through these systems.33 Figure 5.434 illus-
trates the components of a heat exchanger system. These systems are of four types: 
rotary wheel, fxed plate, heat pipe, and run around. All of four types have been 
briefy reviewed by Xu et al.,35 where the basic concepts and functionalities of these 
recovery systems have been described by the authors. 

5.4 BIOCLIMATIC BUILDING TECHNOLOGIES 

The main emphasis of bioclimatic building technologies is on local climate, ther-
mal comfort and passive design technologies, with the objective to improve energy 
effciency. The bioclimatic building technologies, when implemented, move the con-
ditions from outside the zone of thermal comfort to the zone of thermal comfort, as 
mentioned in the Givoni diagram (Figure 5.2).11 Most of the time, it is achieved by pas-
sive methods, as they do not consume any energy. However, low-energy-consuming 
strategies can also be used in cases when passive designs do not yield the required 
outcome. 

5.4.1 COMFORT ZONE AND PERMISSIBLE COMFORT ZONE 

As displayed in Figure 5.1 and marked as label ‘1’, the comfort zone depicts the ideal 
condition for thermal comfort for the human body assuming light clothing, little 
activity, and having no energy requirements for thermal comfort.11,36 The temperature 
in this zone ranges from 21 °C to 26 °C, whereas relativity humidity ranges between 
20% and 70%. This zone requires no interventions. However, the permissible comfort 
zone is an extended zone wherein there are fnite energy requirements. As displayed 
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in Figure 5.1 and marked as label ‘2’, it is an area bounded by temperature ranging 
from 20 °C to 27 °C, relativity humidity ranging between 20% and 80%, and the 
intersection of lines having coordinates of (temp. 24 °C, relativity humidity 80%) and 
(temp. 27 °C, relativity humidity 50%).11,37,38 

5.4.2 HEATING INTERNAL GAINS 

Internal heat gain is an important parameter while calculating the cooling load and 
in turn is signifcant for the bioclimatic calculation of the building. In addition to 
the contribution of external factors, due to the metabolism of the occupants (human 
beings), there is heat gain in the building.39 The amount of heat gain depends upon the 
level of activity and other factors such as clothing, sex, etc. In the case of space cool-
ing, the usage of artifcial lighting in the conditioned space is often required, as the 
use of sunlight brings in solar heat gain, which shall increase the total energy load on 
the air conditioner. All lighting devices consume electricity, which is converted into 
heat. The heat transfer to the building conditioned space takes place by convection 
and radiation. This radiation is absorbed by the various surfaces such as walls, foors, 
furniture, etc. and is re-released by these surfaces. There is a signifcant delay in the 
time of switching on the lighting appliance and re-radiation of the heat absorbed by 
the surface. There are electric equipment and appliances such as laptops, computers, 
kitchen appliances, etc. installed in the building space which add heat gain to the 
building in the form of convection and radiation.40 The internal heat gains from the 
aforementioned parameters (occupants, lighting devices, electric equipment, appli-
ances) can be calculated as follows: 

Q 
s, o 

= (Number of people) × (Sensible heat gain per person) × CLF 
Q 

l, o 
= (Number of people) × (Latent heat gain per person) 

Q = (Wattage) × (Usage factor) × CLF 
s, li 

Q 
s, a 

= (Wattage) × (Usage factor) × CLF 

Where, Q means heat gain of the conditioned space. 
First subscript ‘l’ represents latent, and ‘s’ represents sensible. 
Second subscript ‘o’, ‘li’, ‘a’ represent occupants, lighting, and appliances, 

respectively. 
CLF represents the cooling load factor, which can be looked up in the relevant 

ASHRAE handbooks. 

5.4.3 PASSIVE SOLAR HEATING 

The basic idea of passive heating is to increase the net heat gain of the building 
without the use of energy-consuming traditional methods that depend upon the use 
of fossil fuels or electricity. This is particularly usable for buildings in cold climates 
where the objective is to keep the conditioned space warmer than the surroundings.41 

Passive heating techniques hinge on the three elements for achieving thermal 
comfort: collecting naturally available energy, storing the collected energy, and uti-
lizing (distributing and conserving) the stored energy (Figure 5.5). 
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FIGURE 5.5 Steps for achieving thermal comfort. 

The largest available source of energy for use is solar energy; therefore, it is the 
preferred source of energy for passive heating. The performance of passive solar 
heating devices hinges upon maximizing the exposure of solar radiation, thereby col-
lecting maximum solar radiation. Consequently, the heat losses from the building are 
to be minimized, thereby achieving a greater value of net heat gain. Passive heating 
methods can be classified into direct and indirect methods.42,43 

5.4.3.1 Direct 
In these methods, solar energy is utilized or directed directly into the building. A few 
of the methods by which it can be achieved are as follows. 

5.4.3.1.1 Orientation 
The orientation of a building is one of the most important parameters of the biocli-
matic building and decides the amount of solar radiation that can be collected for 
heating purposes. In the northern hemisphere, the amount of solar radiation received 
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FIGURE 5.6 The house of Socrates. 

by a building on the southern side is larger than that on any other side or orientation 
of the building. Therefore, it is desirable to have the longest axis of the building lie in 
an east–west direction, with glazed windows concentrated on the southern side.44 For 
all the latitudes in the northern hemisphere, the south side of the building receives 
maximum solar radiation. Therefore, the shape of the building should be such that it 
meets the requirement for maximum exposure to solar radiation in winter; however, 
proper care should be taken for the utility in the summers. The orientation should 
not increase heat gain in the summer. For example, consider the House of Socrates, 
as shown in Figure 5.6. During winters, the sun goes southwards, and the altitude is 
not high, so the vertical glazing allows solar radiation to enter the house; however, 
the use of an appropriate length of extension avoids the undesirable radiation of the 
summer sun, which goes at a higher altitude.45 

5.4.3.1.2 Glazing and Refectors 
The direct heat gain through glazing is simple. The solar radiation is transmitted 
through the windows or glazing. The amount of solar radiation received at a window 
opening is fixed by the season, weather conditions, and geometry of the building with 
respect to the sun. Although the intensity of direct solar radiation cannot be increased, 
irradiation received by the surrounding surfaces can be reflected into the opening, 
thereby increasing the effective collector area of the window. Clerestory windows, as 
shown in Figure 5.7, can also be used for reflecting solar radiation and allowing sun-
light into the building space. The reflectivity of a few surfaces is given in Table 5.1.46 

5.4.3.2 Indirect Methods 
Unlike in direct heat gain, in these methods, the sun’s energy is introduced into the 
building space in an indirect method. 

5.4.3.2.1 Mass Wall 
In this method, the heat from solar radiation is directly taken as a result of conduction 
through the wall and subsequent convection and radiation remitted by the thermal 
wall. A thermal mass wall or simply mass wall is made of concrete or masonry 
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FIGURE 5.7 Various types of heat gains into the building space. 

TABLE 5.1 
Refectivity of a Few Surfaces 
Material Refectivity (% of incident radiation) at 27 °C 

White fire clay 12 
Asbestos 11 
Cork 20 
Wood 14 
Porcelain 05 
Concrete 10 
Aluminium 92 

Graphite 40 

facing south, suitably blackened and glazed. The greatest advantage of this method is 
that it reduces the temperature fuctuations in the room air, which is the disadvantage 
of the direct heat gain method. This is also known as a Trombe wall without vents 
(Figure 5.8).43,47 
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FIGURE 5.8 Mass wall (left), Trombe wall (centre), and thermosiphon (right). 

Where Q is the heat gain into the space, 
U

L
 is overall heat transfer coefficient from ambient to inside room, 

τ is the transmissivity of the glazing, α is the absorptivity of the wall surface, 
h

o
 and h

i
 are convection coefficient are between glazing and wall, and the inside, 

respectively, 
‘I’ is solar radiation intensity, 
L is thickness of the wall, k is thermal conductivity of the wall, A is the area of 

wall, and 
T

a
 and T

i
 are ambient and inside temperatures respectively 

5.4.3.2.2 Trombe Wall 
This method is a modifcation of a mass wall. It has openings in the mass wall 
towards the top and the bottom to allow the self-sustaining distribution of heat in 
the building. In this system, the thermal storage lies just behind the glazed area. 
The openings of vents allows for convective heat exchange from the mass wall to 
the room, which is the conditioned space.47 Normally, the ratio of the opening area 
to the wall area may be in the range of 0.01–0.03. If the thermal storage of the wall 
between the glazing and the living space is replaced by the water stored in drums 
(drums stacked over one another), then the modifed system is known as a water 
wall. Such a system is more effective than concrete because the heat storage capac-
ity of water is almost double as compared to concrete. The disadvantage of such a 
modifed Trombe wall is illumination since water drums will be blocking the entry 
of the sunlight.41 

5.4.3.2.3 Thermosiphon 
A thermosiphon is essentially a solar energy collector for heating the air, usually ft-
ted to the south wall of the building for supplying warm air to the building or condi-
tioned space. The movement of air takes place due to a density difference which gets 
generated due to the local heating of air beneath and/or inside the panel. A thermo-
siphon is installed at the level below the space to be heated. After getting heated, air 
fows into the building space and replaces the old air. During summer, the collector 
can be disconnected to avoid overheating the room air. A thermosiphon can also be 
installed on sloped roofs or on south-facing walls.48,49 
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5.4.4 PASSIVE SOLAR COOLING 

In order to achieve natural cooling in the building, it is paramount to reduce unnec-
essary thermal loads that interact with the building. There are two main interactions 
with the building: a) the exterior loads due to the climate and b) the internal loads 
due to people, appliances, lighting, etc. Various strategies have been outlined herein 
in order to achieve natural cooling.50 

5.4.4.1 Orientation 
The interaction of solar radiation with the building is the source of maximum heat 
gain inside the building space. The natural way to cool a building is to minimize the 
incidence of solar radiation. One of the methods is the proper orientation of the build-
ing. The maximum solar radiation is interrupted by the roof, followed by the east and 
west walls. Therefore, it is desirable that the building is oriented with the longest walls 
facing north and south. The east and west windows are the sources of maximum solar 
heat gain and should either be avoided or reduced in size. It is also advisable to place 
unconditioned spaces such as garages and closets on east and west sides. Orientation 
to take advantage of prevailing breezes in warm and humid climates and prevention 
of hot winds in hot and dry climates is also important.50,51 

5.4.4.2 Shade by Neighbouring Structures 
Buildings in close proximity can be planned such that they shade each other. The 
amount and effectiveness of the shading, however, depends on the types of building 
clusters. Martin and March have classifed the building clusters into three categories, 
that is, pavilions, streets, and courts. ‘Pavilions’ are isolated buildings, single or in 
clusters, surrounded by open spaces. ‘Streets’ are long building blocks arranged in 
parallel rows, separated by actual streets in open spaces. ‘Courts’ are defned as 
open spaces surrounded by buildings on all sides. The courts are created by the con-
junction of repeating L-shaped fgures. The area in all three sites remains the same; 
however, the ‘courts’ cluster occupies 75% of the site space, the ‘streets’ occupy 50% 
of the site space, and the ‘pavilions’ occupy 25% of the site space. It makes their 
respective foor space index values in the proportion of 3:2:1.52,53 

5.4.4.3 Shade by Vegetation 
The process of shading by trees and vegetation is a very effective and environmentally 
friendly method of cooling the ambient air and shielding the building from solar radia-
tion. The solar radiation absorbed by the leaves of the vegetation is mainly utilized for 
photosynthesis. A part of solar radiation results in evaporative heat losses and partly is 
stored as heat by the fuids in the plants and trees. The best place to plant shady trees 
is to be decided by observing which part of the fenestration admits the most sunshine 
during the peak hours during the hottest months. Usually, east- and west-oriented 
walls and windows receive 50% more sunshine than the north and south-oriented 
walls and windows. Trees should be planted at positions determined by lines from 
the centres of the windows on the west or east walls towards the position of the sun at 
the designated time. On the south side only, deciduous trees should be planted. The 
precise distance should be decided on the availability of space and size of trees.54,55 
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5.4.4.4 Shading by Overhangs and Louvres 
Roller blinds, curtains louvres (fxed or adjustable), and overhangs can be used to 
provide shading into an opening such as doors, windows etc. Moveable blinds and 
curtains block the transmission of solar radiation through the fenestration of east and 
west walls. In hot and dry climates, the temperature of ambient air is greater than 
the room air; therefore, such devices help in reducing the heat gain. The horizontal 
louvres, with spacing, parallel to the wall allow air circulation and reduce heat gain 
by conduction. Louvres hung against a solid overhang prevent the low sun angles, but 
the comfort of view is compromised. The criteria for shading on the basis of climate 
zones are listed in Table 5.2.56,57 

5.4.4.5 Refecting Surfaces 
The external surfaces of a building can be painted with such colours which could max-
imize the refection of solar radiation and minimize the absorption of solar radiation. 
In such cases, the heat transfer into the building decreases considerably. Table 5.3 
shows that ‘whitewash’ has lower refectivity and high emissivity as compared to 
aluminium, which results in its lower temperature upon exposure to solar radiation.58 

TABLE 5.2 
Criteria for Shading on the Basis of Climate Zones 
Climatic zone Shading need 

Hot and dry Comprehensively throughout the year 
Warm and humid Comprehensively throughout the year with effective 

ventilation 
Temperate Comprehensively throughout the year during 

sunlight time only 
Cold and cloudy No need 
Cold and sunny During summers alone 

Composite During summers alone 

TABLE 5.3 
Refectivity and Emissivity of Different Materials 
Material Refectivity Emissivity 

Aluminium foil 0.95 0.05 
Polished aluminium 0.80 0.05 
Aluminium paint 0.50 0.50 
Galvanized steel sheet 0.75 0.25 
Whitewash new 0.88 0.90 
Grey colour, light 0.60 0.90 
Grey colour, dark 0.30 0.90 
Red brick 0.40 0.90 
Glass 0.08 0.90 

Green colour, light 0.60 0.90 



   

 

 

 

 

 

 

141 Bioclimatic Building Technology 

5.4.5 COOLING WITH THERMAL MASS 

Insulating the building with material having low thermal conductivity is a well-
known and most practised aspect of energy-effcient buildings. In hot climate condi-
tions, weak coupling between the thermal mass and the external heat source, that is, 
solar radiation, is ensured; however, strong coupling with the inside of the building 
is ensured so that the internal gains can be absorbed easily. Along with the coupling 
of thermal mass, the provision of air cavities in the walls or the empty space between 
the roof and the ceiling results in the reduction of the solar heat gain.16,59 

5.4.5.1 Cooling with Thermal Mass and Nocturnal Renovation 
The emission of longwave radiation takes place continuously from the building 
during the day and night. During the daytime, the absorbed solar radiation at the 
surface outweighs the cooling effect produced by the emission of longwave radiation. 
However, radiant cooling can be obtained during the night hours, and therefore it is 
known as nocturnal renovation. Radiative cooling often takes place with convection 
and evaporation. In humid climates, evaporation is limited; therefore, radiative cool-
ing plays a vital role in total heat loss from wet surfaces exposed to the sky.60 The 
major problems during the design of such a system are as follows: 

• The first problem is the estimation of the meteorological potential for radi-
ant loss or cooling potential. It includes the effective sky temperature, emis-
sivity, and convective heat exchange. 

• The second problem is the technique for augmenting the net radiative loss 
from the radiating surface and reducing the convective gains. 

• The third problem is the utilization of the cooling effect produced by the 
nocturnal radiant loss, that is, the way it is used to provide thermal comfort. 

Direct cooling of the thermal mass in a building element such as a roof can be 
achieved by shielding it from the direct incident radiation and hot ambient air during 
the day. It shall result in lowering heat gain by radiation and convection from hot 
ambient air.43,61 This can be achieved by the following technologies. 

5.4.5.1.1 Moveable Elements 
The application of moveable elements such as moveable canvas having insulating 
material with high value of refectivity on the outer surface permits the protection 
of the roof from solar radiation and convective gain during the daytime. During the 
night time, it can be removed to expose the roof to the sky to facilitate the nocturnal 
radiant loss.61 

5.4.5.1.2 Vegetation and Earthen Pots 
The provision of vegetation on the roof results in the effective shading of the roof. 
The shading, as discussed earlier, results in a decrease in the heat gain of the build-
ing. The earthen pots on the roof facilitate radiant cooling by effectively increasing 
the surface area; however, it limits the use of the roof for practical purposes by the 
occupants.62 



Thermal Evaluation of Indoor Climate and Energy Storage in Buildings 

 

 

 

 

 

142 

5.4.6 EVAPORATIVE COOLING 

During evaporation, water changes its state from liquid to vapour. When water and 
unsaturated air come in contact, heat and moisture transfer takes place. The sensible 
heat of the air is transferred to water and gets converted into the latent heat of vapor-
ization. This results in lowering the dry bulb temperature of air and increasing the 
humidity content. The wet bulb temperature remains constant throughout the pro-
cess. The decrease in air temperature is proportional to the change in the amount of 
water vapour contained in it. It is termed as adiabatic cooling since no external heat 
to the system is involved in this process, and the evaporation occurs by the transfer of 
the existing sensible heat of the air. This process continues proceeds until the stage of 
equalization of temperatures and vapour pressures of the water and air is reached.63 

The various process involving evaporative cooling can be categorized as outlined in 
the following section. 

5.4.6.1 Outdoor Air Cooling 
The air temperature in the shade below the trees is 3 °C to 4 °C lower than the ambi-
ent temperature. The free fow of air by the proper vegetation into the building will 
result in the cooling of the ambient air and its consequent fow into the building. 
There are many ways such as fountains and artifcial sprinklers where a flm of water 
is exposed to the outside air of the building. The cool and humid air fows into the 
building. This form of cooling is preferred in arid zones where the relative humidity 
is low and undesirable. Evaporative cooling by means of vegetation can also be done. 
Vegetation (plants, trees) exterior to the building and on the roof helps in augment-
ing the outdoor air cooling, which in turn results in reducing the temperature of the 
conditioned space.64 

5.4.6.2 Indoor Air Cooling 
Vegetation can be used as a means for indoor evaporative cooling. The sensible heat 
in the air is absorbed by the vegetation (plants inside the conditioned space), resulting 
in natural evaporative cooling inside the building. This phenomenon can be aug-
mented by the regular watering of the plants inside the building. Indoor air cooling 
is also provided by active power and requires energy consumption. Indoor air cool-
ing can be provided by either increasing the humidity or keeping it at its original 
level.65,66 Accordingly, the process of indoor air cooling can be categorized into the 
following categories. 

5.4.6.2.1 Direct Evaporative Cooling 
When the room air is in direct contact with a water surface, as shown in Figure 5.9, 
the evaporation of water into the air increases the humidity. This process is called 
direct evaporative cooling. The resultant cool air is directed into the conditioned 
space. Several designs of direct evaporative cooling are in vogue, some of which are: 
drip-type evaporative coolers, spray-type evaporative coolers, rotary pad evaporative 
coolers, and textile mill evaporative coolers. All these systems are useful for rooms 
and apartments. The evaporative cooling pads used in these systems suffer from clog-
ging and sagging over a period of time. The cooled air produced is extremely humid. 
The high rate of airfow and a large number of air changes, which are necessary for 
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FIGURE 5.9 Evaporative cooling: indirect (left) and direct (right). 

effective cooling, cause large variations in the airspeed and associated thermal sen-
sation within the conditioned space.67 

5.4.6.2.2 Indirect Evaporative Cooling 
This is when the room air does not come into direct contact with the water. In this pro-
cess, the evaporation occurs separately, and air/water is cooled without any increase in 
the humidity. The resultant cool air/water is then used to cool the room air. Different 
types of indirect evaporative cooling systems are in vogue such as simple dry surfaces, 
regenerative dry surfaces, plate-type heat exchangers, Pennington heat storage wheels, 
indirect evaporative radiant cooling, and two-stage indirect evaporative cooling.66 

Indirect types of systems overcome the defect in direct cooling systems, as the air 
does not come in direct contact with water. Therefore, the problem of excessive humid-
ity is solved automatically. The number of air changes also gets reduced. The only dis-
advantage of such system is that suitable filters are to be used to avoid the accumulation 
of dust and wet surfaces that are prone to scale formation.68 

5.4.6.3 Building Surface Cooling 
The process of cooling of building surfaces by the evaporation of water provides a 
heat sink for the room air for the dissipation of heat. A flm of water is maintained 
over the surface of the building element, which brings down its temperature below 
the wet bulb temperature of the ambient air. The roof surface acts as a means of heat 
transmission from inside of the conditioned space to the ambient air without having 
any effect on the humidity of the air present in the room. Roof surface or roof water 
evaporative cooling involves maintaining a uniform thin flm of water over on the 
roof of the building. This helps the roof to achieve a value of temperature much lower 
than that of any other part of the building. The roof evaporation process can be very 
effective in hot and dry and also in warm and humid climate zones. 

5.4.7 COOLING THROUGH VENTILATION 

One of the most effective ways of providing cooling to non-conditioned buildings 
is by the means of ventilating the building space with cool ambient air. Ventilation 
facilitates heat transfer rather loss from the inside of the building by replacing the 
internal air with cool ambient air, whereas the movement of air decreases the effec-
tive temperature by augmenting convective and evaporative cooling of the body. 
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Traditionally, in humid regions, the design is dominated by the movement of cool 
ambient. In inland areas, the wind speed is relatively low, and one has to opt for pro-
visions such as designing and constructing on stilts or at times on treetops. This con-
vective cooling can be achieved by a) creating natural movement of the air, known 
as natural ventilation, or b) use of power-driven devices such as fans, etc., known as 
forced or mechanical ventilation.36,69 

The heat transfer by ventilation is dependent on the exchange rate, the difference 
between interior and exterior temperature, and thermal capacity of the medium (i.e., 
air). Heat transfer by ventilation (Q

v
) can be approximated as: 

Q
v
 = (N × V × ΔT) / 3 

Where N is air changes per hour, V is the volume of conditioned space in m3, and 
ΔT is the temperature difference between the inside and outside of the building or 
conditioned space. 

In order to achieve cooling by indoor natural ventilation, a few of the methods 
have been explained as follows: 

5.4.7.1 Windows 
Windows play an important role in inducing indoor ventilation due to wind forces. 
The various parameters that affect the ventilation are climate, wind direction, area 
of fenestration, size of inlet and outlet of the openings, volume of the room, shading 
devices, etc. Air moves from a zone of high pressure to a zone of low pressure if open-
ings are made on the walls of the respective zones in a building. If the inlet and outlet 
are placed at different heights, as shown in Figure 5.10, the air fows from the inlet to 
the outlet due to the density difference created by the upward movement of warm air. 
In order to attain sensible air movement, it is essential to provide cross-ventilation. 
Single-sided ventilation will provide air movement to a very shallow depth of the 
building. An alternative would be to provide exhaust for the air via a ridge or chimney 
on the leeward side of the chimney. Louvres can be provided for protection against 
rain and for the prevention of the direct entry of sunlight. Along with this, the pres-
ence of a veranda on the windward or leeward side infuences the air motion of the 
room. However, windows have a certain set of limitations. It may not be always 
possible to locate the openings on the windward side due to reasons such as site 
restriction, privacy, solar radiation, etc.70,71 

5.4.7.2 Wind Tower 
The principle of wind towers can be understood with the help of Figure 5.11. The hot 
ambient air enters the tower through the openings in the tower and is cooled when 
it comes in contact with the cool tower and thus becomes heavier and sinks down. 
When an inlet is provided to the rooms with an outlet on the other side, there is a 
draft of cool air. After a whole day of heat exchange, the wind tower becomes warm 
in the evening. During the night, the reverse happens, the cooler ambient air comes 
in contact with the bottom of the tower through the rooms; it gets heated up by the 
warm surface of the wind tower and begins to rise due to buoyancy, and thus airfow 
is maintained in the reverse direction. This system works effectively in hot and dry 
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FIGURE 5.10 Ventilation by cross-ventilation (upper) and different height windows (lower). 

types of climates, where the daily variations in the temperatures are high. In such 
climates, there exist high temperatures during the day time and low temperatures 
during the night time. The openings of the wind tower are provided in the direction 
of the wind, and outlets on the leeward side thereby take advantage of the pressure 
difference created by wind speed and direction. Normally, the outlets have thrice the 
area as compared to the inlet to offer better effciency. The traditional architecture of 
the Middle East, having hot and dry climates, has wind towers as a common frequent 
design feature in the buildings. The concept of a wind tower is suited for single indi-
vidual dwelling units but not suited for multistorey buildings. In dense urban areas, 
the wind tower has to be suffciently high so as to catch enough air. Also, the surface 
of the wind tower collects dust over the course of time, and heat exchange between 
the wind tower and the air gets reduced.72–75 

5.4.7.3 Courtyard Effect 
Due to the incident radiation in the courtyard, the air in the courtyard becomes 
warmer and rises up. To replace it, cool air from the ground level fows through 
openings of the room, thus producing the airfow. During the night, the process is 
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FIGURE 5.11 Courtyard (upper) and wind tower (lower). 

reversed. As the warm surface gets cooled by convection and radiation, a stage is 
reached when its temperature equals the dry bulb temperature of the ambient air. 
Further cooling by radiation continues as the night sky temperature is lower than 
the ambient temperature. If the net heat transfer reduces the roof surface tempera-
ture to the wet bulb temperature of the surrounding air, condensation of the atmo-
spheric moisture takes place on the roof, and the heat gained due to condensation 
limits further cooling. If the roof is sloped towards an internal courtyard, the cooler 
air sinks into the court and enters the living spaces through the low-level openings. 
The effciency of the courtyard effect can be augmented by introducing an evap-
orative cooling system in the cool courtyard. The concept of a courtyard can be 
applied in a warm and humid climate. It should be ensured that the courtyard gets 
suffcient radiation to produce the necessary draft through the interior. When the 
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courtyard is allowed to receive intense solar radiation, a much heat is conducted 
and radiated into the rooms as against the induced draft of air, which may be coun-
terproductive. The intense radiation in the courtyard also produces intense glare 
indoors.76–78 

5.4.8 ACTIVE SOLAR DEVICES 

Along with passive utilization for lighting and heating, we can harvest and utilize 
solar energy in the form of many active solar devices. These devices include pho-
tovoltaics and solar thermal systems. Photovoltaic (PV) cells utilize incident solar 
energy and convert it into electricity. Photovoltaic cells are merged into solar panels 
which can further be installed over the south-facing roof in the form of a matrix. 
The inclination angle of the solar panel depends upon the geographical location and 
latitude of the building. The electricity produced by the solar panels can be further 
used to run the electrical appliances. In a completely off-grid system, the electricity 
produced during the daytime is stored in the batteries. This stored electricity in 
the batteries is further utilized during the night time or whenever the need arises. 
There are also systems that are connected to the national electricity grid, known 
as on-grid systems. Such systems don’t have the provision of any energy storage. 
The electricity generated by the solar panels is used for internal use, and any excess 
production of electricity is fed to the grid. During the night time, electricity supply 
from the grid is utilized to meet the electrical requirements of the building. Solar 
panels have an estimated life of 20 to 25 years. The economics of design integration 
of solar panels with buildings offers interesting possibilities. The installation cost 
of solar panels can be compensated against roof or facade elements. These solar 
panels can also act as shading devices reducing solar heat gain, and semi-trans-
parent systems have the potential to replace glazing. Solar thermal systems are 
devices which utilize incident radiation to heat air and are known as solar air heat-
ers (SAHs) or solar water heaters (SWHs). In a domestic building,79–83 a SWH setup 
consists of collector installed on a south-facing building element, the fuid which is 
generally water that circulates through the collector tubes, a water tank for storage, 
and, at times, an active device operating on electricity to heat the water during 
non-sunshine hours. SAHs generally fnd applications to dry grains, fruits, vege-
tables, and seafood at moderate temperatures.84 The thermal and thermohydraulic 
performance of the solar air heaters is enhanced by using roughness-producing 
elements on the heat absorbing side (absorber plate) of the collector. The rough-
ness-producing elements include pin fns, packed beds, fns with perforations, ribs 
(V, W, intermittent V type), and baffes. The intermittent nature of solar radiation 
can be overcome with the use of phase change materials (PCMs).85 PCMs, as the 
name suggests, absorb the heat during the day time by changing from one phase to 
another in the form of latent heat, and during the intermittency of solar radiation, 
they release the stored latent heat, thereby undergoing several repetitive cycles of 
freezing and melting. A few examples of PCMs include paraffns, fatty acids, salt 
hydrates, etc. In order to enhance the effectiveness of PCMs, nanoparticles are used 
as enhancers. These nanomaterials include SiO

2
, Al

2
O

3
, graphene, carbon nano-

tubes, etc.86 
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5.5 RECENT APPROACHES TO BIOCLIMATIC ARCHITECTURE 

Bioclimatic architecture is the heart of bioclimatic building technology that com-
pletely and closely integrates human beings with nature. Recent approaches to biocli-
matic architecture focus on integrating sustainable design principles and technologies 
to create energy-effcient and environmentally friendly buildings. These approaches 
prioritize the use of natural resources and climatic conditions to minimize energy 
consumption and maximize occupant comfort. Here are some key aspects of recent 
approaches in bioclimatic architecture. 

5.5.1 ADOPTION OF VERNACULAR ARCHITECTURE 

Vernacular architecture refers to traditional structures of well-tried forms made of 
indigenous local materials87 and has the adaptability to local climate without the 
need for any additional energy-consuming devices.88 These types of structures came 
into existence when human beings experienced the need for shelter, and they started 
to utilize natural resources for the same and passed the knowledge from generation 
to generation.89 As the ecological footprints of current conventional architecture are 
very high and employ the utilization of climate control devices, vernacular architec-
tural strategies work as a base model to them to get insight into the behaviour of a 
building in the local environment with an objective to reduce energy consumption. 
The culture, climate, and topography of the location play a decisive role in determin-
ing the adoption of vernacular materials.90 In this context, Alrashed and co-workers 
found that structures/buildings constructed of adobe building materials in vernacular 
designs like ‘mushrabiyah’ consumed 8% lower annual electricity in almost all loca-
tions of Ghana.90 Similarly, vernacular building materials like earth/laterite may also 
be adopted in modern architecture.91 Further, several instances of the adoption of 
multiple vernacular designs in modern conventional architecture for passive designs 
are there, including roof ponds, domes, air vents, cooling towers, etc., besides the use 
of adobe and rammed earth construction, as well as wattle and daub.90,92,93 Though the 
strategies are location- and climate-specifc, they can be exported to other locations.6 

5.5.2 INCLUSION OF BIOCLIMATIC ARCHITECTURE IN URBAN PLANNING 

The integration of bioclimatic architecture with urbanization is imperative for green 
development and to have harmony with the local environment and make the best 
use of it. Since urban planning refers to cheap road and rail transport and special-
ized land-use zoning, it is closely associated with higher energy consumption. Thus, 
urban planning, as a more holistic way to integrate energy, environmental, and wider 
social considerations, is the recent approach for which considerations of site climate 
and nature in existing settlements as well as in new ones are pre-requisite. While 
integrating urbanization with green technology, planning the build morphology and 
orientation plays a crucial role in the provision of thermal comfort. Strategic access 
to solar radiation and shelter from winds and rains can be achieved through the inte-
gration of bioclimatic structures and orientations. Further, solar and wind access can 
also be strategically accessed through street orientations. For example, to achieve 
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solar shading in southern latitudes, western orientation is not advisable, as evening 
sun possesses a lower altitude, and air temperatures tend to be high at this time of 
day.94 Similarly, in arid areas, vegetation is imperative to obtain improved macro-
climatic indices like temperature and relative humidity conditions for better human 
well-being.88,95 

5.5.3 RENEWABLE ENERGY INTEGRATION 

Recent bioclimatic architecture approaches increasingly integrate renewable energy 
technologies into building design. This includes incorporating solar photovoltaic 
systems, wind turbines, and geothermal systems to generate clean energy on site; 
reducing reliance on fossil fuels; and minimizing the environmental impact of the 
building.96,97 

5.5.4 WATER CONSERVATION AND RAINWATER HARVESTING 

Bioclimatic architecture aims to reduce water consumption through various strate-
gies such as effcient plumbing fxtures, greywater recycling systems, and rainwater 
harvesting. These approaches promote sustainable water management and reduce the 
strain on local water resources.98 

5.5.5 GREEN BUILDING MATERIALS 

The use of environmentally friendly and sustainable materials is a key consideration 
in bioclimatic architecture. This includes selecting materials with low embodied 
energy, recycled content, and non-toxic properties. Additionally, incorporating locally 
sourced materials reduces transportation energy and supports local economies.99 

5.5.6 BUILDING PERFORMANCE MONITORING AND OPTIMIZATION 

Advanced monitoring systems and data analytics enable real-time measurement and 
optimization of building performance. This allows for the continuous evaluation of 
energy usage, indoor air quality, and thermal comfort, facilitating adjustments and 
improvements to enhance overall building effciency. The performance appraisal of 
a building and its certifcation as bioclimatic is conducted by a building certifca-
tion program known as LEED (Leadership in Energy and Environmental Design) 
devised by the United States Green Building Council (USGBC) with an objective to 
develop a “consensus-based, market-driven rating system to accelerate the devel-
opment and implementation of green building practices and to encourage market 
transformation towards sustainable design.”100 LEED certifcation is available for 
both residential and cooperative buildings and projects. Though the system is volun-
tary, it is internationally accepted, and to get the same, building projects are required 
to satisfy a checklist of prerequisites and earn points. These earned points further 
decide their eligibility for the level of certifcation. Four levels of certifcations, cer-
tifed, silver, gold, and platinum, can be accredited to buildings projecting depending 
upon the earned points. For instance, with 40–49 points, ‘certifed’ can be achieved. 
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Similarly, certifcations of ‘silver’ with 50–59 points, ‘gold’ with 60–79 points, and 
‘platinum’ with 80 points and above can be achieved accordingly. Thus, the LEED 
system is credit-based, where a project earns more points by constructing a more 
effcient, environmentally friendly bioclimatic building.101,102 

Biophilic design principles are gaining prominence in bioclimatic architecture, 
aiming to create connections between occupants and nature within the built environ-
ment. Integrating natural elements such as green walls, indoor plants, and views of 
nature enhances occupant well-being, productivity, and satisfaction. 

5.6 CONCLUSIONS 

This chapter has discussed the development of bioclimatic building technologies. 
These technologies can be applied across the world, and similar strategies can work 
in various areas with similar exterior climates. Actual engineering projects should 
attempt to reduce the energy demand as much as possible in respect of the available 
meteorological and climatic conditions. However, it is necessary to place greater 
importance on climatic comfort as a fundamental engineering objective. One must 
put effort to achieve this objective without the use of devices that consume elec-
tricity and reduce the ecological footprints. Awareness and importance of biocli-
matic technologies and vernacular architecture should spread across all sections of 
society. The requirement of an appropriate comfort zone with the minimum use of 
energy-consuming cooling and heating devices should be the way forward. To meet 
this objective, awareness must be disseminated about the environmental impacts 
of energy consumption and the consequences on climate change and humankind. 
Additionally, energy-effcient techniques must be adopted across the globe similar 
to those which are already being adopted in many parts of the world to establish 
energy-effcient and comfortable architecture. Therefore, we can say that the bio-
climatic approach will play an increasingly important role in sustainable holistic 
development. 
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6 Responsive Building 
Components and 
Systems 

Bhartendu Mani Tripathi and 
Shailendra Kumar Shukla 

6.1 INTRODUCTION 

A new age in the building business has begun due to the spectacular confuence of 
technology and construction in recent years. Innovative building materials and com-
ponents are revolutionizing how we design, create, and use buildings. With embedded 
sensors, sophisticated control systems, and connected networks, these cutting-edge 
materials can respond intelligently to environmental changes, optimize energy use, 
increase occupant comfort, and boost building performance. Responsive building 
components and systems refer to architectural elements and technologies that adapt 
and respond to various environmental conditions, user needs, and changing circum-
stances. These components and systems are designed to increase buildings’ comfort, 
effciency, and functionality while promoting sustainability and overall good health. 
They comprise new materials, sensors, and control systems to enable dynamic and 
intelligent responses. The concept of responsiveness in building design emerged 
with a rise in the focus on energy effciency, sustainability, and occupant com-
fort. Traditional constructions usually rely on static parts and systems that cannot 
be altered to suit different situations, leading to energy loss and poor performance. 
Responsive building systems and components, which incorporate automation, fex-
ibility, and adaptation into architectural design, help to overcome these limitations. 

Smart materials are transforming the future of architecture and urban develop-
ment, from self-healing concrete that seals its cracks to dynamic glazing systems 
that dynamically change transparency based on sunshine intensity. The capacity of 
intelligent building materials to increase energy efficiency is one of its main advan-
tages. They can adjust to shifting environmental factors like temperature, humidity, 
and air quality, resulting in a healthier interior atmosphere and are more conducive 
to productivity. For instance, intelligent insulation materials can alter their thermal 
qualities to maintain ideal temperatures, while intelligent windows can automati-
cally tint to prevent glare and heat absorption. The uses for intelligent building mate-
rials and components are countless. These materials present enormous prospects for 
environmentally friendly, energy-efficient, and intelligent construction, from private 
residences to commercial buildings, from skyscrapers to smart cities. Buildings can 
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become more dynamic, responsive, and adaptive thanks to their seamless integration 
with other innovative technology and systems. Innovative building materials have 
enormous potential but come with new considerations and difficulties. To enable the 
successful deployment and operation of these technologies, data privacy, cybersecu-
rity, interoperability, and long-term durability concerns must be addressed appropri-
ately. Architects, engineers, contractors, and policymakers must stay current on the 
most recent developments and opportunities provided by intelligent building mate-
rials and components as we enter this exciting new era of innovative construction. 
This knowledge will not only influence how our built environment develops in the 
future, but it will also help ensure a sustainable and resilient future for future genera-
tions. This chapter provides a brief introduction to modified facades; smart building 
materials such as insulation, phase change materials, recycled materials, sustain-
able wood- and glass-based materials; water-efficient fixtures; and components that 
have emerged as game-changing elements that integrate technology into the very 
structure of our built environment. These materials feature inbuilt sensors, state-
of-the-art control systems, and connected networks, which enable them to respond 
autonomously to environmental changes, maximize energy use, and enhance occu-
pant comfort. This chapter also discusses the benefits and uses of smart building 
materials, including their potential to create sustainable, intelligent structures, boost 
energy efficiency, and improve occupant well-being. 

6.2 ADAPTIVE FACADES 

Exterior building envelopes with dynamic response and adaptation capabilities are 
called adaptive facades. They use a variety of architectural elements, materials, and 
technology to enhance a building’s energy effciency, daylighting, thermal comfort, 
and visual comfort. Depending on outside parameters, including sunshine inten-
sity, glare, and privacy requirements, adaptive facades can change how transparent 
their glazing or shading parts are. With the help of this feature, natural lighting may 
be maximized while heat gain or loss is reduced. Adaptive facades can regulate 
how much sunlight enters the structure by including movable shading elements like 
blinds, louvers, or electrochromic glass. It aids in lowering glare and solar heat gain 
while maintaining a cozy indoor climate. Adaptive facades control heat transfer via 
the building envelope using insulation materials, phase change materials, or mov-
able insulation panels. As a result of these elements’ ability to adjust to temperature 
changes outside, less mechanical heating or cooling is required, improving energy 
effciency. Some adaptive facades have ventilation systems that can control the air-
fow through the building envelope. They allow for natural air exchange, temperature 
control, and ventilation, which reduces reliance on mechanical HVAC systems and 
enhances indoor air quality. Solar panels and other energy-harvesting technology 
can be included in adaptive facade designs. By doing so, they can produce electricity 
from green energy sources, lowering the building’s reliance on outside power and 
promoting sustainability. Adaptive facades frequently contain sensors, actuators, and 
automation systems that continuously monitor and react to the outside environment. 
It makes it possible for the facades to adapt dynamically in response to variables 
like temperature, occupancy, and user preferences. Improved energy effciency, less 
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reliance on mechanical systems, higher occupant comfort, more natural daylight-
ing, and the potential for energy cost savings are all advantages of adapted facades. 
Because they can alter their look dynamically, these facades also help a building’s 
aesthetics and visual appeal. This results in a dynamic and responsive architectural 
statement.1 While adaptive facades have many benefits, they also come with archi-
tectural obstacles, such as integrating intricate control systems, maintaining them, 
and considering the cost. Adaptive facades, which offer sustainable and responsive 
solutions for buildings, are becoming increasingly common in contemporary archi-
tecture because of developments in materials, technology, and design methodologies.

6.3 INSULATION MATERIALS

Insulation materials are used to improve the thermal performance of buildings by 
reducing the amount of energy needed for heating and cooling. Materials like cel-
lulose, rock wool, and spray foam insulation are some examples of smart insulation 
materials that can improve energy efficiency in buildings. When it comes to green 
buildings, selecting the right insulation material can be crucial in achieving energy 
efficiency and reducing environmental impact. Some insulation materials commonly 
used in green buildings are summarized and shown in Figure 6.1.

Insulation
Material for 

Green
Buildings

Polyurethane
foam

insulation

Wool 
insulation

Cork 
insulation

Recycled
denim

insulation

Cellulose
insulation

Hemp
insulation

FIGURE 6.1 Different types of insulation used for green building technology.
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6.3.1 CELLULOSE INSULATION 

This insulation is environmentally responsible because it is created from recycled 
newspapers and other paper goods. It is reasonably priced and has good thermal and 
acoustic qualities. Due to its affordability and environmental friendliness, cellulose 
insulation is a common building material. It is frequently used for new construction 
and remodeling of older buildings.2 Here are a few essential advantages and things to 
consider while employing cellulose insulation in buildings. 

Benefts 
1. Effective thermal insulation is provided by cellulose insulation, keeping 

buildings cool in the summer and warm in the winter. 
2. Because cellulose insulation is dense and fbrous, less sound is transmitted 

through walls and ceilings. 
3. Cellulose insulation is created from recycled materials, lowering waste pro-

duction and environmental harm. 
4. Cellulose insulation is made fre retardant by the chemicals used to treat it, 

adding an extra layer of security for buildings. 

Considerations 
1. If improperly built, cellulose insulation can absorb moisture, resulting in 

mold and other problems. In buildings with cellulose insulation, ensuring 
suffcient ventilation and moisture control are in place is critical. 

2. Cellulose insulation tends to settle with time and becomes less effcient as 
insulation. Ensuring the insulation is ftted correctly is crucial to reduce 
settling. 

3. Foam insulation reduces air leakage more effectively than cellulose insu-
lation, so it could be essential to utilize additional materials or methods to 
reduce air infltration. 

6.3.2 RECYCLED DENIM INSULATION 

Cotton insulation, commonly called recycled denim insulation, is a relatively new 
type created from used cotton and denim fabrics. It is a viable and environmentally 
friendly choice for building insulation. The following are some essential advantages 
and factors to consider while using recycled denim insulation in buildings. 

Benefts 
1. Buildings are effectively thermally insulated using recycled denim insula-

tion, which keeps them cool in the summer and warm in the winter. 
2. Denim insulation effciently reduces sound transmission through walls and 

ceilings because it is dense and fbrous. 
3. Since recycled denim insulation is created from post-consumer waste, it has 

a lower waste output and fewer adverse environmental effects. 
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4. To meet fre safety requirements for structures, recycled denim insulation is 
treated with chemicals that are fre resistant. 

Considerations 
1. Recycled denim insulation, like other insulating material, can absorb mois-

ture if improperly put in, resulting in mold and other problems. Buildings 
with recycled denim insulation must ensure suffcient ventilation and mois-
ture management. 

2. Recycled denim insulation may settle with time and become less effcient 
as insulation. Ensuring the insulation is ftted correctly is crucial to reduce 
settling. 

3. Compared to more conventional insulation materials like fberglass or cel-
lulose, recycled denim insulation might be more expensive. 

6.3.3 WOOL INSULATION 

Wool, a natural, renewable, and biodegradable substance, is used more frequently 
as insulation. It is fre resistant, has excellent thermal and acoustic qualities, and is 
mold- and mildew-resistant. Wool insulation for building insulation is both energy- 
and environmentally friendly. It is a renewable resource created from natural wood 
fbers, usually from sheep. Compared to other insulation kinds, wool insulation pro-
vides several benefts. Due to its outstanding thermal insulation capabilities, it keeps 
buildings cool in the summer and warm in the winter. 

Additionally, it is very breathable, letting moisture escape and lowering the risk of 
mold and wetness. Wool insulation is also hypoallergenic and non-toxic and does not 
emit poisonous chemicals or gases. The sustainability of wool insulation is another 
advantage. Unlike many other insulation materials, wool is a renewable resource 
that can be produced with little environmental harm. It is also biodegradable, which 
means it will naturally decompose over time, minimizing waste and contamination. 
Several types of wool insulation include batts, rolls, and loose fill. It can be utilized 
in new and old structures’ walls, floors, and roofs. There may be better solutions for 
some projects, though, as wool insulation can be more expensive than other insula-
tion options. In conclusion, wool insulation is highly efficient and environmentally 
friendly for insulating buildings. Its numerous advantages make it a well-liked choice 
for individuals trying to increase their residential or business structures’ environ-
mental performance and energy efficiency. 

6.3.4 HEMP INSULATION 

Building insulation made from hemp is sustainable and eco-friendly. It is created 
from the industrial hemp plant, which is grown exclusively for its seeds and fbers. 
Figure 6.2 is an example of the advantages of hemp insulation has over other types 
of insulation. It can help keep buildings warm in the winter and cool in the summer 
since it has high thermal insulation capabilities. Additionally, it is very breathable, 
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FIGURE 6.2 Detail of the structure of hemp.5 

allowing moisture to evaporate and preventing mold and mildew growth. Hemp 
insulation is non-toxic, secure to handle, and devoid of contaminants or harmful 
substances. Because of this, it is the perfect option for those who are allergic to 
synthetic materials or want to lessen their exposure to toxins at home or work. Hemp 
insulation is also a renewable resource that can be grown naturally without the use 
of chemicals or herbicides. It is indicated that it has a negligibly negative environ-
mental impact and can lessen our reliance on non-renewable resources. There are 
several different types of hemp insulation, including batts, rolls, and loose fll. It can 
be utilized in new and old structures’ walls, foors, and roofs. In addition to being 
reasonably simple to install, hemp insulation is a preferred option for DIY enthusi-
asts.3,4 Overall, hemp insulation is a sustainable and effective choice for insulating 
buildings. Its many benefts make it a popular option for those looking to improve 
the energy effciency and environmental performance of their homes or commercial 
buildings. 

6.3.5 CORK INSULATION 

Cork insulation is created from the cork oak tree’s bark. Building insulation appli-
cations often use natural, renewable, and ecological cork insulation. Compared to 
conventional insulating materials like fberglass or mineral wool, cork insulation 
offers several benefts. First, cork insulation has a high R-value per inch of thick-
ness, making it a superior thermal insulator.6 In order to lower energy expenses and 
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increase comfort, it can assist in keeping buildings cool in the summer and warm in 
the winter. Second, cork insulation can aid in reducing noise transmission between 
rooms or from outside because it is an excellent acoustic insulator. It can beneft 
noisy structures, including apartment buildings or those near busy roads or railroads. 
In addition to being smoke- and fume-free when exposed to fre, cork insulation is 
also fre resistant and safer than certain alternative insulation materials in the case of 
a fre. Cork insulation provides excellent thermal, acoustic, and fre resistance prop-
erties and is suitable for the environment. Cork oak trees are harvested for their bark 
without harming the tree every 9 to 12 years.7 Because of this, cork insulation is a 
sustainable and renewable material whose production has no adverse environmental 
effects. Cork insulation is a fexible, eco-friendly, and effective substance widely 
used in building projects. 

6.3.6 POLYURETHANE FOAM INSULATION 

A common form of insulation material used in buildings is polyurethane foam insu-
lation. It is produced by combining two liquid chemicals, which, when mixed, react 
to form a foam that expands and solidifes, serving as a thermal barrier to help pre-
vent heat transfer. There are many advantages to using polyurethane foam insulation 
in structures. First, it insulates effectively per inch of thickness because of its high 
R-value, which could help reduce heating and cooling costs.8 Additionally, polyure-
thane foam insulation can be used to seal fractures and openings, preventing air 
penetration and enhancing the insulation’s insulating properties. Another advantage 
of polyurethane foam insulation is its capacity to act as a sound barrier and reduce 
noise transmission between spaces or from outside. It may be benefcial for noisy 
buildings near highways or airports. 

Additionally, water-resistant polyurethane foam insulation can aid in prevent-
ing moisture intrusion, which can promote the formation of mold and mildew. 
Additionally, it is fire resistant and can aid in containing the spread of flames in the 
event of a fire. Using polyurethane foam insulation in buildings could have signifi-
cant drawbacks. 

1. It could cost more than conventional insulating materials like fberglass or 
cellulose. 

2. Improper installation could result in harmful fumes being released, endan-
gering the health of building occupants. 

3. Because it comprises petrochemicals and is not biodegradable, polyurethane 
foam insulation is not considered an environmentally benefcial choice. 

However, some producers use recycled resources to make polyurethane foam insula-
tion, and some businesses are attempting to provide more environmentally friendly 
substitutes.9 All things considered, polyurethane foam insulation is a fexible and 
effcient insulating material that can offer a variety of advantages for structures, as 
demonstrated in Figure 6.3. However, it is crucial to consider both the benefts and 
drawbacks when selecting an insulation material for a particular project. Considering 
aspects like environmental effects, energy effciency, and health and safety is crucial 
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FIGURE 6.3 Wood-framed wall insulation.10 

when choosing insulation materials for green buildings. A combination of these 
materials may be employed to achieve the necessary level of energy effciency while 
reducing environmental effects. 

6.4 PHASE CHANGE MATERIALS 

Phase change materials (PCMs) are substances that absorb and release heat energy 
as they change from a solid to a liquid or vice versa. They are used in the design of 
green buildings to raise thermal comfort and increase energy effciency. PCMs are 
frequently used in building envelope components like plasterboard and insulation in 
green structures. 

These materials can be infused with PCMs to provide thermal bulk. By absorbing 
excess heat during the day and releasing it at night, thermal mass reduces indoor tem-
peratures. PCMs are also utilized in HVAC systems in green buildings. PCMs can 
be used in thermal storage systems or as chilled ceilings to reduce the energy needed 
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to cool and heat a building. When used in chilled ceilings, PCMs can offer cooling 
without using energy by absorbing heat during the day and releasing it at night. Here 
are a few uses for PCMs in environmentally friendly constructions. 

6.4.1 THERMAL ENERGY STORAGE 

PCM thermal energy storage systems are becoming increasingly popular for use 
in buildings and other applications where there is a need to store and release ther-
mal energy over a period of time. Lowering a building’s or system’s energy usage is 
one of the critical benefts of employing PCM thermal energy storage. During high 
energy demand, such as during the daytime when the sun is shining, PCMs can 
absorb additional heat and store it. In order to maintain a comfortable temperature 
in the building during times of low energy demand, such as at night or in overcast 
weather, the PCM can then release the heat stored during such times.11 Lessening the 
need for heating and cooling systems will reduce energy expenses and greenhouse 
gas emissions. Enhancing thermal comfort in buildings is another beneft of PCM 
thermal energy storage. PCMs can assist in maintaining a more constant tempera-
ture in the structure by absorbing extra heat during the day and releasing it at night, 
lessening the need for artifcial heating and cooling. It may give inhabitants a more 
comfortable interior environment, enhancing their well-being and productivity. PCM 
thermal energy storage systems are also incredibly dependable and require very lit-
tle upkeep. PCM systems do not need moving components or pumps, unlike other 
thermal energy storage systems like water-based systems. Hence, there is less chance 
of a mechanical breakdown or failure. Using PCM thermal energy storage systems 
is not easy, however. One area for improvement is that the system’s design must be 
thoroughly thought out to guarantee that the PCM can absorb and release heat at the 
proper periods. Another area for improvement is the cost of PCMs, mainly if they 
are designed specifcally for a given purpose. In general, PCM thermal energy stor-
age systems have several benefts for structures and other applications that require 
thermal energy storage. It is expected that PCM thermal energy storage will gain 
popularity as a method for lowering energy use and enhancing thermal comfort as 
technology advances and costs continue to decline. 

6.4.2 PASSIVE COOLING 

In addition to being employed as a passive cooling system in buildings, phase change 
materials (PCMs) can also be used to maintain a suitable indoor temperature without 
air conditioning. A PCM is typically embedded into building materials such as walls 
or ceilings in a passive cooling system that employs PCMs. The PCM absorbs heat 
from the internal environment and melts during the day when the outside tempera-
ture is higher than the preferred indoor temperature, storing thermal energy. The 
PCM then releases the thermal energy it has stored. It solidifes it to chill the interior 
environment at night when the outside temperature is lower than the desired indoor 
temperature. Reducing the need for air conditioning, which may be costly to install 
and run, is one beneft of employing PCM as a passive cooling system. Lower energy 
costs and fewer greenhouse gas emissions may result. 
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Furthermore, PCM-based passive cooling systems have a minimal carbon foot-
print because they do not require energy inputs like electricity or gasoline. Improved 
thermal comfort in buildings is a benefit of employing PCMs as a passive cooling 
system. PCMs can create a more comfortable interior environment for occupants by 
keeping a constant indoor temperature, enhancing their well-being and productivity. 
However, employing as PCM as a passive cooling method has significant drawbacks. 
One restriction is that the PCM’s ability to collect and release heat at the appropriate 
periods depends on the system’s design. 

Additionally, the efficacy of PCMs as a passive cooling system may be limited in 
hot and humid environments, when the cooling effects may need to be enhanced. In 
hot climates where maintaining a comfortable interior temperature without air con-
ditioning is essential, PCMs can be a valuable material for passive cooling systems 
in buildings. However, the system must be implemented carefully to guarantee its 
effectiveness. 

6.4.3 RADIANT HEATING AND COOLING 

Phase change materials may be used in buildings’ radiant heating and cooling sys-
tems. Radiant heating and cooling systems require a network of pipes to circulate 
heated or cooled water around a building and radiate heat or coolness into the sur-
rounding region. Using PCMs can improve these systems’ capacity to store thermal 
energy and reduce energy usage. To absorb and retain heat from the fowing water, 
PCMs can be used in the foor or ceiling material of a radiant heating system.12 As 
the temperature in the room drops, the thermal energy held in the PCM is released, 
increasing the heat in the space. In a radiant cooling system that uses it, the PCM 
can be included in the ceiling material, which absorbs and stores heat from the sur-
rounding air. As the temperature in the room rises, the thermal energy held in the 
PCM is released, further cooling the area. Using PCMs, radiant heating and cooling 
systems can be made more effective, their energy consumption can be reduced, and 
their thermal comfort can be improved. PCMs can help with energy conservation, 
reducing greenhouse gas emissions and reducing the need for additional heating or 
cooling. During times of low energy demand, thermal energy is stored, and during 
times of high energy demand, thermal energy is released. PCMs must be appro-
priately planned and implemented in radiant heating and cooling systems in order 
to guarantee the system’s functionality and effectiveness. The type and quantity of 
PCM used, as well as the size, layout, and type of the radiant heating and cooling sys-
tem can all impact how well the system functions. PCMs may signifcantly increase 
buildings’ radiant heating and cooling, improving thermal comfort and energy effec-
tiveness. However, careful consideration must go into both the system’s design and its 
implementation to ensure that the system is effective and successful. 

6.4.4 BUILDING ENVELOPE 

The “building envelope” refers to the external physical barriers that separate a 
structure’s interior from the outside environment. Building envelopes ensure tenant 
health and safety, manage energy consumption, and maintains comfortable interior 
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temperatures.13 PCMs can be utilized in building envelopes to help regulate indoor 
temperatures by storing and releasing thermal energy. For instance, PCMs can be 
applied to insulation materials in walls, roofs, or foors to gather and release heat as 
indoor temperatures change. When indoor temperatures rise, the PCM absorbs addi-
tional heat to prevent the building from overheating. When the temperature inside 
dips, the PCM releases heat that has been stored, keeping the area warm. By lower-
ing the energy needed for heating and cooling, PCMs in building envelopes can min-
imize energy costs and greenhouse gas emissions. In addition to improving thermal 
comfort and occupant well-being, PCMs may maintain a steady indoor temperature. 
Buildings can beneft from PCMs’ improved thermal comfort, energy effciency, and 
indoor air quality while reducing their vulnerability to moisture damage. By absorb-
ing additional moisture, PCMs can assist in reducing the development of mold and 
other hazardous contaminants. 

Additionally, some PCM variants emit few volatile organic chemicals and are 
non-toxic, which can improve indoor air quality. However, PCMs must be used very 
carefully for building envelopes to be practical and effective. The kind and quantity 
of PCM may influence the performance of the system used, its location within the 
building envelope, the building’s temperature and energy requirements, and other 
factors. PCMs can improve energy efficiency, thermal comfort, indoor air quality, 
and overall occupant well-being when employed in building envelopes. By storing 
and releasing thermal energy, PCMs can help maintain indoor temperatures, reduce 
energy consumption, and improve a building’s overall performance. 

6.4.5 SOLAR THERMAL STORAGE 

In order to store the thermal energy produced by solar panels during the day so that 
they can be utilized to heat or deliver hot water to buildings when there is little or 
no solar radiation, phase change materials can be employed as solar thermal stor-
age materials. During periods of high solar radiation, such as during the day, the 
solar collectors heat the PCM, causing it to melt and store thermal energy. When 
there is no solar radiation, such as at night or on cloudy days, the PCM hardens 
and releases the thermal energy that has been stored. Buildings can then use this 
thermal energy for heating or hot water. PCMs in solar thermal storage systems 
can improve the effciency of solar systems by permitting the storage of thermal 
energy generated during high solar radiation for usage during low solar radiation 
times. They can increase the total amount of energy produced by the solar system 
and reduce the need for backup heating systems, conserving energy and reducing 
greenhouse gas emissions. For solar thermal storage systems to be effective and 
valuable, PCMs must be created and used correctly. The performance of the system 
can be affected by some variables, including the kind and quantity of PCM utilized, 
the temperature range of the PCM, and the thermal conductivity of the storage 
medium. Overall, solar systems can be more effcient and effective by integrat-
ing PCMs in solar thermal storage systems, resulting in energy savings and lower 
greenhouse gas emissions. PCMs can increase the system’s overall energy output 
and offer dependable heating and hot water in buildings by storing thermal energy 
produced by solar systems. 
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6.5 RECYCLED MATERIALS 

Utilizing recycled materials, like recovered wood or recycled steel, helps lessen the 
adverse environmental effects of construction materials. A sustainable practice that 
can signifcantly lessen the building industry’s environmental impact is using recy-
cled materials in green structures. Here are some strategies for incorporating recycled 
materials into environmentally friendly structures. 

6.5.1 RECYCLED STEEL 

Recycled steel is a popular building material that lessens the environmental impact 
of new steel production. Recycled steel is a multipurpose building material used for 
structural framing, roofng, and cladding. Steel is a durable, versatile, and often used 
material in construction; recycling steel can help lessen the sector’s environmental 
effects. Recycling metal trash involves melting it down and creating new steel prod-
ucts. Recycling steel utilizes less energy and produces fewer greenhouse gases than 
creating new steel from scratch. 

Additionally, recycling steel can lengthen the useful life of current steel products, 
save natural resources, and reduce the amount of garbage dumped in landfills. There 
are several ways to use recycled steel in buildings. It might be used for the structural 
framing of a building, such as columns, beams, and trusses. Recycled steel can also 
be used to build architectural features like stairways, handrails, and lifts, as well as 
for roofing and cladding. Building with recycled steel has benefits for the economy 
and environment. As recycled steel is often less expensive than new steel, using it 
might be more cost-effective than using new steel. Utilizing recycled steel might also 
lessen the risk of price swings related to using new steel. Recycled steel use in build-
ings has its challenges, however. For instance, the source and recycling method might 
impact the consistency and quality of recycled steel. The necessity to guarantee that 
the steel fits the specifications for strength and durability might provide difficulties 
for producers and builders. Overall, using recycled steel in construction can benefit 
both the environment and the economy. The building sector may aid in lowering 
greenhouse gas emissions, protecting natural resources, and decreasing landfill trash 
by employing recycled steel. Special attention must be given to the quality and uni-
formity of the material in order to ensure that recycled steel satisfies the standards 
for strength and durability in building applications. 

6.5.2 RECYCLED CONCRETE 

Concrete is another common building material that can be made with recycled mate-
rials, such as crushed concrete or fy ash. Many construction projects can beneft from 
using recycled concrete as a building material. Since concrete is a material that is 
frequently used in construction, recycling it can help to lessen the industry’s adverse 
environmental effects. In order to create a material that may be utilized as an aggre-
gate in new concrete, recycling concrete entails crushing and grading old concrete. 
Compared to creating fresh concrete from scratch, reusing concrete uses less energy 
and emits fewer greenhouse gases. Recycling concrete can also lessen waste sent to 
landflls and preserve natural resources. Recycled concrete can be applied in a variety 
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of ways in buildings. For instance, it can be utilized as an aggregate in fresh concrete 
and create precast concrete products like blocks. Recycled concrete can also be used as 
a base for roads and walkways and as a fller material in construction projects. There 
are many benefts to using recycled concrete in the construction sector. Using recycled 
concrete, for instance, can help reduce the environmental impact of the building sector 
by reducing greenhouse gas emissions and conserving natural resources. Additionally, 
using recycled concrete could be more economical than new concrete because it is 
frequently lower in price. However, there are several disadvantages to using recycled 
concrete in construction. For instance, the uniformity and quality of recycled concrete 
are infuenced by the source and recycling process. Help may be required for produc-
ers and builders who need to ensure the concrete meets the requirements for strength 
and durability. Employing recycled concrete in buildings can beneft the economy and 
the environment. The construction industry may help reduce greenhouse gas emis-
sions, safeguard natural resources, and reduce landfll waste by employing recycled 
concrete. 

6.5.3 RECLAIMED WOOD 

Reclaimed wood is a typical choice for recycled materials in applications involving 
building and construction. It is taken out of dilapidated or damaged old buildings, 
barns, and other structures. Reclaimed wood can have positive environmental conse-
quences while giving a building project a unique appearance. Reclaimed wood can 
reduce the need for new wood, helping to protect natural resources and diminish the 
damaging effects of the construction industry on the environment. Additionally, old 
wood can be recovered and reused, avoiding landfll disposal and reducing waste 
and greenhouse gas emissions. Reclaimed wood can be used for various purposes 
in construction, including fooring, wall cladding, structural framing, and decora-
tive features. The processing and preservation of salvaged wood must be prioritized 
to preserve its durability and structural integrity. There are many benefts to using 
reclaimed wood in buildings. It might, for instance, offer a distinctive aesthetic that 
is impossible to accomplish with brand-new materials. Reclaimed wood may provide 
warmth and character to a construction project. 

Furthermore, using reclaimed wood instead of new wood may be more cost-
effective because it is frequently less expensive than new wood. Recycled wood is 
used in buildings, but there are also some disadvantages. For instance, the qual-
ity and condition of the wood may vary depending on its origin and previous use. 
Builders and producers who must guarantee the wood meets the requirements for 
strength and durability might require assistance. Recycled wood may be beautiful 
and environmentally friendly when used in construction. Utilizing recovered wood 
in the construction industry could lower the demand for new wood, safeguard natural 
resources, and reduce waste. 

6.5.4 RECYCLED GLASS 

Recycled glass is a fexible and environmentally friendly material that may be 
applied in construction and building. Glass recycling is melting down the used glass 
and molding it into new items, aiding in resource conservation and minimizing 
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waste. Recycled glass can be applied in a variety of ways in construction. It can 
be utilized as an aggregate in producing glass blocks, countertops, and tiles, for 
instance, as well as concrete and asphalt. Additionally, recycled glass can be utilized 
as a fller material in building projects and as a decorative element in landscaping. 
Recycled glass is advantageous for several reasons when it comes to construction. 
Utilizing recycled glass, for instance, can assist in lowering the need for new raw 
materials, which can help save natural resources and lessen the construction indus-
try’s environmental effects. Utilizing recovered glass can also lessen waste sent 
to landflls and greenhouse gas emissions. The texture and color of recycled glass 
can add visual interest to a building project, giving it a distinctive and appealing 
appearance. Because recycled glass is frequently less expensive than new glass, it 
can also be more affordable. However, employing recycled glass in a building can 
be challenging. For instance, the source and recycling method might impact the 
consistency and quality of recycled glass. Builders and manufacturers that need to 
ensure the glass fts the criteria for strength and durability may need help. Using 
recycled glass in construction may be attractive and good for the environment. 
The building sector can contribute to resource conservation, waste reduction, and 
greenhouse gas emission reduction by employing recycled glass. However, careful 
consideration must be given to the quality and consistency of recycled glass to 
ensure that it meets the required standards for strength and durability in construc-
tion applications. 

6.5.5 RECYCLED INSULATION 

Recycled insulation refers to insulation materials that are made from recycled mate-
rials. These materials can include recycled glass, cotton, denim, plastic bottles, and 
other materials that have been diverted from the waste stream. Insulation products 
manufactured from recycled materials are referred to as recycled insulation. These 
materials can include waste that has been diverted from the recycling process, such 
as recycled glass, cotton, denim, and plastic bottles. Recycled insulation can provide 
several advantages in construction. 

1. It aids in lowering the volume of garbage dumped in landflls. 
2. Exploring alternative materials or utilizing recycled materials for insulation 

can help lessen the environmental impact associated with building construc-
tion and renovation projects. 

3. By using fewer materials that contain dangerous chemicals, recycled insula-
tion can create a more sustainable and healthier interior atmosphere. 

There are many places where recycled insulation can be used, including attics, 
foors, and roofs. The ability of recycled insulation to resist heat fow is measured 
by its R-value, which varies depending on the type of material utilized. For instance, 
post-industrial and post-consumer denim diverted from the trash stream makes recy-
cled denim insulation. It is a chemical-free, natural, and environmentally friendly 
insulation material that is safe for people and the environment. An effcient insulator 
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for walls, attics, and foors, recycled denim insulation has a high R-value. Cellulose 
insulation, created from recycled paper goods, including newspaper, cardboard, and 
other materials, is another type of recycled insulation. It is a fre-retardant-treated 
insulating material that is environmentally responsible and long-lasting. Employing 
recycled insulation in buildings can positively affect the environment, economy, and 
human health. Cellulose insulation has a high R-value and is appropriate for use in 
walls, attics, and foors. It can contribute to waste reduction, resource conservation, 
and creating a more sustainable interior environment. 

6.5.6 RECYCLED PLASTIC 

The fexible and resource-effcient recycled plastic material can be used in archi-
tecture and construction. Plastic recycling is the process of gathering, sanitizing, 
and processing used plastic products so they can be transformed into new products 
like building materials. Buildings can use recycled plastic in a variety of ways. For 
instance, it can replace traditional wood and concrete with plastic lumber, decking, 
and fencing. Recycling plastic allows for producing insulation, water-resistant barri-
ers, and roofng materials. For several reasons, recycled plastic is helpful in construc-
tion. Utilizing recycled plastic, for example, can help reduce the need for new raw 
materials, which can help conserve natural resources and diminish the environmen-
tal effects of the building sector. Utilizing recovered plastic can help reduce landfll 
waste and greenhouse gas emissions. Recycled plastic has many advantages over vir-
gin plastic, including longevity and resistance to rot, insects, and moisture. Building 
with recycled plastic materials can also save money over time because they often 
need less upkeep and last longer than conventional materials. However, employing 
recycled plastic in buildings can be challenging. For instance, the source and recy-
cling method might impact the consistency and quality of recycled plastic. Builders 
and manufacturers that need to ensure the plastic fts the criteria for strength and 
durability may need help. Overall, using recycled plastic in construction can beneft 
both the environment and the economy. By employing recycled plastic, the construc-
tion sector can contribute to resource conservation, waste reduction, and greenhouse 
gas emission reduction. However, careful consideration must be given to the quality 
and consistency of recycled plastic to ensure that it meets the required standards for 
strength and durability in construction applications. Incorporating recycled materials 
into green buildings is an important sustainable practice that can signifcantly reduce 
the environmental impact of the building industry. By using recycled steel, concrete, 
wood, glass, insulation, and plastic in building designs, architects and builders can 
create sustainable buildings that are environmentally responsible and cost-effective. 

6.6 SUSTAINABLE WOOD PRODUCTS 

Wood has been a staple of human architecture throughout history because it is a nat-
ural and regenerative building element. Bamboo, salvaged wood, and FSC-certifed 
wood are examples of sustainable wood products that help lessen the environmental 
impact of building materials and encourage good forestry practices. Green struc-
tures, which seek to minimize the use of non-renewable resources and lessen the 
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environmental effect of construction, must include sustainable wood products. When 
using wood for construction, the following processes may affect the carbon balance.14 

1. Switching from fossil fuels to alternative materials in manufacturing. 
2. Avoiding emissions from cement production. 
3. Storing carbon in wood products and forests. 
4. Preventing fossil fuel emissions due to the use of biomass. 
5. Infuencing carbon dynamics in landflls. 

These green buildings frequently use the following sustainable wood products. 

6.6.1 CERTIFIED WOOD 

The term “certifed wood” refers to wood grown and prepared according to strict social 
and environmental criteria. The Sustainable Forestry Initiative (SFI), the Programme 
for the Endorsement of Forest Certifcation (PEFC), and other independent organiza-
tions set these standards. Wood must fulfll requirements that guarantee its sustainable 
and ethical logging has been conducted before it can be deemed certifed. It contains 
standards for forest management practices such as preserving biodiversity and wildlife 
habitats, maintaining soil and water quality, and having a minimal effect on nearby 
settlements. The building, furniture, and paper industries are just a few uses for certi-
fed wood. It is possible to reduce deforestation and promote sustainable forest man-
agement practices by using certifed wood in construction projects to help ensure that 
the wood comes from sustainably managed forests. Utilizing certifed wood can have 
economic and social advantages and environmental advantages. In addition to sup-
porting fair labor practices and guaranteeing that employees are appropriately treated, 
certifed wood can assist regional communities that rely on the forestry sector for their 
livelihoods. Utilizing certifed wood can assist in encouraging sustainable forestry 
methods, lessen deforestation, and beneft regional people. As for construction mate-
rials and other wood goods, it might offer a more ecological and ethical alternative. 

6.6.2 RECLAIMED WOOD 

Reclaimed wood is a fantastic way to reduce the damaging effects of construction 
on the environment. Old houses, barns, bridges, and other structures that have been 
demolished or no longer used have been used to make reclaimed wood. Instead of 
being wasted, the timber is carefully removed and utilized in future construction or 
repair projects. Here are a few benefts of using reclaimed wood in construction. 

1. By utilizing salvaged wood, less new wood is required, protecting forests 
and reducing the amount of wood waste disposed of in landflls. 

2. It is impossible to replicate the specifc characteristics of reclaimed wood 
with fresh wood, such as knots, nail holes, and grain patterns. As a result, 
buildings have a distinctive, rustic aspect. 

3. Reclaimed wood is typically made from old-growth wood, which is denser 
and more resilient than fresh wood. Because of this, it is less prone to twist, 
bend, or rot, making it the ideal material for sturdy buildings and furniture. 
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4. Although reclaimed wood may initially cost more than new wood, it can 
ultimately be more affordable. Because reclaimed wood is sturdy, it will 
require less maintenance or replacement over time. 

5. Reclaimed wood has a lower carbon footprint than new wood and requires 
less energy and fewer resources to produce because it has previously been 
harvested and treated. 

Reclaimed wood is a distinctively characterful, long-lasting, cost-effective, and envi-
ronmentally responsible building material with a low carbon impact. It is a terrifc 
option for architects and designers who want to create a unique and environmentally 
friendly place. 

6.6.3 ENGINEERED WOOD 

Adhesives join wood strands or fbers to create engineered wood products like ply-
wood and particleboard. These goods are frequently manufactured from small, 
quickly expanding trees that may be harvested sustainably. Compared to solid wood 
products, engineered wood products are also sturdier and more resilient. Here are a 
few advantages of engineered wood. 

1. Engineered wood is frequently less expensive than solid wood, making it a 
popular option for builders and designers on a tight budget. 

2. Engineered wood is more stable and dependable than solid wood for struc-
tural purposes because it is less likely to fex, shrink, or swell. 

3. Engineered wood is versatile and can be produced in various sizes, shapes, 
and thicknesses to meet various construction and furniture-making needs. 

4. Engineered wood is frequently created from waste wood products like saw-
dust or wood chips. As a result, it is a sustainable option that lowers waste. 

5. Because engineered wood is produced in a controlled setting, its quality and 
other characteristics are maintained throughout the product. 

6. Engineered wood can help to lower labor costs and installation time since it 
is simpler to cut, shape, and install than solid wood. 

7. Engineered wood is aesthetically pleasing. Because it can be designed to 
resemble natural wood with a more uniform appearance, it is a popular 
option for modern and contemporary designs. 

Alternatives to typical solid wood that are more affordable, adaptable, and sustain-
able include engineered wood. It is stable, consistent, and simple to use and can be 
fnished to seem like solid wood for a more attractive result. 

6.6.4 BAMBOO AND CORK 

Fast-growing bamboo may be harvested sustainably and used in several construction 
projects. Bamboo is an excellent substitute for traditional wood items because it is 
sturdy and long-lasting. Cork can be extracted without destroying trees to create a 
sustainable wood product. Every nine years, the bark of the cork oak tree is removed 
to manufacture cork goods, allowing the tree to keep growing and producing more 
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bark. In addition to supporting responsible forest management, using sustainable 
wood products in green buildings helps lessen construction’s adverse environmental 
effects. Selecting sustainable wood products can contribute to a more sustainable 
future for everyone. 

6.7 GLASS-BASED MATERIALS 

Using glass-based materials in green buildings can offer a range of benefts, includ-
ing energy effciency, natural lighting, and improved indoor air quality. The different 
glass-based materials for green buildings are classifed in Figure 6.4. 

6.7.1 SMART GLAZING WITH MICRO-MIRRORS 

A new era for the intelligent window industry has begun with the development of a 
revolutionary glass with a thin covering of micro-mirrors that ranges in thickness 
from 0.15 to 0.2 millimeters. In order to improve air conditioning and natural light-
ing, they wish to manage sunlight. As a result, the building’s heating and cooling 
costs will decrease. A high-precision laser is used to cut micro-mirrors inserted in a 
polymer flm sandwiched between the layers of double-glazed windows. This system 
consists of a one-dimensional array of parabolic refecting surfaces and an additional 
array of secondary refective surfaces. As discussed herein, switchable or electro-
chromic glass, commonly called smart glazing with micro-mirrors, provides some 
advantages over conventional glass. 

1. By regulating the amount of light and heat that enters a building, smart 
glazing with micro-mirrors can help lower energy use. The glass may alter-
nate between transparent and colored modes by changing the micro-mirror 
orientation, eliminating the need for artifcial heating, cooling, and lighting. 

2. By decreasing glare and excessive brightness, which can be uncomfort-
able and strain the eyes, smart glazing with micro-mirrors creates a more 

Glass-based 
material for 

green buildings 

Smart glazing 
with micro-

mirrors 
Low emissivity 

windows 
Glass fiber 

panels 

FIGURE 6.4 Different types of glass-based materials for green buildings. 



  
 

  

  

  

 
 
 
 
 
 
 

 

175 Responsive Building Components and Systems 

comfortable environment. A constant temperature throughout the day is also 
benefcial. 

3. Instead of curtains or blinds, privacy zones can be created by combining 
smart glass with tiny mirrors. By changing the direction of the micro-mirrors, 
the glass may go from transparent to opaque mode to provide privacy. 

4. Smart glass with tiny mirrors gives structures a contemporary, futuristic 
appearance. It can also be used as a design element by incorporating it into 
architectural elements like facades, skylights, and partitions. 

5. A building’s security can be improved by using smart glass with micro-mir-
rors to create a shatterproof barrier. The glass is unbroken and keeps debris 
from entering the building in the case of a break-in or natural disaster. 

6.7.2 LOW-EMISSIVITY WINDOWS 

In addition to reducing heat loss, low-emissivity (low-E) windows lower the quan-
tity of UV and infrared light entering a structure. These windows can increase 
indoor comfort, lower energy expenditures for heating and cooling, and improve 
energy effciency. Low-E windows are a crucial element in the construction of 
green buildings. They are specifcally made to lessen heat gain in the summer 
and heat loss in the winter, which can signifcantly reduce the energy needed for 
heating and cooling. Figure 6.5 illustrates how low-emissivity windows operate. 
These low-E window advantages and green building considerations are listed as 
follows. 

FIGURE 6.5 Illustrative image of low-emissivity windows.16 
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Low-E windows’ benefts 
1. Low-E windows are an energy-effcient option for green buildings because 

they contain a specifc coating that refects infrared radiation, which can 
considerably minimize heat gain and loss.15 

2. By lowering temperature swings and minimizing draughts, low-E windows 
can contribute to maintaining a more agreeable indoor climate. 

3. Low-E windows can lessen a building’s carbon footprint by using less 
energy for heating and cooling. 

Disadvantages of low-E windows 
1. Cost: Low-E windows can be more expensive than traditional windows, 

although the energy savings over time can offset the initial cost. 
2. A building’s windows’ orientation can impact low-E coatings’ effectiveness. 

For example, north-facing windows may beneft less from low-E coatings 
than south-facing windows. 

3. Glare and color distortion: Low-E coatings can sometimes cause glare and 
color distortion, which may affect the visual comfort of building occupants. 

In addition to low-E coatings, other factors that can affect the energy effciency of 
windows include window framing materials, glazing materials, and window place-
ment. When designing green buildings, it is essential to consider all these factors 
and select the most appropriate window system for the building’s specifc needs and 
goals. 

6.7.3 GLASS FIBER PANELS 

A group of Spanish researchers developed a prototype fberglass prefabricated 
facade that could optimize solar energy by absorbing and releasing it into the room 
for heating surroundings, as well as precisely increase the heat insulation, to assist 
minimize the energy consumption of buildings. A Merida construction used a mix-
ture of glass fber and organic binders as the “pilot model” for the prefabricated 
panel.17 The performance of the fberglass wall was evaluated in three key areas: 
corrosion resistance, water and wind resistance, thermal insulation, and sound insu-
lation. Glass fber panels, commonly referred to as fberglass panels, have various 
benefts, such as18 

1. Glass fber panels are highly robust and resistant to abrasion, weather, and 
temperature variations. They are an excellent option for outdoor and indus-
trial applications because they are rot, rust, and corrosion resistant. 

2. Because glass fber panels are light, handling and installation are straight-
forward. They are also less expensive to ship and more environmentally 
friendly because they are simple to transport. 

3. Glass fber panels are fexible and can ft several shapes and sizes, making 
them appropriate for various applications. Additionally, they can be painted 
or coated to match any color or style, giving designers more design freedom. 
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4. Because glass fber panels are highly resistant to deterioration and damage, 
they require very little upkeep. In the long term, this can save time and 
money because there will not need to be as many repairs or replacements. 

5. Because glass fber panels are great insulators, they can help keep build-
ings warmer and cooler in the winter, which can help cut down on energy 
expenses. 

A cost-effcient, low-maintenance, and highly durable choice for various industrial 
and commercial applications is provided by glass fber panels. 

6.8 SMART GLASS 

This glass can switch between transparent and opaque modes, depending on the level of 
light exposure. It can help reduce cooling costs by reducing solar heat gain. Smart glass, 
also known as switchable or electrochromic glass, is a technology that can help make 
green buildings more energy effcient by reducing energy consumption for heating, 
cooling, and lighting. Smart glass can change its opacity or transparency in response to 
external stimuli such as light, heat, or electricity. An illustrative image of smart glass is 
shown in Figure 6.6. Here are some ways smart glass can be helpful for green buildings. 

1. Windows use less energy. Smart glass windows contain tints that can be 
automatically altered to refect or absorb sunlight, minimizing heat absorp-
tion in the building and the need for air conditioning. By minimizing the 
energy used for cooling, smart glass windows can help lower a building’s 
overall energy use and carbon impact. 

2. Smart glass may also maximize the amount of natural light in a structure. 
Smart glass may change color to balance natural and artifcial lighting in a 
space using sensors to determine how much daylight is present. It lowers the 
electricity demand. 

FIGURE 6.6 Illustrative image of smart glass.19,20 
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3. Smart glass can also be utilized to improve building privacy. The color of 
the glass can be altered to give residents privacy while preserving natural 
light. Smart glass can produce distinctive architectural designs that improve 
the attractiveness and appeal of a structure. 

Advanced buildings can become more aesthetically pleasing, pleasant, and energy 
effcient thanks to smart glass technologies. The smart glass will continue to be a 
crucial tool for building designers and architects as the need for sustainable building 
materials rises.21 

6.9 WATER-EFFICIENT FIXTURES 

Low-fow toilets, showerheads, and faucets can help save water when used in build-
ings. Green buildings must have water-effcient fxtures since they can save util-
ity costs, reduce water use, and protect limited natural resources. Here are some 
instances of water-saving fxtures utilized in green structures. 

6.9.1 LOW-FLOW TOILETS 

Low-fow toilets fush with a lot less water than regular toilets do. They typically 
use less than 1.6 gallons per fush (gpf) instead of older toilets, which use 3.5 to 7 
gpf. Low-fow toilet installations can reduce water use by up to 60%.22 Reducing 
water use can save money on water bills while preserving water resources. There 
are both pressure-assisted and gravity-fed low-fow toilets available. Gravity-fed 
toilets use the force of gravity to fush waste away, whereas pressure-assisted toi-
lets use a burst of pressurized air to push waste down the drain. Low-fow toilets 
might not be as effective in eliminating waste as standard toilets. Many modern 
low-fow toilets are constructed with broader trap ways and more effcient fushing 
mechanisms to guarantee they are as effective as regular toilets. In general, using 
low-fow toilets is a fantastic method to conserve water, reduce water costs, and 
quickly eliminate waste. 

6.9.2 LOW-FLOW SHOWERHEADS 

Low-fow showerheads use less water than standard showerheads while providing a 
pleasant and comfortable showering experience. These showerheads are made to be 
more cost-effective and water-effcient without sacrifcing comfort. Low-fow show-
erheads have a maximum water fow restriction of 1.5 gallons per minute (gpm). 
They can provide a pleasant shower experience using much less water than tradi-
tional showerheads, which generally fow at 2.5 gpm or more.23 Low-fow shower-
heads restrict the amount of water that passes through the showerhead, making the 
water fow more effective and effcient. Many low-fow showerheads have adjust-
able settings that change how much water fows through them. Concern should be 
expressed about the possibility of a weaker stream of water from low-fow shower-
heads than from regular showerheads. Aerating technology, which combines air and 
water to generate a more robust and energizing showering experience, is used by 
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many modern low-fow showerheads. Low-fow showerheads are a great way to save 
water and reduce water bills while providing a pleasant and comfortable showering 
experience. 

6.9.3 FAUCET AERATORS AND WATERLESS URINALS 

Faucet aerators are small devices installed on the end of a faucet to reduce water fow 
while maintaining consistent pressure. They can typically reduce water consumption 
by up to 50%.24 Waterless urinals use no water, relying on a trap and a liquid sealant 
to prevent odors and blockages. Installing waterless urinals can save up to 40,000 
gallons per unit per year.25 

6.9.4 GREYWATER SYSTEMS 

Greywater systems allow for capturing and reusing non-potable water from sinks, 
showers, and other sources. This water can be treated and reused for irrigation, toilet 
fushing, or other non-potable uses. The water-effcient fxtures can help green build-
ings reduce water consumption and save money on utility bills. By incorporating 
these fxtures into building designs, architects and builders can create sustainable 
buildings that are both environmentally responsible and cost-effective. 

6.10 ENERGY-EFFICIENT LIGHTING 

LED (light-emitting diode) lighting is a popular choice for green buildings because it 
uses less energy than traditional lighting and lasts longer. Energy-effcient lighting is 
a crucial aspect of green buildings, as lighting can account for up to 25% of a build-
ing’s energy consumption. Here are some examples of energy-effcient lighting that 
can be used in green buildings.26 

6.10.1 LED AND TASK LIGHTING 

LED lighting is signifcantly more energy-effcient than traditional incandescent 
bulbs, using up to 75% less energy. LED bulbs last much longer than traditional 
bulbs, reducing maintenance costs. Task lighting can provide focused lighting in 
areas where it is needed rather than lighting an entire room. It can help reduce energy 
consumption by only lighting the areas that are being used. 

6.10.2 OCCUPANCY AND DAYLIGHT SENSORS 

Rooms can be equipped with occupancy sensors to determine when people are pres-
ent and change the illumination accordingly. It can drastically save energy usage 
in places like restrooms and conference rooms, where lights are frequently kept on 
when unnecessary. Daylight sensors can be installed to measure the quantity of nat-
ural light in a space and modify the artifcial lighting as necessary. When enough 
natural light is present, it can reduce energy use by automatically lowering or turning 
off lights. 
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6.10.3 LIGHT SHELVES 

Installing light shelves can increase the depth of natural light in a space and lessen 
the demand for artifcial lighting. Most of the time, light shelves are positioned next 
to windows, using refective surfaces to bounce light deeper into the space. 

Green buildings must have energy-efficient lighting as an essential element. 
Architects and builders may drastically lower energy usage and produce sustain-
able buildings that are economical and environmentally friendly by integrating LED 
lighting, occupancy sensors, daylight sensors, task lighting, and light shelves into 
building designs. 

6.11 SOLAR PANELS 

Solar electricity can be produced and help a structure use less energy from the grid. 
Solar energy is converted into electricity by these panels, which are put on the walls 
or roofs of buildings, reducing the demand for grid power. Solar panels are essential 
to green buildings since they provide renewable energy and signifcantly reduce a 
structure’s carbon footprint. Here are a few strategies for incorporating solar panels 
into green buildings. 

6.11.1 ROOFTOP SOLAR PANELS 

Rooftop solar panels are the most common type of installation in structures. Solar 
panels can be installed on a building’s roof to generate electricity from sunshine. 
Electricity can be used to power the structure or feed back into the grid to earn cred-
its. “Building-integrated photovoltaics” is a type of solar panel installation that inte-
grates solar panels into the design of a building, such as solar shingles or solar glass. 
Building-integrated photovoltaics has the potential to be both aesthetically pleasing 
and more energy effcient because the solar panels can blend in seamlessly with the 
building’s architecture. 

6.11.2 SOLAR WATER AND AIR HEATERS 

Solar air heaters use sunlight to warm the air for a building’s heating system. They 
may be placed on the ground’s surface or top of a building. Solar air heaters warm air 
that can be used for ventilation or space heating by harnessing the sun’s power. The 
greenhouse effect, which describes how solar energy is absorbed by a transparent 
surface (typically glass) and converted into heat, forms the basis of solar air heaters. 
A fat panel or box mounted to a wall or roof oriented southward often makes up a 
solar air heater. The panel or box is constructed of a substance of a dark color that 
may absorb sunlight and convert it to heat. As it passes over the absorber surface, air 
travels via tubes or channels inside the panel or box, absorbing heat. The two main 
classifcations are active and passive solar air heaters. Passive solar air heaters rely 
on natural convection to move air through the system, unlike active solar air heaters, 
which use fans or blowers to force air through the system. There are several benefts 
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when comparing solar air heaters to conventional heating systems, including cheaper 
running costs, fewer greenhouse gas emissions, and more energy independence.27 

They work better in colder and cloudier climates. Therefore, they are not appropriate 
for all environments. 

6.11.3 SOLAR SHADING SYSTEMS 

A building’s facade can be equipped with solar shading devices, like solar blinds or 
awnings, to provide shade from the sun and lower cooling requirements. In order to 
produce electricity, these systems can also incorporate solar panels. Solar panels are 
an essential part of green structures as a source of renewable energy and a means 
of lowering a building’s carbon footprint. Rooftop solar panels, building-integrated 
photovoltaics, solar water heaters, solar air warmers, and solar shading systems can 
all be incorporated into building designs to produce sustainable structures that are 
economical and considerate of the environment.28 

6.12 SMART LIGHTING 

Buildings with smart lighting systems have a network of connected lighting devices 
that can be automated and controlled by cutting-edge technology. These systems use 
a range of elements, including sensors, controllers, and communication protocols, 
to offer improved lighting control, energy effciency, and convenience. The lighting 
levels in a building can be changed based on occupancy, natural light, and other 
variables using smart lighting systems that use sophisticated sensors and controllers. 
Building operating costs can be decreased, and energy can be saved. As it may dras-
tically lower energy usage and increase a building’s sustainability, smart lighting is 
a crucial component of structures. Here are some techniques for integrating smart 
lighting into structures. 

6.12.1 MOTION AND LIGHT SENSORS 

Motion sensors can be installed in rooms to detect human presence and control light-
ing accordingly. Lighting can be automatically turned off in vacant spaces to save 
electricity. By measuring how much natural light is there, light sensors installed in a 
location will enable us to manage artifcial lighting. With enough natural light, lights 
can be set to dim or be turned off to help save electricity automatically. 

6.12.2 TIMER AND NETWORKED LIGHTING CONTROLS 

Timer controls can turn lights on/off at specifc times, such as at the start and end 
of the workday. They can reduce energy consumption by ensuring that lights are not 
left on unnecessarily. Networked lighting controls can connect lighting systems and 
enable remote control and monitoring. They can also help build managers to opti-
mize lighting usage and identify energy-saving opportunities. 
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6.12.3 DAYLIGHT HARVESTING AND PERSONALIZED LIGHTING 

Sensors are used in daylight harvesting systems to gauge the amount of natural light in 
a space and adjust the artifcial lighting accordingly. When there is enough natural light, 
this can cut energy use by lowering or shutting off lights. Individual control over lighting 
in a shared place can be provided by using customized lighting solutions. Enabling people 
to customize the lighting to their tastes can increase user comfort and lower energy use. 

Smart lighting is a crucial part of green structures. Architects and builders can 
significantly lower energy consumption and produce sustainable buildings that are 
economical and environmentally friendly by integrating motion sensors, light sen-
sors, timer controls, networked lighting controls, daylight harvesting systems, and 
personalized lighting into building designs. 

6.13 GREEN ROOFING 

Plants are grown atop green roofs, which offer insulation, lessen the impact of the 
urban heat island, and lessen stormwater runoff. Green roofng can lessen the energy 
required to heat and cool a building and its environmental impact. Green roofng is a 
viable and environmentally responsible choice for green structures, offering several 
advantages for the environment, such as better air quality, less energy use, and less 
stormwater runoff. Here are a few ways that green buildings can use green roofs. 

6.13.1 VEGETATIVE AND COOL ROOFS 

Figure 6.7 shows that vegetative roofs, commonly called green roofs, are covered 
in vegetation like plants or grass. Numerous advantages of vegetative roofs include 
decreased energy use, enhanced air quality, and less stormwater runoff. By refect-
ing sunlight and lowering heat absorption, cool roofs can lessen the demand for air 

FIGURE 6.7 The basic structure of a green roofing system.29 
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conditioning and reduce energy use. Refective materials like white membranes or 
tiles can create cool roofs. 

6.13.2 SOLAR AND BLUE ROOFS 

Solar rooftops harness the sun’s energy to generate electricity. Solar energy can be 
produced for the building by adding rooftop solar panels. In order to lessen stormwa-
ter runoff, blue roofs are designed to collect rainfall and gradually release it into the 
environment. Blue roofs can be made of materials that absorb and release water, such 
as gravel, porous concrete, or green roofs. 

6.13.3 ROOFTOP GARDENS 

Rooftop gardens are intended to give people and plants a place to congregate on a 
building’s roof. Rooftop gardens have several advantages such as better air quality, 
less stormwater runoff, and enhanced mental and physical wellness. 

The green roof is a crucial part of green structures and offers various environ-
mental advantages, such as better air quality, less energy use, and less stormwater 
runoff. Architects and builders can develop cost-efficient, environmentally responsi-
ble, sustainable structures using vegetative roofs, cool roofs, solar roofs, blue roofs, 
and rooftop gardens. 

6.14 SMART HVAC SYSTEMS 

HVAC (heating, ventilation, and air conditioning) systems can be incorporated into 
green buildings. HVAC systems can be made smarter to improve performance and 
lower energy use by integrating cutting-edge sensors, controls, and algorithms. This 
can lower expenses, save energy, and enhance indoor air quality. Advanced buildings 
must have smart HVAC systems since they improve energy effciency, lower carbon 
emissions, and improve indoor air quality, among other environmental advantages.30 

Here are some of the strategies for integrating smart HVAC systems into environ-
mentally friendly structures are briefed. 

6.14.1 ENERGY-EFFICIENT EQUIPMENT AND SMART CONTROLS 

Equipment for heating, ventilation, and energy-effcient air conditioning can dramatically 
lower energy use and improve the sustainability of a structure. This includes appliances 
like heat pumps, air conditioners, and high-effciency boilers. HVAC systems may be 
optimized for optimal energy effciency using smart controls, including devices like 
building automation systems (BASs), which employ sensors and algorithms to change the 
HVAC settings according to the number of people inside, the weather, and other variables. 

6.14.2 ZONING AND DEMAND-CONTROLLED VENTILATION 

Zoning systems can provide individual temperature control in different areas of a 
building. Only heating or cooling occupied areas can improve comfort and energy 
effciency. Demand-controlled ventilation systems use sensors to detect the number 
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of occupants in a space and adjust ventilation accordingly. They can improve indoor 
air quality and reduce energy consumption by not ventilating unoccupied areas. 

6.14.3 HEAT RECOVERY SYSTEMS AND RENEWABLE ENERGY INTEGRATION 

Utilizing heat recovery systems allows for heating incoming fresh air while also recover-
ing heat from exhaust air. The energy required to heat or cool fresh air might be greatly 
decreased. HVAC systems can be linked with renewable energy sources like solar panels 
or geothermal systems to reduce reliance on fossil fuels and lower carbon emissions. 

Smart HVAC systems are crucial to green buildings because they offer several 
environmental advantages, including increased energy efficiency, decreased car-
bon emissions, and better indoor air quality. Architects and builders may design 
sustainable buildings that are both economical and environmentally responsible by 
integrating renewable energy sources, smart controls, zoning, demand-controlled 
ventilation, heat recovery systems, and energy-efficient equipment. 

6.15 RADIANT HEATING AND COOLING 

These systems can be more energy effcient than conventional HVAC systems because 
they use thermal radiation to deliver heating and cooling. Radiant heating and cooling 
are an energy-effcient method of providing appropriate indoor temperatures in green 
buildings that use less energy than conventional HVAC systems. Several methods 
exist for including radiant heating and cooling in environmentally friendly structures. 

6.15.1 RADIANT FLOOR HEATING AND CEILING PANELS 

Radiant foor heating systems use pipes or electric heating elements installed on the 
foor to warm the room from the ground up. They provide a uniform temperature 
throughout the space and can reduce energy consumption by heating only the occu-
pied space. Radiant ceiling panels use water or electrical elements installed in the 
ceiling to provide cooling or heating. This technology can be used in spaces with 
high ceilings or where foor heating is impractical. 

6.15.2 CHILLED BEAMS AND RADIANT WALLS 

Chilled beams are passive heating and cooling devices that use convection to heat or 
cool a space. Chilled water is circulated through the beam, which cools the surrounding 
air and provides a comfortable indoor environment. Radiant walls use pipes or electric 
heating elements installed in the walls to provide heating. This technology can be used 
in spaces without practical foor heating or supplemental heating in colder climates. 

6.15.3 GEOTHERMAL AND SOLAR RADIANT SYSTEMS 

Geothermal radiant systems heat or cool buildings using the earth as a heat source 
or sink. By controlling indoor temperatures with the earth’s constant temperature, 
this method can drastically save energy usage. Solar-powered radiant systems can 
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be used to warm or cool a structure. By controlling the temperature of indoor spaces 
with renewable energy sources, this technology can drastically cut energy use. 

An energy-efficient technology that can be employed in green buildings to deliver 
pleasant indoor temperatures with less energy usage than conventional HVAC systems 
is radiant heating and cooling.31 Architects and builders can construct cost-effective, 
environmentally responsible, and sustainable buildings by adding radiant floor heating, 
ceiling panels, chilled beams, radiant walls, and geothermal and solar radiant systems. 

6.16 SMART THERMOSTATS 

Smart thermostats can learn a building’s heating and cooling trends and change the 
temperature accordingly, saving energy and enhancing comfort. The smart thermo-
stat is an innovative technology that can be used in green buildings to improve energy 
effciency and reduce energy consumption. Here are several methods for incorporat-
ing intelligent thermostats into green buildings. 

1. Adopting smart thermostats, which may modify the temperature settings 
in a building automatically, improves energy effciency. Learning the occu-
pants’ preferences, planning, and regulating heating and cooling can result 
in signifcant energy savings. 

2. Smart thermostats can reduce energy use, decreasing energy expenses and 
providing fnancial savings for building owners and tenants. 

3. Smart thermostats can ensure people are always at ease by accurately con-
trolling temperature. Additionally, this can result in increased productivity 
and a cozier indoor environment. 

4. Smart thermostats may be remotely controlled with a smartphone app, 
allowing building owners and renters to adjust the temperature whenever 
and wherever they like. Adjusting when the building is vacant can help save 
money and use less energy. 

5. Smart thermostats can be connected with other smart building systems, such 
as lighting and security, to provide a completely automated and ideal build-
ing environment. 

6. By consuming less energy, smart thermostats can considerably improve the 
sustainability of green buildings and minimize greenhouse gas emissions. 

Modern technology like smart thermostats can make green buildings more energy 
effcient, use less energy, and make residents more comfortable. By incorporating 
smart thermostats into their designs, architects, and builders may create affordable, 
environmentally responsible, sustainable structures that provide a comfortable and 
healthy indoor atmosphere. 

6.17 VENTILATION SYSTEMS 

Natural ventilation systems can save energy and enhance indoor air quality by reduc-
ing the need for mechanical ventilation. A vital component of the design of green 
buildings is natural ventilation. It refers to using natural air movement rather than 
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artifcial ventilation systems to maintain indoor air quality and thermal comfort in a 
structure. Natural ventilation systems use passive air movement to ventilate interior 
areas. It can be done by leaving windows, doors, or vents open, which lets fresh air 
enter the building and stale air leave. An energy-effcient alternative to mechanical 
systems or materials is natural ventilation. Fans or air-handling devices are used in 
mechanical ventilation systems to move air inside a structure. These systems may be 
built with energy or heat recovery components, which can cut back on energy use. 
Filters, fans, and air ducts are components of mechanical ventilation systems. Here 
are several strategies for including natural ventilation in green building designs. 

6.17.1 DESIGNING FOR PREVAILING WINDS 

Ventilation is greatly infuenced by a building’s design, which considers the direc-
tion of the wind at a specifc site. Designing structures to use natural airfow can be 
aided by knowing the direction of the prevailing winds. Buildings can beneft from 
cross-ventilation and natural air fow by being oriented to take advantage of prevail-
ing breezes. 

6.17.2 USING OPERABLE WINDOWS, VENTS, AND THERMAL MASS 

The controlled intake and exhaust of air are made possible by incorporating mov-
able windows and vents. Louvers, movable skylights, and roof vents can all help 
with this. “Thermal mass” describes a substance’s capacity to take in and hold heat. 
High-thermal-mass building materials, such as concrete, stone, or adobe, can control 
temperature swings and enhance indoor air quality. 

6.17.3 USING SHADING AND NATURAL VEGETATION 

Overhangs, awnings, and vegetation can provide shade to block solar gain and keep 
the interior of a building warm. Different ventilation techniques may be needed 
when using natural ventilation in various building spaces. A bathroom or kitchen 
might need more ventilation than a bedroom or living room. Designing outdoor areas 
like gardens or parks can beneft from the color, texture, and interest that natural 
vegetation can bring. Visitors will feel more at ease in the area because of the shade 
trees and other plants can offer from the sun. 

6.17.4 CONSIDERING INDOOR AIR QUALITY 

By preventing the accumulation of contaminants and moisture, natural ventilation 
can enhance the quality of indoor air. However, considering potential outside pol-
lution sources such as nearby traffc or industrial areas is essential. In order to save 
energy, improve indoor air quality, and create a cozier and healthier indoor envi-
ronment, natural ventilation can be incorporated into green building designs. Green 
buildings rely on effective ventilation systems to preserve a healthy and cozy internal 
climate while using less energy. The following is a list of the many ventilation mate-
rials utilized in advanced buildings. 
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6.17.5 LIVING WALLS 

Green or living walls are vertical gardens that use plants to clean the air and control 
humidity. Mechanical ventilation systems may not be as necessary if living walls 
act as natural air flters. Planters, irrigation systems, and supporting structures are 
used in living walls. Numerous advantages of living walls include better air quality, 
lower energy costs, better acoustics, visual appeal, and better mental wellness. There 
are numerous varieties of living walls, including direct-to-wall, tray, and modular 
systems. The optimal option will rely on various elements, including the available 
space, the intended aesthetic, and the type of plants utilized. Each type has benefts 
and drawbacks. Using living walls is a sustainable and eye-catching technique to 
bring nature within and enhance the health and well-being of building occupants. 

6.17.6 EARTH TUBES AND SOLAR CHIMNEYS 

Earth tubes use underground pipes to preheat or precool the air before it enters a build-
ing. The air is circulated through the pipes buried in the earth, where the temperature 
is stable. Earth tubes have the potential to save energy use and enhance indoor air 
quality. Filters, heat exchangers, and ventilation pipes are used in earth tubes. Solar 
chimneys generate a natural airfow that ventilates a structure by using the heat from 
the sun. Fresh air is drawn in through vents at the foot of a vertical chimney as 
warm air rises through it. Solar chimneys can increase energy effciency and reduce 
mechanical ventilation systems’ needs. The chimney, vents, and dampers are some 
materials utilized in solar chimneys. Advanced buildings must have effcient ven-
tilation systems, and the chosen ventilation materials can signifcantly impact both 
energy effciency and interior air quality. Green buildings can achieve optimal per-
formance while reducing their environmental effect by using suitable materials for 
ventilation systems. Buildings’ energy effciency and sustainability can be increased 
through smart building materials, which can also lessen the adverse effects of con-
struction and use on the environment while enhancing occupant comfort. 
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7 Energy Storage in 
Building Components 

Vikash Kumar Chauhan and 
Tjokorda Gde Tirta Nindhia 

7.1 INTRODUCTION 

A building-integrated energy storage system (BESS) is a technology that allows 
buildings to store and use energy more effciently and cost effectively—integrating 
energy storage systems into the building’s infrastructure to provide backup power, 
peak shaving, load shifting, and other energy management functions. BESSs can 
be installed in different locations within a building, such as a basement, rooftop, 
or parking lot, depending on the available space and energy demands. These 
systems can use various energy storage technologies such as batteries, fywheels, 
capacitors, and thermal storage systems. The benefts of building-integrated 
energy storage systems are numerous. They can reduce energy bills by storing 
and using energy during off-peak hours when energy prices are lower. They 
can also provide backup power during power outages, which is critical for 
specifc applications such as hospitals, data centers, and other mission-critical 
facilities. 

In addition, BESSs can help reduce the strain on the electric grid during peak 
demand periods, improving grid stability and reliability. They can also help 
increase the use of renewable energy sources by storing excess energy generated 
by solar panels or wind turbines, allowing the building to use that energy during 
periods of low generation. Overall, building-integrated energy storage systems 
are a promising technology that can help buildings become more energy-efficient, 
reduce energy costs, and contribute to a more reliable and sustainable energy 
system. 

Energy and water are the essential gradient of life for survival and development. 
From domestic purpose to industrial work, energy is required everywhere. Figure 7.1 
represents the end user energy demand in different sectors including transport, con-
struction, residential building, and other industries. The report indicates that total 
energy demand crosses over 580 million terajoules.1 To fulfill the demand for energy, 
there is a need the explore alternative resources, among which nuclear power has 
shown a significant rise from last two decades, and hydropower generation has also 
increased at rapid rate. 

https://doi.org/10.1201/9781003415695-7
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FIGURE 7.1 Share of final energy consumption sector-wise. 

7.2 NEED FOR ENERGY STORAGE SYSTEMS 

Excessive use of fossil fuel adversely affects climate change, depleting the ozone 
layer and polluting the atmosphere. Anthropogenic greenhouse gas is primarily CO

2 

emitted during the fossil fuel burning process. Apart from this, a signifcant pro-
portion comes from the building sector. Carbon dioxide (CO

2
) is a greenhouse gas 

emitted into the atmosphere due to a range of operations in various industries. This 
includes using fossil fuels, deforestation, industrial operations, and transportation. 
Understanding how each sector contributes to global CO

2
 emissions is critical in 

designing effective measures to reduce greenhouse gas emissions and alleviate the 
effects of climate change. The energy sector contributes the most to global CO

2
 emis-

sions, accounting for over 73% of total emissions in 2019.2 This sector comprises 
activities such as the combustion of fossil fuels to generate power and heat and the 
production of oil and gas. Coal, oil, and gas combustion emit huge volumes of CO

2 

into the atmosphere, and the energy industry accounts for approximately 41% of 
worldwide energy-related CO

2
 emissions in 2021 c. Another signifcant contributor 

to global CO
2
 emissions is the transportation sector, which accounted for around 

23% of total emissions in 2019.3 This sector includes transportation by road, air, and 
sea, and the use of fossil fuels for these activities emits considerable volumes of CO

2 

into the atmosphere. The industrial sector also contributes signifcantly to global 
CO

2
 emissions, accounting for roughly 11% of total emissions in 2019.3 This indus-

try comprises cement and steel production, and the use of fossil fuels in industrial 
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operations emits considerable volumes of CO
2
 into the environment. Another signif-

icant contributor to world CO
2
 emissions is agriculture, which accounted for around 

6% of total emissions in 2019.4 This sector comprises animal husbandry and land-use 
changes, which emit considerable amounts of CO

2
 into the atmosphere. 

Finally, residential, and commercial sectors contribute to global CO
2
 emissions, 

accounting for about 4% of total emissions in 2019.3 These industries include heat-
ing and cooling buildings, as well as appliance use, and the use of fossil fuels emits 
considerable volumes of CO

2
 into the atmosphere. To summarize, worldwide CO

2 

emissions are a substantial contributor to climate change, and understanding the con-
tributions of each sector is critical in devising successful emission-cutting strategies. 
The energy sector is the most significant contributor to worldwide CO

2
 emissions, 

followed by transportation, industry, agriculture, and the residential and commercial 
sectors. Reduced emissions from these sectors will necessitate considerable efforts, 
such as developing and adopting low-carbon technology and introducing policies and 
laws to incentivize emission reductions. 

7.3 THERMAL ENERGY STORAGE 

Thermal energy storage (TES) is a technique that allows for the effcient storage of 
thermal energy for various purposes. When energy demand is low, TES systems store 
excess energy, such as heat, in a storage medium and subsequently release that energy 
when demand is high. This technology has grown in prominence in recent years as 
demand for renewable energy has increased. It needs energy storage solutions to assist 
in balancing the intermittent supply of renewable energy sources like solar and wind 
power. There are various varieties of TES systems, each with its own set of qualities 
and benefts. The magnetic feld has been widely used in several applications, includ-
ing industrial grade, robot drives, medical help, and so on, as a non-contact, real-
time, precise, and adaptable control technology. On the other hand, nonmagnetic phase 
change materials (PCMs) are challenging to alter using magnetic felds. In a recent 
study,5 magnetically tightened form-stable PCMs with the integrated multi-functions 
of being leakage-proof, possessing excellent thermal/electrical conductivities, robust 
mechanical strength, dynamic assembly, and shape reconfguration have been discov-
ered. Also, a self-contained temperature management and high-performance ther-
moelectric conversion systems using magnetically tightened form-stable PCMs was 
reported.5 There are three techniques, as shown in Figure 7.2, to store thermal energy. 

Thermal Energy Storage 

Latent Heat 

(Storage material undergoes 
a phase change) 

Sensible Heat 

(Thermal energy is  stored 
just by increasing the 

temperature) 

Thermochemical Heat 

(Energy is absorbed and 
released by breaking and 
reforming the molecular 

bonds) 

FIGURE 7.2 Thermal energy storage techniques. 
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7.3.1 SENSIBLE HEAT STORAGE 

Sensible heat storage, which involves storing heat in a solid or liquid substance, is one 
of the most popular types of TES systems. Good heat storage can be accomplished 
using water, molten salt, and concrete. The stored heat is later used for space heat-
ing, hot water generation, and industrial processes. Sensible heat storage (SHS) takes 
place by fundamental mode of heat transfer, that is, conduction, convection, and radi-
ation. During cool ambient temperatures, heat is liberated with a gradual decrease in 
temperature that causes unequal heat distribution with time. Underground hot aqui-
fers are a natural example of the SHS principle. These materials have two lucrative 
benefts, namely availability and compatibility, as these materials are easily available 
in our surroundings, including domestic, industrial, and agricultural waste that can 
offer sensible heat storage material during sunshine periods. The most common sen-
sible heat storage material is water, metal scrap, and rock-type material like pebbles, 
stones, brick, and gravel. By the use of these materials, raw water can be heated up 
to 40 to 80 °C.1 Currently, utility-based solar thermal electric plants utilize liquid, 
powder, and metal, synthetic oil, and molten salts.2 Table 7.1 represent the different 
sensible heat storage materials and their thermophysical properties. 

The governing equation for sensible heat storage can be expressed as 

Q = m C
p
 ΔT 

Where Q (J) is the heat, 
m (kg) is the mass of the material, 
C

p
 (J/kg.K) is the specific heat of the material, and 

ΔT (K) is the change in the temperature of the material. 

TABLE 7.1 
Sensible Heat Storage Materials and their Properties3–5 

S.N. Material Specifc heat Density × 103 Thermal Thermal Heat capacity 
(J/kg.K) (kg/m3) conductivity diffusivity × (J/m3.K) 

(W/m.K) 106 (m2/s) 

1. Marble 800 2.6–2.8 2.07–2.94 0.995–1.413 2.08 
2. Sandstone 710 2.1–2.4 1.83 1.172 1.56 
3. Sand (dry) 830 1.4–1.6 0.15–0.25 − − 
4. Aluminum 8.96 2.70 204 @ 293 K 84.10 2.42 
5. Cast iron 837 7.90 29 4.43 6.61 
6. Copper 383 8.90 385 @ 293 K 112.3 3.42 
7. Potassium 670 1.98 6.53 @ 322 K − 1.32 

chloride 
8. Therminol 872 1.91 0.13 @ 293 K − 2400 

55 oil 
9. Isobutanol 2303 0.80 0.13@293 K − 3000 

10. Ethylene 2433 1.11 0.256@293K − 2382 
glycol 

11. Jute cloth 324 1.50 0.427 − − 
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7.3.2 LATENT HEAT STORAGE 

Latent heat storage is another TES system that involves storing thermal energy in the 
form of a phase transition. During the charging process, energy converts a substance 
from a solid to a liquid or from a liquid to a gas. The stored energy is released when 
the material undergoes a reverse phase shift. In latent heat storage systems, phase 
change materials (PCMs) such as paraffn wax, salt hydrates, and eutectic mixes 
are widely utilized.6 Another form of TES system is thermochemical energy storage 
(TCES), which uses reversible chemical reactions to store and release energy. These 
systems often employ metal oxides or carbonates that, when heated, emit oxygen or 
carbon dioxide, which can subsequently be used for a variety of applications such as 
power generation or fuel manufacturing. 

Buildings, industrial processes, and power generation are just a few of the appli-
cations of TES systems. Excess heat from solar panels or district heating systems 
can be stored in buildings and used for space heating or hot water production. 
Industrial processes that require high-temperature heat can also benefit from TES 
systems, which can supply a consistent heat source even when energy demand is 
low. TES systems can be used in power generation to store excess energy from 
renewable sources and release it during high energy demand. One of the primary 
benefits of TES systems is their ability to balance the intermittent supply of renew-
able energy sources like solar and wind power. TES systems can help to provide 
a stable supply of energy during periods of high demand by storing extra energy 
during periods of low demand, decreasing the requirement for fossil fuel-based 
power generation. Another advantage of TES systems is their capacity to improve 
energy efficiency. TES systems can eliminate the need for additional energy gen-
eration and transmission infrastructure, which can be costly and have a significant 
environmental impact, by storing excess energy that would otherwise be wasted. 
While TES systems have many benefits, they suffer from several problems that 
must be addressed. The high cost of TES system installation and maintenance is 
one of the critical issues that can be a barrier to broader adoption. Another area for 
improvement is the need for suitable storage materials, especially for high-tempera-
ture applications. 

TES is a promising technology with the potential to play a significant part in 
the transition to a more sustainable energy system. TES systems can help to bal-
ance energy supply and demand, eliminate the need for additional energy generation 
equipment, and increase energy efficiency by storing excess energy from renewable 
sources and releasing it when needed. While there are obstacles to overcome, the 
development and deployment of TES systems are expected to grow in the future 
years as demand for renewable energy and energy storage solutions grows. The most 
effective and efficient way to develop energy-efficient building envelopes is to store 
solar thermal energy using building thermal mass (building materials) and then uti-
lizing it as per the requirement (hot and cold). TES enhances the efficiency of renew-
able energy sources. 

TES offers better capability to store available heating and cooling energy in off-
peak load conditions to effectively match the on-peak demand periods. 
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7.3.3 PHASE CHANGE MATERIALS 

The heat acquisition and discharge process when a storage medium undergoes a 
reversible phase shift from solid to liquid, liquid to gas, solid to solid, solid to solid, 
etc., provides the basis for TES using PCM. Figure 7.3 depicts the probable phase 
transition of materials. However, having a high phase transition Latent heat (LH) 
solid–gas or liquid–gas PCMs with substantial volume changes have limited use in 
TES systems.7 Some other features that make PCMs good candidates for energy 
storage are, 

• Volume changes are noticeable in solid–solid and solid–liquid conversions, 
frequently about 10% or less. 

• They provide high-energy storage density. 
• They store heat at constant temperature corresponding to the phase transition 

temperature of the PCM. 
• They store 5 to 14 times more energy per unit volume than sensible heat 

materials like water, rock, etc. 
• LHS can be accomplished through solid–liquid, liquid–gas, solid–gas, and 

solid–solid phase transformations. 
• The solid–liquid system is the most studied and most commonly commer-

cially available. 

As a result, while having a lower heat of phase transition, they are still desirable 
materials for TES systems from an economical and practical standpoint.8 

FIGURE 7.3 Phase change materials with respect to enthalpy.10 
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As an application, desalination is the most extensively employed approach to alle-
viate water constraints with solar energy in conjugation with heat storage materials.9 

Numerous studies showed that the solar desalination method steadily increases the 
amount of distilled water produced. Yet to boost production and efficiency, solar 
desalination systems have undergone numerous modifications. Solar heat storage 
technologies, for example, find a way to balance the sun’s irregular activity with the 
demands for supply and demand. 

The usage of LHS and SHS materials in conjunction with solar stills has showed 
great responsiveness in ensuring a consistent supply of fresh water. SHS materials are 
widely available and inexpensively priced due to their natural abundance. LHS mate-
rial, on the other hand, increases production at night and during cloudy conditions. 

PCMs can be classified according to the state of the substance before and after its 
application such as gas–liquid PCM, solid–gas PCM, solid–liquid PCM, and solid– 
solid PCM, as shown in Figure 7.4. In the current scenario, solid–liquid and solid– 
solid PCMs are commonly used due to low volume variation and high LH capacity. 
In solid–liquid PCMs, the temperature rises until the temperature of phase change 
(TPC) is reached, and then massive LH is stored in the material while the phase 
change happens from solid to liquid.11 On a chemical nature basis, the solid–liquid 
PCMs can be subdivided into organic, inorganic, and eutectic. The organic PCMs are 
further classified into paraffins, alcohols, fatty acids, and esters, while on the other 
hand, the inorganic PCMs are classified into salts and salt hydrates.12 In comparison 

PCM 

Gas–Liquid 

Solid–Gas 

Solid–Liquid Organic 

Paraÿn 

Fa°y Acids 

Esters 

Inorganic 

Salt 

Salt Hydrate 

Eutec˛c 

Organic–Organic 

Inorganic– 
Inorganic 

Inorganic– 
Organic 

Solid–Solid 

Polyols 

Polymerics 

Organometallics 

FIGURE 7.4 Types of phase change materials (PCMs).13 
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to organic PCMs, inorganic PCMs offer the advantages of having high LH per unit 
mass, non-flammability, and being less expensive. Eutectic PCMs are composed of 
two or more soluble components that are combined and have the property of simul-
taneously melting and solidifying without material separation. Solid–solid PCMs 
involve polyols, polymerics, and organometallics. 

7.3.3.1 Organic PCMs 
Most of the organic chemicals used as PCMs are hydrocarbons, which have a long 
chain of macromolecules primarily composed of carbon and hydrogen. This family 
of PCMs is the most commonly employed for TES because of its excellent melting 
or solidifcation temperature, stable chemical, and physical properties, high storage 
density, and abundance.14 Non-paraffn and paraffn are two types of organic PCMs. 
Paraffn is further classifed into two types: (1) saturated hydrocarbons with several 
carbons ranging from 12 to 40 and having the empirical formula C H  of the linear 

n 2n+2 

alkanes, and (2) “paraffn wax,” which is a mixture of alkanes and other hydrocar-
bons with the formula CH

3
(CH

2
) nCH

3
.15 Although pure alkanes are more expensive 

than blends, the T and heat of fusion increase in both cases as more carbons are 
melting 

present. Also, the price of paraffn rises with its purity. 
For buildings, non-paraffin PCMs are more popular and include alcohols, esters, 

fatty acids, and glycols in general. Their thermophysical properties are nearly same 
as organic PCMs derived from paraffin. Their enhanced flammability, however, 
limits their suitability for applications at high temperatures. Group of alcohols have 
been explored for energy storage applications since the 1970s. However, more recent 
discoveries on these PCMs are connected to nanomaterials or unique composites 
coupled with specific properties, such as the inclusion of electrical conductivity. 
When used as conductive materials, they can endure some thermal shock, which is 
a significant property. For example, with 1-tetradecanol (TD)/nano-Ag, a composite 
material for energy storage, as silver nanoparticles increased, thermal conductivity 
improved.16 TD/polyaniline (PANI) composites were also investigated, which are 
created using the polymerization approach, and it was discovered that the composites 
could conduct electricity while also storing heat energy.17 They have properties that 
allow them to endure significant thermal stresses when used as conducting materials. 

Because of their advantageous thermodynamic and kinetic properties for low-
temperature LHS, the use of organic materials for energy storage, such as fatty acids 
(CH

3
(CH

2
)

2n
COOH), has recently increased. Although they have not received as 

much attention as paraffin and salt hydrates, saturated fatty acids are quite beneficial 
for TES. Furthermore, they have a wide T  range, ranging from 8 °C to 64 °C, 

melting 

with fusion enthalpy varying from 149 kJ/kg to 222 kJ/kg. Also, fatty acids have a 
low heat conductivity, which is usually undesirable. Organic phase change materials 
(PCMs) have various advantages in the construction industry: 

• Energy efficiency: Organic PCMs have a high latent heat storage capacity, 
which means they can absorb and release significant thermal energy during 
the phase change process. Because of this, they are a good alternative for 
thermal energy storage and can help to lower a building’s overall energy 
usage. 
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• Indoor comfort: Using organic PCMs in building construction can help to 
maintain a more comfortable indoor atmosphere. Organic PCMs can help to 
manage the temperature of a building by absorbing excess heat during the 
day and releasing it at night, making it more comfortable for residents. 

• Decreased HVAC requirements: By regulating the temperature inside the 
building, using organic PCMs in building construction can help lessen the burden 
on the HVAC system. This can reduce the size and expense of the HVAC 
system, resulting in lower energy bills for the building owner. 

• Lifespan: Organic PCMs have a longer lifespan as compared to other 
building materials. They do not deteriorate or lose effectiveness over time. 
Thus, they can give long-term energy savings to building owners. 

• Non-toxic: Organic PCMs are non-toxic and safe for the environment. They 
do not emit toxic chemicals or pollutants into the environment, making them 
a safe and environmentally friendly solution for building construction. 

Organic phase change materials (PCMs) have some restrictions that should be 
considered before using them in a specific application. 

• Low thermal conductivity: Organic PCMs often have low thermal con-
ductivity as compared to inorganic PCMs, which can limit their capacity 
to transmit heat effectively. To accomplish the necessary cooling or heating 
effect, higher PCM volumes or other cooling systems may be required. 

• Limited temperature range: Organic PCMs typically have a restricted 
operating temperature range, limiting their applicability in situations 
requiring a more excellent temperature range. 

• Chemical stability: Organic PCMs may degrade chemically over time, 
reducing their effectiveness and longevity. This can be reduced by using 
PCMs with improved chemical stability or encasing the PCM in a protective 
material. 

• Flammability: Certain organic PCMs are flammable or combustible, which 
might present a safety risk in specific applications. The flammability of the 
PCM should be carefully considered, and suitable safety precautions should 
be followed. 

• Phase separation: Certain organic PCMs may experience phase separation 
during repeated melting and solidification cycles, reducing their effective-
ness over time. This can be reduced using PCMs with excellent phase sta-
bility or by including stabilizers in the PCM composition. 

7.3.3.2 Organic Polyols 
Among the polyalcohols that are frequently used as solid–solid PCMs are pentaglycer-
ine (PG), pentaerythritol (PE), and, more recently, 2-amino-2methyl-1,3, propanediol 
(AMPL) and amino glycol. According to studies, polyols initially exhibit poor sym-
metry and a layered crystal structure at low temperatures. However, as the tempera-
ture is raised over the phase change temperature, they convert into a high-symmetry 
and face-centered cubic structure.18 
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Polyalcohol phase transition temperatures and enthalpies are determined by the 
degree of hydrogen bonding between the hydroxyl functional groups. Because PG 
and PE have relatively similar structural formulae, they can be consistently com-
bined to generate solutions while keeping the original polyols’ solid–solid phase 
transition qualities.19 

7.3.3.3 Inorganic PCMs 
Many inorganic materials, eutectics, and mixes have been investigated as feasi-
ble PCMs for low and high-temperature applications, suggesting that inorganic 
PCMs have a broad operating temperature range. Inorganic PCMs have the same 
LH per unit mass as organic PCMs but have a greater LH per unit volume due 
to their higher density. Salt hydrates are a type of inorganic PCM composed of 
inorganic salts (AB) and one or more water molecules (H

2
O), resulting in a crys-

talline solid form20 (AB
x
H

2
O). Several salt hydrates with melting points ranging 

from 5 °C to 130 °C are suitable for a wide range of applications. Metallic mate-
rials include rocks, concrete, stones, and other inorganic materials with a high 
melting point. 

PCMs are substances that can collect and release a considerable quantity of ther-
mal energy during the transition from solid to liquid and vice versa. When it comes 
to construction applications, inorganic PCMs such as salt hydrates, metal alloys, and 
eutectics have various advantages over biological PCMs. Following are some of the 
benefits of using inorganic PCMs in construction. 

• High thermal conductivity: Inorganic PCMs have a better thermal conduc-
tivity than organic PCMs, which means they can transmit heat more quickly 
and efficiently. This makes them excellent for use in building applications 
requiring rapid and efficient thermal energy transmission. 

• High melting and freezing points: Inorganic PCMs have higher melting 
and freezing temperatures than organic PCMs, which allows them to store 
and release thermal energy across a larger temperature range. As a result, 
they are suited for use in construction applications where temperature 
control is critical. 

• Non-flammable and non-toxic: Inorganic PCMs are normally non-
flammable and non-toxic, making them suitable for use in construction. 
This is especially critical in buildings where fire safety is a priority. 

• Long lifespan: Because inorganic PCMs have a longer lifespan than organic 
PCMs, they can be utilized for many years before needing to be replaced. As 
a result, they are a cost-effective choice for building applications. 

• Availability: Inorganic PCMs are readily available and can be obtained 
locally, making them more accessible and inexpensive than organic PCMs. 
This is critical for building applications when cost and availability are 
critical. 

Overall, the benefts of inorganic PCM make them an appealing solution for con-
struction applications requiring effcient and reliable thermal energy storage and 
release. 
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TABLE 7.2 
Comparison of Characteristic Features of Phase Change Materials 
S.N. Organic Inorganic Eutectic 

1. Chemically stable High latent heat value Wide range of freezing and 
melting temperatures 

2. Melt congruently High heat of fusion Undergoes phase segregation 
3. High heat of fusion High thermal conductivity High heat storage density 
4. Low thermal conductivity Non-flammable High cost 
5. Low volumetric latent Corrosiveness − 

heat storage capacity 
6. Moderately flammable Incongruent melting − 

7. High initial cost Instability − 

Two main disadvantages with Inorganic PCMs are: 

• Corrosive nature 
• High volume change during phase transition 

7.3.3.4 Polymerics 
Polymeric PCMs are composed of a solid–liquid (“soft”) macromolecule chemically 
linked to a stiffer polymer. A solid–solid phase transition occurs when the softer 
component melts and is restricted by the more challenging component. 

These solid–liquid PCMs were discovered as form-stable PCMs that undergo 
a solid–solid phase transition, yielding a range of polymeric SS-PCMs. One such 
strategy is physically restricting the PCM in a polymer-supporting matrix to prevent 
leakage.21 Another method involves attaching the S-L PCM to a supporting high-
melting-point polymer utilizing chemical techniques such as grafting, blocking, and 
crosslinking copolymerization. The latter was preferred since it creates a homoge-
neous polymer. When a phase transition occurs, the active component is a phase 
change material such as a fatty acid or PEG; however, the supporting polymer stabi-
lizes and keeps it from melting.22 

7.3.3.5 Eutectic Materials 
Certain combinations of two or more chemicals that have a lower melting point than 
any of the constituent parts are known as eutectic mixes. The thermal energy storage 
uses of these mixes are common, especially with phase change materials (PCMs). 
Some examples of eutectic mixes that are frequently employed to store thermal 
energy are as follows. 

• Salt hydrates like mixture of potassium nitrate (KNO
3
) and sodium sul-

phate decahydrate (Na
2
SO

4
·10H

2
O). 

• Eutectic temperature: about 30 °C 
• Use: Compared to either component alone, these salt hydrates form a 

eutectic mixture with a lower melting point. They are employed as medium-
temperature thermal energy storage phase transition materials. 
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• Eutectic organic mixtures like a combination of fatty acids, such as stearic 
acid (C H O ) and myristic acid (C H O ).

18 36 2 14 28 2 

• Eutectic temperature: Changes based on the particular fatty acids utilized 
• Use: Phase change materials for low-to-moderate-temperature thermal 

energy storage in buildings and other applications are frequently made from 
organic eutectic mixtures. 

• Metal alloys, for instance, alloys made of metals like bismuth (Bi) and 
indium (In). 

• Eutectic Temperature: 60 °C or below. 

Researchers continue to explore and develop new eutectic mixtures with improved 
properties for various temperature ranges and applications. Table 7.3 highlights some 
organic, inorganic and eutectic phase change materials used for different applications. 

7.3.3.6 Time Lag 
Heat transmission in buildings happens via conduction, convection, and radiation. 
The time lag of heat transmission refers to the amount of time that passes between 
applying a temperature differential across a building envelope (such as a wall or roof) 
and the consequent temperature change on the other side. 

Heat transfer time lag is determined by various factors, including the building 
materials’ thermal characteristics, the building envelope’s thickness, and the ambient 
conditions within and outside the structure. For example, a structure with a thick 
brick wall may have a more significant time lag than a building with a thin wood-
framed wall. Heat transfer time lag is generally advantageous for maintaining a pleas-
ant interior temperature, especially in areas with considerable temperature changes 
between day and night. A building with a longer time lag will tend to collect heat 
during the day and slowly release it at night, which can assist in balancing out tem-
perature swings. 

On the other hand, the time lag in heat transmission might be a disadvantage when 
quick temperature changes are sought, such as in reaction to changes in occupancy 
or equipment use. Building design and HVAC systems must be carefully calibrated 
in such instances to guarantee that the facility responds swiftly and effectively to 
changing conditions, as shown in Figures 7.5 and 7.6. 

• Buildings and construction account for more than 35% of global final energy 
use and nearly 40% of energy-related CO2

 emissions. 
• Energy-efficient and low-carbon heating and cooling technology investments 

would reduce final energy demand in buildings by 25% over current levels. 
• Nearly two-thirds of the global buildings sector energy consumption is sup-

plied by fossil fuels for direct use or for upstream power generation. 

Energy-efficient building envelopes will help in following: 

• Shifting the heating and cooling load from peak load to the off-peak load 
• Creating an envelope to improve indoor thermal comfort 
• Reducing the heat gains caused due to solar radiation 



Th
erm

al Evalu
atio

n
 o

f In
d

o
o

r C
lim

ate an
d

 En
ergy Sto

rage in
 B

u
ild

in
gs 

202 TABLE 7.3 
Thermophysical Properties of Some PCMs.23–25 

Class of PCM name Melting point Latent heat Thermal conductivity Density (kg/m3) 
PCM (°C) of fusion (KJ/kg K) 

(KJ/kg) 

Solid Liquid Solid Liquid 
Organic Paraffin wax 32 251 0.514 0.224 830 – 

RT-10 10 190 0.2 0.2 880 770 

Polyethylene 110–135 200 910 870 

RT-9 HC –9 260 0.2 0.2 880 770 

Naphthalene 80 147.7 0.341 0.132 1145 976 

Erythritol 118 339.8 0.733 0.326 1480 1300 

Caprylic acid 16 149 – 0.149 981 901 

RT-28 HC 28 245 0.2 0.2 880 770 

Capric acid 32 153 – 0.153 1004 886 

n-Octadecane 27.7 243.5 0.19 0.148 865 785 

Vinyl stearate 27–29 122 – – – – 

Palmitic acid 61 185 – 0.162 989 850 

Stearic acid 69 202.5 – 0.172 989 965 

Lauric acid 42–44 178 0.147 1007 862 

Inorganic Calcium chloride hexahydrate 29.8 190.8 1.088 0.54 1802 1562 
(CaCl

2·
6H

2
O) 

Ba(OH)
2
·8H

2
O 78 265–280 1.225 0.653 2070 1937 

Mg(NO ) ·6H O 89 162.8 0.611 0.49 1636 1550
3 2 2 

(Continued) 
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TABLE 7.3 (Continued)
Thermophysical Properties of Some PCMs.23–25 

Class of PCM name Melting point Latent heat Thermal conductivity Density (kg/m3) 
PCM (°C) of fusion (KJ/kg K) 

(KJ/kg) 

Glauber’s salt (Na SO ·10H O) 32 254 0.554 – 1485 1458
2 4 2 

Zn(NO ) ·6H O 36 146.9 – 0.464 1937 1828
3 2 2 

Ba(OH)
2
·8H

2
O 78 265.7 1.255 0.653 2180 1937 

Mg(NO ) ·6H O 89 162.5 0.611 0490 1636 1550
3 2 2 

MgCl
2
·6H

2
O 117 168.6 0.694 0.570 1569 1442 

Na
2
HPO·12H

2
O 35–45 279.6 0.514 0.476 – 1520 

Eutectics 61.5% Mg(NO ) · 6H O + 52 125.5 0.552 0.494 1596 1515
3 2 2 

38.5% NH
4
NO

3

66.6% urea + 33.4% NH
4
Br 76 161 0682 0.331 1548 1440 

58.7% Mg(NO
3
)·6H

2
O + 41.3% 59 132.2 0.678 0.510 1630 1550 

MgCl
2
·6H

2
O

45.8% LiF + 54.2% MgF
2 

746 – – – 2880 2305 

35.1% LiF + 38.4% NaF + 615 – – – 2820 2225 
26:5% CaF

2

48.1% LiF + 51:9% NaF 652 – – – 2720 2090 
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FIGURE 7.5 Thermal lag due to a building wall causes a reduction in heat flux.26 
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FIGURE 7.6 Advantage of phase change materials in buildings. 

7.4 BUILDING-INTEGRATED ENERGY STORAGE 

Building energy conservation has benefted from PCM energy storage technology. 
The application of PCM to buildings, including both roofs and walls, increases the 
building’s ability to store heat, potentially increasing energy effciency and low-
ering the amount of electricity required for heating and cooling. When a PCM is 
implemented into a structural component, the sun and high temperatures create a 
heat wave that infltrates the building walls during the day. By absorbing extra heat 
through melting, the PCM delays and even reduces the peak of the heat wave inside 
the building. The room’s average temperature remains soothing most of the day, and 
the cooling system uses less electricity. At night, when temperatures are lower, phase 
change material releases the heat stored to both the interior and external environment, 
maintaining a proper room temperature and solidifying itself. 

The critical difference between PCMs and more traditional thermal mass is that, 
unlike masonry, which absorbs and releases heat slower, PCMs do it quickly. As a 
result, they are instrumental in buildings with lightweight construction, where tradi-
tional passive design concepts are challenging to apply. A PCM, however, will only 
be effective if it is effectively incorporated into a structure. 

PCMs (phase change materials) are widely used in building construction and design. 
The following are some examples of how PCM might be used in building applications: 

• Thermal energy storage: PCMs can be used to store thermal energy in 
buildings, such as heat or cold. This is especially beneficial for lowering 
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energy usage by eliminating the need for air conditioning and heating sys-
tems. PCM can be integrated into building materials such as walls, ceilings, 
and floors to absorb surplus heat during the day and release it at night. 

• Temperature control: PCMs can be used to adjust the temperature of 
building spaces, especially in places where temperatures fluctuate a lot. In 
hot and humid areas, for example, PCMs can absorb excess heat during the 
day and release it at night, keeping the indoor atmosphere cool. 

• Passive cooling: PCMs can be used to cool buildings passively. When exposed 
to sunlight, PCMs can absorb and store heat, which can then be released to 
cool the building space. This is especially useful in hot, sunny climates. 

• Thermal mass: PCMs can also be utilized to boost the thermal mass of 
building materials. This is especially valuable in locations with high-
temperature swings, where it can aid in temperature stabilization and reduce 
the need for heating and cooling. 

Using PCMs in building construction can help minimize energy consumption, 
improve thermal comfort, and improve building system effciency. And these can 
be achieved by proper selection of building materials that make buildings energy 
effcient and comfortable for human beings. Different types of material such as 
insulating materials (cellulose insulation, recycled denim insulation, wool insula-
tion, hemp insulation, and cork insulation), sustainable wood products (reclaimed 
wood, engineered wood, bamboo, and cork), glass-based material (highly polished 
smart glazing material, low-emissivity material, energy-effcient windows, daylight 
harvesting, aesthetics), self-healing concrete, and light emitting cement are used in 
modern building construction to make self-sustainable. Moreover, there are different 
technologies to use PCMs inside building walls, as mentioned in Figure 7.7. 

PCM application 

in buildings 

Building 

material 

Direct 
Shape stabilization Encapsulation 

incorporation 

Macro Macro 
encapsulation encapsulation 

FIGURE 7.7 Applications of PCMs as building materials. 
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7.5 DIRECT INCORPORATION 

The direct incorporation method applies the PCM in powder or liquid form directly 
to the construction material, such as gypsum mortar, cement mortar, or a concrete 
mixture.27 This strategy is the simplest and most cost effective because it requires no 
experience and is simple.28 On the contrary, the main disadvantage of this approach is 
PCM leakage during the melting process. This leaking causes material incompatibil-
ity and increases the fre risk (for fammable PCMs). Furthermore, because the PCM 
is introduced to the mixture in a liquid condition, the water content ratio is reduced, 
which degrades the mechanical properties of built elements at high temperatures. 

In the immersion method, a porous building material is immersed in liquid PCM 
and absorbed via capillary action. The main disadvantages of this technology include 
leaking, incompatibility with the building, and corrosion of reinforced steel when 
merged with concrete elements, which reduces its service life. 

7.6 SHAPE STABILIZATION 

The PCM is contained within a carrier matrix in the shape-stabilized technique. 
This approach is promising since it offers improved thermal conductivity, high spe-
cifc heat, and the ability to keep the shape across several phase change cycles. To 
optimize thermal performance in shape-stabilized phase change materials, numer-
ous vital aspects should be examined, including shell thickness in encapsulation, 
dimension, particle size and pore size in nano- and porous materials, chemical com-
position, and synthesis technique.29 Shape stabilization can be conceived as an amal-
gamation of PCMs, porous materials, and nanoparticles, as illustrated in Figure 7.8. 
With the advancement of nanoscience, several novel techniques for fabricating 
shape-stabilized phase change materials have emerged due to their benefts such as 

PCM 

Porous 
suppor˜ng 

material 

Nano 
par˜cles 

Shape-stabilized 
composite PCM 
with enhanced 

thermophysical 
proper˜es 

FIGURE 7.8 Shape-stabilized composted PCM. 



207 Energy Storage in Building Components 

Porous 
material 

Porous 
carbon 

Graphite 
scaffolds 

Polyurethane 
foam 

Silica 
scaffolds 

Clays 

  
  
  

 

 

 

 
 

  

 

 

 
 

 

*Adjustable 
morphology 

*Low 
density 

*Excellent 
stability 

*Earth 
abundant 
source 

*High thermal 
conductivity 

*Large pore 
volume 

*High thermal 
stability 

*Low density 

*Light weight 

*High 
strength/weight 
ratio 

*Excellent 
insulator 

*High energy 
absorbence 

*Highly 
porous 

*Excellent 
mechanical 
properties 

*Thermally 
and chemically 
stable 

*Abundant 
availability 

*Thermally 
stable 

*Low price 

*Compatable 
with building 
material 

*Naturally 
porous 

FIGURE 7.9 Porous material for shape stabilization. 

cost effectiveness, shape stability, and ease of preparation with desirable dimensions, 
such as using nanomaterials and encapsulation through core–shell and nanostruc-
tured foams. Nanomaterials can be applied from one to three dimensions (1-D to 
3-D) using spinning methods and carbon derivatives. Moreover, nanoencapsulation 
and nanofoams are created by encasing phase transition materials (core) in a protec-
tive shell or media (organic/inorganic). 

Form-stabilized PCM is another sophisticated incorporation approach. It is a spe-
cific form of composite material that retains the most significant quantity of one or 
more types of PCM while exhibiting no leakage at melting temperatures. Although 
the two latter strategies are the most expensive to adopt, they are also the most reli-
able. Reliability analysis shows that the PCM cycles (melting/solidification) are 
repeated with high performance without degradation, which is critical for long-term 
applications like buildings. As shown earlier, porous materials possess critical a role 
in shape stabilization by providing accommodation space for the PCM and nanopar-
ticle. Hence, various types of porous materials have been investigated such as porous 
carbon, graphite scaffolds, polyurethane foam, silica scaffolds, and clays, as shown 
in Figure 7.9, which highlights the properties also. 

Type of shape stabilization based on dimension of shape-stabilized material made 
via electrospinning. 

1. One dimension in relation with electrospinning 
2. Two dimensions in relation with carbon derivatives 
3. Three dimensions in relation with carbon derivatives 

7.7 ENCAPSULATION 

Encapsulation is an effective way to prevent PCM leakage and improve its compat-
ibility with building structures. Encapsulation involves wrapping the PCM with a 
shell to protect it from the outside environment and prevent leakage. This approach 
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FIGURE 7.10 Steps of fabrication of macroencapsulated bricks in buildings. 

is also required to improve the heat transfer area and, as a result, the thermal con-
ductivity of a PCM in order to maximize its storage capacity.30 The PCM can be 
macroencapsulated using shells, tubes, channels, or thin plates or microencapsulated 
with a unique polymeric substance covering the micro-sized PCM. 

The encapsulation material in both ways should have distinct properties, such as 
preventing leakage, keeping all thermal properties of the PCM, not reacting with the 
PCM, being compatible with the PCM and its application, giving structural stability, 
and securing handling. Additionally, it should regulate any volumetric change in 
the PCM during phase shifts and provide enough protection for the PCM against 
environmental degradation, as well as strong thermal conductivity and mechanical 
strength across the PCM life cycle. Pipes, panels, and foils constructed of aluminum, 
copper, and stainless steel are often used for macroencapsulation because they pro-
vide excellent thermal conductivity, compatibility, and mechanical strength support 
to construction materials. The encapsulation of PCM can be done in bricks, as shown 
in Figure 7.10, and used to make the building. 

7.7.1 MACROENCAPSULATION 

PCMs have weak heat conductivity in general. Because the PCM is covered with 
low-thermal-conductivity polymeric materials, microencapsulation raises this matter. 
The thermal conductivity of a PCM can be enhanced by employing metal pipes made 
of copper, brass, and aluminum and their corrosion resistance over time. PCM macro-
encapsulation pipes have greater potential than microencapsulation pipes since they can 
be made quickly and cheaply, have a broader space that enables more PCM quantity to 
be incorporated, and preserve volumetric changes during cycles. The passive inclusion 
of PCMs into the building envelope is not always suffcient due to the failure of melting 
or solidifcation processes due to intense solar radiation, which overheats the PCM, or 
a shortage of the solidifying medium. Active strategies are indicated in such instances. 

The research explored the possibility of PCM-integrated building envelopes, a 
developing technology for improving building performance. The PCM technology 
demonstrated a significant increase in building thermal energy, either by reducing 
unwanted thermal loads or regulating thermal demand, consequently positively influ-
encing thermal comfort and building energy savings. A general review6 of recent 
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studies was conducted considering the major PCM types, encapsulation methods, 
influential parameters, and incorporation strategies with building envelope materi-
als, primarily for roofs and external walls. The following are some of the findings 
that can be taken from the current studies. 

The appropriate location is very crucial in installing PCMs into the building shell. 
However, the most appropriate assertion is that the PCM layer should be placed 
closer to the heat source. For example, the PCM should be near the outside envelope 
layers in warmer areas. The primary reason for this is that the PCM acts as a heat 
barrier (insulation) in these conditions. Hence, the stored heat should be as far away 
from the indoors as feasible to avoid any unwanted heat emittance and to make use 
of the night cooling effect throughout the evening. Under cold conditions, the PCM 
layer acts as a heat provider (that is, it prevents/restricts heat from escaping from the 
interior to the exterior, stores the heat, and then releases it back to the interior due to 
temperature difference); consequently, it should be as near to the interior as feasible. 
For example, MgCl

2
·6H

2
O and CaCl

2
·6H

2
O filled in aluminum compound foil in 

cuboid, cylindrical, plate-shaped, and spherical macroencapsulations, as shown in 
Figure 7.11. The results showed a cuboid block having 1.5 kg PCM melting slowly as 
compared to a spherical shape. In another example, steel container can be used as a 
container (Figure 7.12a), copper tubes as a container (Figure 7.12b), and aluminum 
panels (Figure 7.12c) for PCM encapsulation, as shown31,32 in Figure 7.12. 

FIGURE 7.11 Encapsulation of PCM in plate-shaped (a,b,c,d), spherical (e), cylindrical 
(f,g), and cuboid (h,i) aluminum containers.33 
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FIGURE 7.12 Macroencapsulation in (a) wooden containers, (b) copper tubes, and (c) 
aluminum panels.31,32 

7.7.2 MICROENCAPSULATION 

At the advanced level, microencapsulation is tested for the building envelope. The 
various microencapsulation types, technologies, applications, and release mech-
anisms have been covered with additives in building construction materials. As a 
result of microencapsulated additives in building materials, the following advance-
ments have been mentioned in patents: increased freproofng; improved freeze and 
freeze–thaw resistance; reduced expansion and degradation of concrete and mortar; 
improved hydration of concrete and mortar mixes in the compression-molding pro-
duction of building elements; reduction in thermal cracking due to heat release by 
cement hydration; reduction in water absorption of hydraulic cement sheets; insula-
tion or noise absorption; protection of building materials against mildew, bacteria, 
insects, and rodents. Insulating materials based on microencapsulated phase change 
materials (PCMs) for active heat collection and release are the fastest-expanding cat-
egory. Microcapsules with high mechanical resistance are required to allow revers-
ible liquid–solid–liquid phase transitions and to safeguard the PCM during the entire 
product life cycle. Microencapsulated light walls can be conceived for green build-
ings, as shown in Figure 7.13. 

The disadvantages of the passive integration approach are mostly connected 
with the inability to fully use PCMs’ storage capacity, unguaranteed phase transi-
tion (charging/discharging), and uncontrolled direction of stored heat. Also, little 
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FIGURE 7.13 Lightweight microencapsulated PCM wall.34 

emphasis has been placed on the thermal behavior and positive characteristics of 
PCM-incorporated structures in adverse weather conditions. With extreme heat, the 
PCM melts entirely in the early morning hours. To avoid malevolent behavior, the 
stored heat must be discharged immediately. The passive approach is insufficient in 
this circumstance, and the nocturnal ventilation strategy is worthless. As a result, an 
alternate discharge medium, such as geothermal energy, is required to prepare the 
PCM for the next day’s cycle. Under chilly conditions, the sun-exposed building ele-
ment passively stores heat in the PCM throughout the day and then releases it when 
the temperature drops. Nevertheless, solar radiation is often minimal in frigid places, 
making it unable to heat the envelope layers, including the PCM. As a result, active 
solar energy use, such as solar collectors, is necessary. The main disadvantage cited 
in building applications is PCMs’ low heat conductivity. This problem results in par-
tial charging and discharging during the phase transition, impacting the PCM stor-
age capacity in the subsequent cycle. Some researchers have investigated this issue 
experimentally using various methods such as high-thermal-conductivity encapsu-
lation materials, nanoparticle immersion, fins, copper fumes, metal matrices, and 
carbon fibers to accelerate the melting and freezing processes. Further experimental 
research on the use of such approaches is necessary. 

7.8 GEOTHERMAL ENERGY STORAGE 

A great way to incorporate renewable and sustainable energy sources into green 
building design is through geothermal energy. The following are some ways that 
geothermal energy might support green construction initiatives: 
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1. Renewable energy resource: Geothermal energy is a practically limitless 
source of renewable energy. It is dependent on the heat that the Earth nat-
urally retains, which the planet’s internal energy sources constantly renew. 
Geothermal energy is used by green buildings to lessen their dependency on 
fossil fuels, making their energy mix more sustainable. 

2. Reduced carbon footprint: Green structures work to reduce their carbon 
footprint and environmental impact. This objective is aided by geothermal 
energy because it lessens the need for fossil fuel-based heating and cool-
ing systems. Green buildings can dramatically reduce their carbon dioxide 
(CO

2
) and other greenhouse gas emissions related to building operations by 

installing geothermal heat pumps. 
3. Ambient quality: Geothermal systems provide effective and reliable heat-

ing and cooling, resulting in improved indoor comfort and air quality. They 
can keep indoor temperatures constant all year round, reducing temperature 
swings and enhancing occupant comfort. Geothermal systems also don’t 
need combustion processes, which lowers the danger of indoor air pollution 
and raises indoor air quality. 

4. Robust construction: Geothermal systems are renowned for their longevity 
and robust construction. The subsurface parts, like the plumbing system, 
can last for many years with little upkeep. The concepts of green buildings, 
which emphasize the use of robust materials and systems to limit waste and 
the need for frequent replacements, are in line with this lifespan. 

5. LEED certifcation: LEED certifcation is a well-known green building 
rating system. LEED stands for Leadership in Energy and Environmental 
Design. Energy and atmosphere and indoor environmental quality are two 
categories where geothermal systems might help achieve LEED points. 
Green buildings can raise their total LEED certifcation level by using geo-
thermal energy. 

6. Resilience and energy independence: When compared to traditional heat-
ing and cooling systems, geothermal energy systems are less sensitive to 
changes in energy pricing and supply. Green buildings can increase their 
resilience and lessen reliance on outside energy sources by utilizing a 
renewable energy source that is already present on the property. 

When planning and installing geothermal systems for green buildings, it’s crucial 
to collaborate with knowledgeable architects, engineers, and geothermal specialists. 
They can assist in ensuring proper system sizing, effective fusion with other architec-
tural elements, and compliance with regional laws and standards. 

7.8.1 GEOTHERMAL HEAT PUMPS 

Geothermal heat pumps (GHPs) employed in green structures are incredibly energy 
effcient. When compared to conventional heating and cooling systems, they can 
achieve signifcant energy savings. GHPs may provide space heating, cooling, 
and hot water with less energy use by utilizing the Earth’s constant temperature, 
which lowers greenhouse gas emissions and lowers overall energy demand. Heat 
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pump-based geothermal energy utilization is the current trend for energy-effcient 
and long-term housing complexes provided the availability of this energy source. 
Building-integrated geothermal energy systems have the potential to minimize the 
built environment’s energy consumption. Every attempt is made within the green 
building concept to reduce energy use. Using electricity, heat pumps transfer heat from 
one location to another. Refrigerators and air conditioners are two typical heat pump 
examples. Buildings can be heated and cooled using heat pumps. Year round, the 
temperature at about 30 feet below the surface ranges between roughly 50 °F (10 °C) 
and 59 °F (15 °C), as shown in Figure 7.14. This means that soil temperatures are 
typically warmer in the winter and cooler in the summer than the surrounding air at 
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 FIGURE 7.14 Geothermal heat pump circuit diagram for a building.35 
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some specifc places. The steady underground temperatures are used by geothermal 
heat pumps (GHPs) to effectively exchange heat, cooling homes in the summer and 
heating them in the winter. Many of the passive dwellings rely heavily on ventilation 
and GHP. 

7.9 CHEMICAL ENERGY STORAGE 

Chemical energy storage in buildings is the method of storing energy in the form 
of chemical compounds inside the infrastructure of a building. This energy storage 
may be utilized to power the building’s numerous electrical and mechanical systems. 
The usage of batteries is a frequent example of chemical energy storage in structures. 
Batteries are chemical compounds that store energy and may be used to power vari-
ous pieces of equipment within a structure, including emergency lights, security sys-
tems, and backup generators. Hydrogen fuel cells are another example of chemical 
energy storage in buildings. By mixing hydrogen and oxygen, hydrogen fuel cells 
generate energy that may be used to operate a building’s heating and cooling systems 
and other electrical equipment. 

Supercapacitors and compressed air energy storage devices are examples of other 
types of chemical energy storage in buildings. These technologies store energy in 
various chemical compounds and can power various building systems and gadgets. 
Overall, chemical energy storage in buildings is a critical technology for increas-
ing energy efficiency and lowering the environmental effect of building operations. 
As renewable energy sources, chemical energy storage in buildings is anticipated to 
become more significant in guaranteeing a dependable and sustainable energy supply. 

7.9.1 BATTERY STORAGE 

Battery storage devices are becoming increasingly signifcant in the construction of 
green buildings. Instead of relying only on the electrical grid, these systems store energy 
from renewable sources such as solar and wind. This minimizes the carbon footprint 
of the building and contributes to a more sustainable future. The green building design 
has numerous ways to take advantage of battery storage. For starters, battery storage 
systems provide greater energy independence. With the increased usage of renewable 
energy sources such as solar and wind power, battery storage systems can store energy 
generated during peak hours and utilize it during off-peak hours. This lessens reliance 
on the electrical grid, which is frequently fueled by fossil fuels. Buildings may lower 
their carbon impact and save money on electricity by storing energy locally. 

Second, during power outages, battery storage systems provide energy resiliency. 
Power outages are becoming more widespread as extreme weather events become 
more regular due to climate change. During severe outages, battery storage devices 
can supply backup power, ensuring that essential systems like lights and refrigeration 
continue to work. This is especially vital for hospitals, data centers, and other critical 
infrastructure that requires continuous electricity. 

Third, battery storage devices can aid in the reduction of peak demand on the 
electrical grid. The electrical grid in many locations cannot meet the heavy demand 
during peak hours, resulting in power outages or blackouts. Battery storage devices 
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may store energy during off-peak hours and discharge it during peak hours, minimiz-
ing grid pressure. This can assist in averting power outages and blackouts and reduc-
ing the need for costly grid improvements. In another way, battery storage devices 
can aid in the balance of energy supply and demand. Renewable energy sources such 
as solar and wind are intermittent, producing electricity only when the sun shines or 
the wind blows. Excess energy produced during peak hours can be stored in battery 
storage systems and released during off-peak hours when demand is high. This aids 
in the balance of energy supply and demand, ensuring that energy is accessible when 
it is required. 

Lastly, battery storage devices can assist buildings in lowering their carbon 
impact. Buildings may lessen their dependency on fossil fuels and the electrical grid 
by storing energy locally. This lowers greenhouse gas emissions and contributes to 
a more sustainable future. Furthermore, by alleviating strain on the electrical grid, 
battery storage devices can assist in lessening the demand for new power plants fre-
quently fueled by fossil fuels. 

7.10 MECHANICAL ENERGY STORAGE 

Building-integrated fywheel energy storage is a technique that stores energy in 
buildings using fywheels. A fywheel is a mechanical device that rotates and stores 
energy as rotational kinetic energy. In this technique, a fywheel is coupled to an 
electrical generator, and energy is stored when the fywheel is spun up to a high 
speed. When energy is required, the fywheel slows down and converts the stored 
kinetic energy back into electrical energy. 

The advantages of building-integrated flywheel energy storage are its high effi-
ciency, quick response times, and capacity to supply a consistent and stable power 
source. It also has a long lifespan and requires minimal upkeep. Nevertheless, the 
technology is still in its early phases of development, and significant hurdles remain, 
such as the requirement for accurate flywheel balance and safety considerations con-
nected to high-speed spinning. 

Notwithstanding these obstacles, building-integrated flywheel energy storage has 
the potential to become a vital element of the future energy mix, especially for struc-
tures that require a high level of reliability and resilience. It may also be used with 
renewable energy sources like wind and solar, assisting in the transition to a cleaner 
and more sustainable energy system. 
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Renewable Energy 
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8.1  INTRODUCTION 

Energy consumption is increasing due to rising living standards and digitalization. 
However, the proportion of renewable energy sources in total energy consumption is 
increasing. Global warming and environmental issues are still rising due to the use 
of renewable energy. Fossil-fuel basedenergy sources pollute the environment and 
deplete resources more than others. According to environmental pollution studies,1 

the most signifcant polluters are fossil-fuel based energies. The most common type 
of energy is still fossil-fuel based energy. Furthermore, the consumption of renew-
able energy sources is very low. As a result, it is critical to increase the use of renew-
able energy, which produces cleaner and lower-emissions energy. Clean energy use 
incentives for buildings should be appropriate. Renewable energy can meet needs 
such as heating, refrigeration, and lighting. 

The construction industry rapidly expanding and investing 30–40% of essential 
global resources.2 After industry and agriculture, modern buildings have become 
the third largest consumer of fossil energy.3 The Asia-Link program is an initia-
tive by the European Commission to promote and spread knowledge on sustainable 
built environments with a nearly zero-energy approach. Various application such 
as water heating, heating/cooling and electricity generation are mature technologies 
integrated with green building technology. As a result, building sustainability assess-
ment is becoming increasingly crucial for long-term development, particularly in the 
building sector worldwide. Reducing the loss of vital resources like energy, water, 
and raw materials; halting environmental deterioration brought on by buildings and 
infrastructure throughout their lives; and designing constructed environments that 
are secure, effective, and economical for water and solar energy use were the main 
objectives of sustainable design. 

Rainwater harvesting, solar heating and cooling are passive solutions that make 
buildings self-sustainable. Passive heating designs are integral to passive buildings in 
cold countries, such as Sunspace, Trombe walls, air handling units with air-air heat 
exchangers, and air tightness with the required air change per hour. Similarly, passive 
cooling, such as water evaporation, roof cooling, earth-water heat exchange, roof tex-
ture design, and downdraft space cooling, provides comfort in hot and dry regions. 

https://doi.org/10.1201/9781003415695-8


Thermal Evaluation of Indoor Climate and Energy Storage in Buildings 

 

 

220 

Because buildings are the world’s largest energy-consuming sectors, causing 
energy inefficiency, they can serve as a promising target with the most significant 
potential to achieve the common goal of sustainable development. Nonetheless, 
excessive building energy consumption has negative environmental consequences 
such as air pollution, the greenhouse effect, the urban heat island effect, and oth-
ers, which can harm human health and social economy development.1 The most sig-
nificant source of environmental pollutants is derived from fossil fuels. However, 
fossil-fuel based energy accounts for 84.7% of total global energy consumption. 
Renewable and nuclear energies account for 5% and 4% of total primary energy 
consumption, respectively.2 

The International Energy Agency (IEA) suggests that buildings are a significant 
energy consumer, accounting for half of total consumed electricity and one-third of 
total consumed natural gas. It also highlights that construction activities are respon-
sible for one-third of global greenhouse gas emissions.3 Using alternative energy like 
solar energy, wind energy, geothermal energy, and biomass energy instead of fossil 
fuels or limited natural resources is one of the most effective ways to save energy in 
buildings. This way, both preserving and protecting our resources for future genera-
tions and environmental values are not jeopardized. 

8.2 RENEWABLE ENERGIES FOR BUILDINGS 

To make buildings energy effcient and cost effective for residents, various renewable 
energy sources can be utilized. Also, some sustainable practices will lead to better 
management of natural resources. Solar energy is the most prominent energy source 
for buildings; other than this, wind energy, biomass energy, hydrogen energy, and 
geothermal energy are used. These energy sources can be used directly or indirectly 
for environmentally friendly buildings. Renewable energy sources are derived from 
the existing energy fow in continuous natural processes. Figure 8.1 shows the differ-
ent renewable energy sources that can be used as passive and active method. 

The importance of energy consumption gradually crept into engineering consid-
erations during the early stages of design. Furthermore, sustainability is regarded as 
the most critical factor in system design in the first decade of the twenty-first cen-
tury. Following the industrial revolution is unquestionably the best time for another 
revolution. This transition confronts the consequences of the previous century’s 
resource exploitation. Throughout the life of a building, energy is utilized for various 
purposes. Heating/ventilation/air conditioning (HVAC) systems that provide com-
fort conditions during the usage phase consume 94.4% of the total energy. To lessen 
this rate, passive strategies and renewable energy sources should be used instead of 
mechanical systems to provide occupant comfort. More appropriate physical situa-
tions for human health can thus be developed within the buildings. 

8.3 SOLAR ENERGY 

A limitless source of light and heat energy is the sun. The fundamental idea behind 
using solar energy in buildings is to utilize thermal radiation falling on the earth’s 
surface in the 300 to 3000 nm wavelength range. Outside the earth’s atmosphere, solar 
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FIGURE 8.1 Renewable energy available for building usage. 

fux reaches up to 1360 W/m2; however, a signifcant proportion of it gets refected 
and lost into the atmosphere while traveling toward the earth’s surface. The sun’s 
thermal energy fows through conduction, convection, and radiation. Building design 
controls these natural processes and facilitates warming and cooling of the structure. 
Figure 8.2 illustrates the solar radiation projection on a building that highlights the 
proportion of solar radiation that gets refected and absorbed. Throughout the day, 
the apparent motion of the sun varies the solar fux intensity. Photovoltaics, solar 
heating and cooling, and concentrating solar power are the three primary approaches 
for utilizing solar energy. To power anything from small devices like calculators 
and traffc signs up to homes and substantial commercial enterprises, photovoltaics 
directly convert sunshine into electricity via an electrical process. Both solar heating 
and cooling (SHC) and concentrating solar power (CSP) applications employ the heat 
produced by the sun to run conventional electricity-generating turbines in the case 
of CSP power plants or to offer space or water heating in the case of SHC systems. 
Solar energy is a very adaptable energy source that may be produced by utility-scale, 
central-station solar power plants or distributed generating systems that are placed 
at or close to the point of use (like traditional power plants). Both approaches utilize 
cutting-edge solar + storage technologies to store the energy they generate for distri-
bution when the sun sets. 
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FIGURE 8.2 Interaction of solar irradiation with building.4 

8.3.1 PASSIVE USE 

Solar energy can be directly used for buildings as per the comfort of occupants. 
Passive uses of solar energy consist of the direct use of beam radiation for air con-
ditioning of inside spaces with the help of construction design and architecture of 
the building without including any auxiliary active equipment for the same. The 
passive solar design uses a building form and shell to accept, store, and distribute 
energy from renewable sources appropriate for buildings. Passive systems primarily 
use solar energy and fresh air to heat, cool, and light spaces without mechanical or 
electrical equipment. 

8.3.1.1 Passive Heating 
The idea behind passive heating is to utilize the solar energy directly as thermal 
energy for heating, storage, or distribution in building. In a passive system, build-
ing orientation like south-facing windows, dark fooring materials, and designs like 
facades and louvers are selected in a way to optimize the parameters that infuence the 
building performance. Worldwide, on average, solar irradiance is around 5 kWh/m2 

on the earth surface. India receives 4–7 kWh/m2 on an average day. The amount 
of energy entered is based on the size of the opening of a window, roof, or door. 
The building envelope’s thermal insulation and sealants are essential for conserving 
the energy acquired. The placement of the building’s components and their thermal 
effciency affect how much energy can be stored. The residence of the philosopher 
Socrates, who lived between 470 and 399 bc, is the most straightforward illustration 
of passive heating, as shown in Figure 8.3. This home is designed with a compact 
construction and a trapezoidal plan, with the long side facing the sun and the north-
ern side minimized to provide maximum productivity. When the sun’s orbit is in the 
summer, the overhang on the roof’s south side offers protection; in winter, it lets the 
sun below illuminate the structure. To protect against winter winds, the roof slopes 
down in the back.5 
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FIGURE 8.3 Design of a building for passive heating.6 

8.3.1.2 Natural Lighting 
Natural lighting, also referred to as daylighting, is a method that effectively brings 
natural light into your home using exterior glazing (windows, skylights, etc.), which 
lowers the need for artifcial lighting and saves energy. Lighting-related energy use 
accounts for 70% of global energy consumption. Seventy percent of the lighting 
requirements can be met by the sun with the appropriate design. The rate in typical 
buildings is 25%. The need for artifcial lighting can be decreased by using daylight 
as much as possible to illuminate buildings’ spaces following visual comfort require-
ments. Using the ample apertures still present in the building envelope is the simplest 
method for obtaining natural lighting. These are examples of traditional homes with 
window confgurations that let in enough natural light. With roof windows or light 
tubes, natural illumination can be given in locations lacking ideal facades for direct 
sunlight. Opening skylights on roofs when the roof element covers the inner space 
can bring in natural lighting in Figure 8.4. 

8.3.1.3 Natural Ventilation 
The energy needed for mechanical ventilation of buildings could be signifcantly 
reduced with natural ventilation. Compared to mechanical ventilation systems, these 
natural ventilation systems may result in lower initial and ongoing expenditures while 
maintaining ventilation rates consistent with acceptable indoor air quality. Also, 
those living in apartments with natural ventilation reported fewer symptoms than 
those living in buildings with ventilators.4 Natural ventilation can enhance indoor 
environmental conditions, which enhances occupant productivity by lowering absen-
teeism, healthcare expenses, and worker output. Natural ventilation uses the wind 
and the “chimney effect” to circulate air and keep a house cool. Natural ventilation 
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FIGURE 8.4 Natural lighting in a building.7 

FIGURE 8.5 Configuration of opening in a building for natural ventilation.8 

performs best in dry climates and in other climates during moderate weather when 
evenings are cool. 

Depending on how our windows face the wind, it will air our home naturally by 
blowing through or leaving them open. When the wind blows against your house, it 
forces air into the windows on the side that faces the wind, while the leeward (down-
wind) side of the home experiences a natural vacuum effect that tends to pull air out 
of the windows. To illustrate this, Figure 8.5 shows the configurations of openings 
for natural ventilation. Broadly, three types of arrangement can be done: single-side 
ventilation, cross ventilation, and stack ventilation. To use the cooling sea breezes 
in coastal areas, many seaside buildings feature large, openable windows facing the 
ocean. Natural ventilation for drier areas entails limiting heat accumulation during 
the day and venting at night. 

• Benefits of natural ventilation 
• Direct cooling: Outdoor air replaces the warm air generated inside the 

building due to internal work output. Fresh outdoor air creates a pleasant 
and comfortable ambiance for the occupants. 

• Air quality: Natural ventilation sweeps the inside low-oxygenated 
air and replaces it with fresh air that improves the air quality for the 
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occupants. It became very signifcant in a heart patient with a natural 
breathing problem.5 

• Nighttime cooling: Cold nighttime exterior air is indirectly used to 
pre-cool thermally signifcant building fabric components or a thermal 
storage system to cool interior building spaces. 

8.3.1.4 Desalination 
Solar energy can be used to desalt brackish or saline water by evaporation and con-
densation to obtain fresh water. For this purpose, a solar still device is used that was 
conceived at an early stage. The passive mode of desalination achieved by conven-
tional solar stills does not support any additional support to enhance productivity. 
Its performance depends mainly on solar fux and ambient conditions (temperature 
and wind). However, with some signifcant design modifcations and material selec-
tion, the performance of solar stills can be improved. Solar stills can be installed on 
the rooftop of the building just like a solar panel to utilize solar energy. Figure 8.6 
describes the overall heat transfer phenomenon inside and outside of a solar still. 
Inside the solar still, mainly convective, radiative, and evaporative heat transfer takes 
place. Upon solar heating, basin water starts radiative (Q

rw
) and convective (Q

cg
) heat 

transfer along with evaporative mass transfer (Q
ew

). Simultaneously, convective heat 
transfer (Q ) takes place from the boundary wall to the basin water. From the 

conv.b-w 

condenser surface, ambient, radiative (Q
rg
), and convective (Q

cg
) heat loss takes place 

under the solar intensity “I”. Additionally, bottom loss from the solar still takes place 
via conduction heat transfer. 

Solar stills use the sun’s energy to evaporate water and then condense the vapor to 
produce clean drinking water. The process involves several heat transfer mechanisms. 

FIGURE 8.6 Heat transfer involved in a solar still.9 
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The first mechanism is solar radiation. Solar stills are designed to absorb and trap 
as much solar radiation as possible. The absorbed solar radiation heats up the still’s 
interior, which in turn heats up the water inside the still. 

The second mechanism is conduction. The heat generated by the absorbed solar 
radiation is transferred to the still’s walls through conduction. The walls of the still 
act as a barrier between the hot interior and the cooler external environment, reduc-
ing heat loss. 

The third mechanism is convection. As the water inside the still is heated, it 
becomes less dense and rises to the top of the still. Cooler water from the top of the 
still then flows down to replace it, creating a natural convection current. This helps 
to distribute heat evenly throughout the still. 

The fourth mechanism is evaporation. The heated water inside the still evaporates 
and turns into water vapor. The vapor rises to the top of the still and comes into 
contact with the still’s cool surface. As the vapor cools, it condenses back into liquid 
water, which is collected and used as drinking water. Overall, solar stills use a com-
bination of solar radiation, conduction, convection, and evaporation to transfer heat 
and produce clean drinking water. 

The use of solar desalination for buildings is crucial because it encourages sus-
tainable methods for managing water resources and lessens reliance on traditional 
water sources. Here are some of the main arguments in favor of solar desalination in 
green construction: 

• Water scarcity: Due to the world’s growing population and the effects of 
climate change, water resources are becoming increasingly scarce. Green 
buildings may help by preserving and managing water resources. Saline 
or brackish water can be converted into fresh water utilizing renewable 
energy sources through solar desalination, relieving demand for freshwater 
supplies. 

• Energy effectiveness: Solar desalination systems use a lot less energy than 
conventional desalination methods, which use a lot of electricity. Green 
buildings can lessen their carbon footprint and aid in the fight against 
climate change by utilizing solar energy. 

• Savings: Compared to conventional desalination technologies, solar 
desalination systems can be significantly less expensive, especially in 
regions with expensive power. Solar desalination can also be applied on a 
smaller scale, which makes it more accessible and economical for towns or 
specific structures. 

• Resilience: Green buildings equipped with solar desalination systems can 
withstand water shortages or interruptions in the water supply. Buildings 
can become independent and less reliant on outside forces by having a 
decentralized source of water. 

• Health and safety: Finding access to clean, safe drinking water is a serious 
problem in many places of the world. Solar desalination can enhance public 
health by supplying a reliable source of fresh water and lowering the threat 
of waterborne illnesses. 
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In conclusion, solar desalination is a crucial technological advancement for encour-
aging sustainable water management strategies and minimizing the environmental 
impact of construction. Solar desalination systems in green buildings can help create 
a more sustainable future by preserving resources, consuming less energy, and fos-
tering resilience. 

8.3.2 ACTIVE USE 

In terms of gathering solar energy, storing collected heat, and distributing heat to 
spaces, active solar systems are distinct from passive techniques, which rely on the 
structure of the building. The active systems use devices for storing, collecting, and 
distributing solar energy for residents’ comfort. Active solar energy systems include 
all of the mechanical and electronic elements that convert the solar radiation absorbed 
by purpose-built collectors into the desired form of energy and allow it to be used 
in the structure. These systems can convert solar radiation into heat and electrical 
power.10 These systems convert solar radiation into energy and are classifed into 
two types based on the energy they produce: solar thermal systems, which generate 
heat energy, and photovoltaic (PV) systems, which generate electrical power. These 
systems are described briefy herein. 

• Solar Space Heating 

Solar heating systems may directly heat water, air, etc. by converting solar radi-
ation into thermal energy through collectors; alternatively, all mechanical and elec-
tronic systems that are used in a storage unit for evaluation and usage are referred 
to as “solar heating systems.” Structures employ solar active heating systems for 
space heating, pool water heating, air conditioning, and air preheating. The basic idea 
behind heating systems is to collect heat via collectors, store it, and then distribute it 
to the appropriate locations for later consumption.10 Solar energy can also be used for 
water heating and air heating for different purposes, as follows. 

1. Active solar water heating 
2. Active solar air heating 

In active solar water heating, water is circulated by a pump; it is heated by solar 
radiation. To achieve this, copper tubes are used through which water runs, and 
to increase the solar absorption, area augmentation is done by providing long fins. 
The maximum temperature reaches the desired limit by altering the solar concen-
tration. In a natural solar water or passive water heater, a greenhouse effect comes 
into play that helps to achieve a maximum 80°C temperature. The commercial 
name is evacuated tube collectors (ETCs). Figure 8.7 shows a prototype model at 
CERD Lab, Mechanical Engineering Department, Indian Institute of Technology 
Banaras Hindu University, IIT (BHU) that has wide applications in food pro-
cessing and in chemical, pharmaceutical, textile, and heavy metal industries for 
pre-processing. 
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FIGURE 8.7 Solar water heaters (a). Schematic diagram of an active water heater.11 

(b). Prototype model of a passive water heater. 

• Solar Air Heater 

The primary goal of the air heater is to utilize solar energy to heat the air and 
to enhance heat extraction from the absorber while minimizing heat losses from 
the collector’s front cover. This can be accomplished by forcing air to pass through 
the front glass cover before entering the absorber (preheating the air). To illustrate 
a conventional design of solar air dryer, Figure 8.8 highlights the dryer section, 
solar absorption panel and blower section available at the CERD lab, Mechanical 
Engineering department, IIT (BHU). The design requires an additional cover (double 
pass) to create a counter-flow heat exchanger. A large area for heat transfer is created 
by porous media, where the volumetric heat transfer coefficient is relatively high. 
A porous absorber should be used to improve heat transfer from the absorber to the 
airstream. The pressure drop should be kept to a minimum when designing this sort 
of collector, which combines a double air route with a porous material. 

Insolation, the solar energy from the sun, is absorbed by an absorbing media and 
used in solar air heating, a solar thermal technique, to heat the air. Solar air heating 
is a renewable energy heating method to heat or condition the air in buildings or for 
heat process applications. 

• Photovoltaic Panels 

Photovoltaics (often abbreviated as PV) is a technology that converts sunlight 
directly into electricity. PV cells are made of semiconductor materials, usually sili-
con, that absorb photons from sunlight and release electrons, which are captured by 
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FIGURE 8.8 Solar air dryer. 

an electric circuit to produce an electric current. This technology is widely used in 
solar panels to generate electricity for residential, commercial, and industrial appli-
cations. The solar power industry is a growing industry in India. In 2015, the Indian 
government set a target to achieve 100 GW of solar capacity, including 40 GW from 
rooftop solar. 

PV technology has rapidly advanced in recent years, improving efficiency, cost, 
and durability. Solar panels can now be found in various sizes and configurations, 
from small portable chargers to large-scale power plants. PV technology is a vital 
component of the global transition to renewable energy, as it provides a clean and 
sustainable source of electricity. These panels are conveniently used for building 
power supplies to cut down the fossil-fuel basedpower to make green buildings with-
out any carbon footprint. Although this system is not worth it in case of cloudy and 
nighttime conditions, to counter this, battery storage can be used with an inverter to 
continue the supply. Solar photovoltaic (PV) materials can convert sunlight directly 
into electricity. There are several solar PV materials, but the most commonly used 
ones are silicon-based. Silicon is the second most abundant element on Earth, and 
it is widely used in solar cells due to its ability to convert sunlight into electricity 
efficiently. Silicon solar cells are made by doping two silicon layers with impurities 
to create a p–n junction. When sunlight hits the cell, it creates an electric field at the 
p–n junction, which separates the charges and generates electricity. 



Thermal Evaluation of Indoor Climate and Energy Storage in Buildings 

  

  

  

  
 

 

 

 

 

230 

Other types of solar PV materials include: 

• Thin-film materials: These are made by depositing thin layers of semicon-
ductor material on a substrate. Examples include cadmium telluride (CdTe) 
and copper indium gallium selenide (CIGS). 

• Plastic solar cells: These are made from organic molecules that can absorb 
sunlight and generate electricity. They belong to organic electronics in 
which conductive organic polymers are studied that absorb sunlight and 
transport charge for electricity generation. Examples include polymers and 
small molecules like fullerene. 

• Perovskite materials: These are a class of materials that have recently 
emerged as promising candidates for solar cells. They have high efficiency 
and can be easily fabricated. Perovskite solar cells have shown promising 
improvement in their efficiency from 3% in 2009 to 25% in 2022. Apart 
from their stability and durability, which indicates their natural degradation 
issue in operational life, these materials have shown their capability to cap-
ture the market soon and replace silicon-based photovoltaic cells. 

Buildings can produce electricity in a number of ways using photovoltaic (PV) pan-
els. Here are a few typical ways that PV panels are used in architecture: 

• PV panels are frequently installed on rooftops to produce electricity for the 
building. Rooftop solar panels are a well-liked alternative because they don’t 
require any extra room and can lessen the building’s reliance on the power grid. 

• Building-integrated photovoltaics (BIPV) is a design strategy that inserts 
PV panels onto the roof outside of buildings, such as at walls, facades, 
or windows. This strategy can generate electricity while also assisting in 
lessening the PV panels’ visual impact on the building. As shown in Figure 8.9, 
a grid-connected solar panel provides the power to run the house, and excess 
power is supplied to other places via grid connections. 

• Solar carports are structures that are made to shade parked cars and produce 
power from PV panels that are put on the top. This is a common choice 
for business structures with sizable parking lots, as shown in Figure 8.10. 
There are several advantages to using solar carports. Solar carports provide 
straightforward and affordable alternatives to sophisticated and pricey roof-
mounted systems. Solar-powered carports, instead of giving up precious 
real estate, make use of already-existing parking lots to generate electricity. 
Solar carports have the potential to significantly boost the overall energy 
production of your solar project by using parking lots in addition to the roofs 
of existing buildings. Solar trellis and carport structures that are permanently 
installed require little to no maintenance and provide simple access to the 
panels for servicing and maintenance. Autos can park under cover or in the 
shade thanks to solar carports. 

• PV systems can be ground mounted. PV panels may also be positioned close 
to a structure on the ground. This strategy is frequently applied to larger 
structures or structures with a small amount of roof space. 
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FIGURE 8.9 Photovoltaic panels on the rooftop of a building.12 

FIGURE 8.10 Carports near business structures.13 

• Mobile offices and construction trailers can both be powered by portable 
solar panels, which are compact, lightweight constructions. These panels 
are simple to move and set up anywhere is necessary. 

In a community solar project, several residences or businesses share the electricity 
produced by a bigger PV system that has been built nearby. This strategy is gaining 
popularity as a means of supplying solar energy to structures that are unable to install 
PV panels on their own. 

PV panels are designed to capture sunlight and convert it into electricity. They 
are made up of multiple solar cells that are connected together and enclosed in a 
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protective casing. When sunlight strikes the solar cells, it causes electrons to be 
released, which are then captured by the panels and used to generate electricity. 
There are several types of PV panels available, each with their own advantages and 
disadvantages. The most common types of PV panels include monocrystalline, poly-
crystalline, and thin-film panels. Monocrystalline panels are the most efficient and 
have the highest power output, but they are also the most expensive. Polycrystalline 
panels are less expensive than monocrystalline panels, but they are also less efficient. 
Thin-film panels are the least expensive and have the lowest power output, but they 
are also the most flexible and can be used in a variety of applications. 

There are numerous advantages to using PV panels in building design. Here are 
some of the most significant benefits. 

• Renewable energy source: PV panels use sunlight, which is a renewable 
energy source, to generate electricity. This means that they have a lower 
environmental impact than fossil fuel-based energy sources, which contrib-
ute to climate change. 

• Energy efficiency: PV panels can be used to generate electricity on-site, 
reducing the need for energy from the grid. This can result in lower energy 
bills and a more energy-efficient building. 

• Reduced carbon footprint: By generating electricity from a renewable 
energy source, PV panels can help to reduce the carbon footprint of a 
building. This can help to reduce greenhouse gas emissions and mitigate 
climate change. 

• Increased property value: Buildings with PV panels installed are often 
considered more valuable than those without. This is because they are seen 
as being more energy efficient and environmentally friendly. 

• Energy independence: PV panels can provide energy independence, 
allowing buildings to generate their own electricity. This can be particularly 
useful in off-grid locations or during power outages. 

• Long lifespan: PV panels have a long lifespan, with many panels lasting for 
25 years or more. This means that they require little maintenance and can 
provide a reliable source of electricity for many years. 

• Concentrated Solar Power 

Green buildings with the use of concentrated solar power (CSP) technology have 
the potential to dramatically reduce a structure’s carbon footprint and lessen the 
effects of climate change. In this section, we will go over the advantages and draw-
backs of employing CSP technology for green construction and a few real-world 
instances of CSP-powered green structures. 

For green buildings, CSP technology can be used to generate both thermal and 
electrical energy. Through solar thermal air conditioning systems, CSP technology 
for green buildings is most frequently used. This device uses focused sunlight to heat 
a fluid that can be utilized to power a thermally activated cooling system, like an 
absorption chiller. This technology can cool the building without using fossil fuels 
or grid electricity. 
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FIGURE 8.11 Schematic diagram of solar power systems using water/steam working fluid.14 

Combination heat and power (CHP) systems are yet another way CSP technol-
ogy is used in green construction. A fluid in a CSP–CHP system is heated by con-
centrated sunlight, which creates steam that powers a turbine and produces energy. 
The excess heat from the turbine can subsequently be used for residential hot water 
or space heating. Figure 8.11 shows different types of arrangements from various 
investigations that have been tested to convert solar energy into thermal energy such 
as a parabolic trough arrangement with absorber tubes as line concentration, helio-
stats with a receiver tower as point concentration, and a parabolic dish collector with 
receiver engine (from left to right). 

• CSP’s advantages for green buildings 

The use of CSP technology in green construction has various advantages. First, 
CSP is an environmentally favorable substitute for fossil fuels because it is a renew-
able energy source that does not release greenhouse gases or other air pollutants 
while it is in use. As a result, buildings powered by CSP can dramatically lower their 
carbon footprint and help lessen climate change’s effects. 

Second, CSP technology is very effective and can deliver consistent energy for 
green structures. CSP systems are a dependable energy source for buildings because 
they can be made to produce constant energy output even under cloudy or partially 
shaded conditions. Thirdly, CSP technology is adaptable and may be created to sat-
isfy the energy requirements of structures of all sizes. CSP systems are a flexible 
and adaptable choice for green construction because they can be tailored to meet the 
unique energy requirements of different structures. 
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• CSP for green building challenges 

Although CSP technology has numerous advantages for green building, some 
obstacles must be overcome to realize its potential fully. The price of CSP tech-
nology is one of its biggest problems. CSP systems can be costly to install and 
operate, which may prevent smaller building owners or those with tighter budgets 
from using them. 

The land use constraints of CSP technology present another difficulty. CSP sys-
tems need a lot of space to be placed, which could be a problem in cities or other 
highly inhabited places. Additionally, local wildlife habitats may be impacted by 
CSP systems, which requires careful consideration and mitigation. 

Finally, there may be some technical difficulties with CSP technology that need 
to be resolved, such as storing thermal energy for use during times of low sunlight or 
integrating it with current building systems. 

• Examples of green structures powered by CSP 

Despite these obstacles, several instances of CSP-powered green buildings world-
wide show the technology’s promise for eco-friendly building design. Here are a few 
examples. 

• A renowned research institution in Saudi Arabia, King Abdullah University 
of Science and Technology (KAUST), runs entirely on renewable energy, 
including CSP technology. The university’s CSP system powers the campus 
with electrical and thermal energy while making a significant dent in the 
institution’s carbon footprint.6 

• A CSP–CHP system supplies electricity and thermal energy to the Arizona 
State University Polytechnic Campus in the United States. The system 
is made to satisfy the campus’s energy requirements while lowering the 
university’s greenhouse gas emissions.7 

• The De Aar Solar Power Plant in South Africa is a CSP facility that fuels the 
nation’s grid with power. The facility concentrates sunlight onto a receiver 
using parabolic troughs.8 

8.4 WIND ENERGY 

Wind energy can be a great source of renewable energy for buildings. There are a few 
different ways that wind energy can be harnessed for buildings: 

1. Wind turbines: Small-scale wind turbines can be installed on the roofs 
or walls of buildings to generate electricity. These turbines typically have 
a capacity of 1–10 kW and can provide power for a portion of a building’s 
electricity needs. 

2. Windcatchers: Windcatchers are passive ventilation systems that use wind 
energy to cool and ventilate buildings. They capture and direct the wind into 
the building, where it is used to cool and circulate air. 
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3. Wind scoops: Wind scoops are similar to windcatchers but are designed to 
capture and direct current into specifc building parts, such as a courtyard or 
an atrium. This can help to create natural ventilation and reduce the need for 
mechanical cooling. 

4. Wind-assisted ventilation: In some cases, wind energy can power mechan-
ical ventilation systems, such as fans or air handlers. This can help to reduce 
energy consumption and costs. 

Overall, wind energy can be a valuable addition to a building’s energy mix, helping 
to reduce reliance on fossil fuels and lower energy costs. The wind has long been 
used as an energy source, an essential source of environmentally friendly energy that 
has grown in importance in recent years. It can be used to beneft both passive and 
active systems. These methods are discussed further herein. 

8.4.1 PASSIVE USE 

In warm, arid areas like in North Africa and the Middle East, passive cooling sys-
tems are an excellent method to create a completely clean, perpetual, and cost-free 
air conditioning system for buildings or business places. 

8.4.1.1 Passive Cooling 
Passive wind cooling is a method of cooling a building or other structure using natu-
ral wind movement without mechanical or electrical devices. The technique involves 
creating openings in the structure that allow for air circulation, taking advantage of 
natural convection currents to cool the interior. Using passive systems makes it fea-
sible to provide the building with the necessary levels of comfort for worker produc-
tivity and human health without consuming any energy. In particular, the impact of 
natural ventilation methods is signifcant in establishing thermal comfort and indoor 
air quality. Preventing heat gain in buildings is the fundamental tenet of passive 
cooling. Planning for this objective should be incorporated into the house’s design 
process. High thermal mass, thick sectional structural elements like mudbrick or 
stone, and shade components may be used to reduce building heat gain. Different 
passive cooling methods, such as the ones listed in the next paragraph, have been 
developed for various climates. 

Shading, solar heat reflection, building element insulation, wind cooling, ground 
cooling, water cooling, humidification, evaporative cooling, night radiant cooling, 
night cooling of thermal mass in buildings, exotic passive cooling methods, and sea-
sonal cold storage are all examples of passive cooling strategies. Windcatchers are 
the most basic example of using natural ventilation to cool a building as shown in 
Figure 8.12. Thermal chimneys are collectors, drawing in fresh air from outside the 
building. The entrance of air from the outside environment into the building is accel-
erated by using a hot or warm region with an outflow. The basic principle behind 
windcatchers is the buoyancy effect, in which hot air lifts up in the presence of cold 
air that occupies a lower level. 

In essence, wind catchers are towers built on building rooftops, often with four 
directional ports that face each of the four directions. Air flows down the shaft and 
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FIGURE 8.12 Three-dimensional illustration of windcatchers in buildings.15 

into the building when an open port faces the direction of the dominant wind. Once 
inside, a pool of water fueled by aqueducts is passed over by the air (called a qanat). 
The warm air cools by evaporative cooling, bringing down the temperature within. 
At night, the windcatchers automatically draw the colder outside air within. 

Passive wind cooling takes advantage of the natural tendency of hot air to rise and 
cool air to sink. This creates convection currents that can be used to cool a building. 
By positioning openings in the structure in such a way as to take advantage of these 
currents, it is possible to create a natural cooling effect. 

Some examples of passive wind cooling strategies include: 

1. Ventilation: By creating openings in the structure, such as windows or 
vents, hot air can escape, and cool air can be drawn in. 

2. Cross ventilation: By positioning openings on opposite sides of the struc-
ture, air can be drawn through the building, creating a cooling effect. 

3. Stack ventilation: This involves creating a vertical shaft that allows hot air 
to rise and escape, drawing in cooler air from below. 

4. Courtyard design: By creating a central courtyard, air can be drawn in and 
circulated through the building, providing natural cooling. 

Passive wind cooling can be an effective way to cool a building without the use of 
energy-intensive mechanical or electrical systems. However, it is essential to consider 
the design carefully. 

8.4.2 ACTIVE USE 

Turning the kinetic energy of moving air into mechanical energy is known as wind 
energy. Wind energy is a quick-developing energy source because it is renewable, 
inexhaustible, doesn’t produce trash while being used, doesn’t have a radioactive 
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FIGURE 8.13 Wind turbines in buildings. (a) Strata Tower,16 London. (b) Pearl River 
Tower,17 China. 

effect, and doesn’t harm the environment or people’s health. On the surface of the 
Earth, wind can generate power. According to predictions, 40% of the world’s energy 
will come from wind by 2040 [8]. Wind turbines are systems that actively use wind 
energy. The buildings make use of both medium- and small-scale wind turbines. 
These turbines can be positioned in an appropriate location in the garden or on the 
roofs. Figure 8.13 represents the examples of wind turbines built inside multistory 
high-rise buildings. In Asia, the Pearl River Tower in Guangzhou, China has a ver-
tical axis turbine. It is a 309 m high, 71-story building that consists of an 8 m high 
vertical axis wind turbine paper. Furthermore, the Pearl River Tower is aerodynam-
ically formed with a concave wall on the southern surface and a convex wall on the 
northern surface that enables better intensifcation and funneling of the wind through 
the openings. 

Macro wind turbines, which are installed for large-scale energy generation such 
as wind farms, and micro wind turbines, which are used for local electricity produc-
tion, are the two main types of wind energy technology. Building-integrated wind 
turbines are small wind turbines appropriate for use in buildings. A wind turbine’s 
rotor, gearbox, generator, and blades are essential. Tiny wind turbines are called 
horizontal axis wind turbines (HAWTs). Vertical axis wind turbines (VAWTs) are 
becoming more and more common for integrated building applications to lessen the 
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requirement for a tall tower and for aesthetic reasons. Moreover, VAWTs operate 
more quietly than HAWTs throughout the operation, causing less noise disturbance. 

Wind turbines can operate on or off the grid. Off-grid systems require battery stor-
age to store excess electricity, resulting in a more stable power supply. Their appli-
cation is best suited for rural and remote areas where grid power is unavailable, such 
as remote villages and small isolated islands. Grid-connected systems traditionally 
require power converters to convert the generated DC electricity to AC electricity 
to be compatible with the power grid and AC electricity-based appliances. Modern 
wind turbines can directly generate alternating current (AC) as technology advances. 

8.5 GEOTHERMAL ENERGY 

Geothermal energy is a type of renewable energy derived from the heat generated by 
the Earth’s core. This energy is found in the form of heat and steam deep within the 
Earth’s crust, and it can be harnessed through geothermal power plants. Geothermal 
power plants work by drilling deep into the Earth’s crust to access hot water and 
steam. The steam is then used to drive turbines, generating electricity. The hot water 
can also be used directly for heating and other purposes, such as industrial processes 
and greenhouse heating. 

Geothermal energy can be a significant renewable energy source for building 
heating and cooling systems. Geothermal systems use the earth’s stable tempera-
ture to transfer heat, making them more efficient and cost effective than traditional 
HVAC systems. 

Here are some ways geothermal energy can be used for building: 

1. Geothermal heat pumps: These systems use underground pipes flled with 
a fuid to transfer heat between the building and the earth. They can be used 
for both heating and cooling, and they are very effcient, reducing energy 
costs by up to 70%. 

2. Direct-use geothermal: In some cases, geothermal energy can be used 
directly for heating and cooling buildings. This involves drilling a well into 
a geothermal reservoir and using the hot water or steam to heat the building. 

3. Geothermal energy storage: Geothermal energy can also be used to store 
energy, which can be used to heat or cool the building when needed. This 
involves using a geothermal reservoir as a heat sink to keep excess energy 
during low demand. 

Overall, geothermal energy can signifcantly reduce a building’s carbon footprint 
and energy costs while providing reliable and sustainable heating and cooling, as 
shown in Figure 8.14. It shows the two cycles that work in winter and summer and 
provide the hot and cold water as per requirement. In the winter season, cold water is 
sent through the pipes under the earth surface and upon heat interaction, hot water is 
obtained from other side. Similarly, in the summer season, hot water is send at partial 
depth where hot water gets cooled and then sucked through pump at the other end. 

The surface and subsoil temperature difference can also be used to heat and cool 
buildings. The system consists of installing underground pipes next to the building 
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FIGURE 8.14 Geothermal energy utilization for buildings. 

that are filled with water or another fluid, as well as a heat pump. This will result 
in permanent liquid flow in pipes from underground to the surface, exchanging heat 
with the ground. This device can then be fed into the building’s air conditioning 
system via ducts or used to heat water. If the ground temperature is higher than the 
surrounding air temperature, the heat pump will transfer heat from the ground to the 
building. It can also work in reverse, transferring heat from a building’s ambient air 
to the ground and thus cooling it. 

8.5.1 PASSIVE USE 

Passive use of geothermal energy refers to utilizing the natural heat from the Earth’s 
crust without the use of mechanical systems or pumps. Passive use of geothermal 
energy can be a cost-effective and environmentally friendly way to heat buildings, 
particularly in areas with a high geothermal gradient. It is also a renewable energy 
source, as the Earth’s heat is constantly replenished. However, the availability of this 
resource may be limited to specifc regions, and building designs may need to be 
tailored to take full advantage of geothermal energy. This type of geothermal energy 
is generally used for heating purposes, and it can be employed in a variety of ways. 

• Balneology (hot spring and spa bathing) 
• Agriculture (greenhouse and soil warming) 
• Aquaculture (fish, prawn, and alligator farming) 
• Industrial uses (product drying and warming) 
• Residential and district heating 
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• Heating/cooling 
• Technologies for direct uses like district heating, geothermal heat pumps, 

greenhouses, and for other applications are widely used. 
• The geothermal energy can be utilized in summer as well as in the winter 

season. 
• Hot water from one or more geothermal wells is piped through a heat 

exchanger plant to heat city water in separate pipes. Hot city water is piped 
to heat exchangers in buildings to warm the air. 

8.5.2 ACTIVE USE 

Geothermal power plants are another way that geothermal energy is utilized. These 
power plants use the heat from the Earth to generate electricity, which can be distrib-
uted to homes and businesses. The largest geothermal power plants are located in the 
United States, the Philippines, and Indonesia. 

Different configurations to harness the geothermal energy 

• Dry steam power stations 
• Flash steam power stations 
• Binary cycle power stations 

Dry steam power plants are one of the oldest and most straightforward designs 
that can utilize geothermal energy. In this method, geothermal energy is used 
directly to make steam with a temperature and pressure around 165°C and 7 atm, 
respectively, to turn turbines. The dry steam technology allows the steam from a geo-
thermal production well to be fed directly into a steam turbine without a secondary 
heat exchanger. The turbine then converts the change in steam pressure to mechani-
cal rotational energy, which a generator converts into electrical energy. The famous 
dry steam field are the Geysers region in California, which may be the largest, and 
Larderello in Italy. 

In flash steam power stations, the boiling point of a fluid increases with an 
increase in pressure. In a high-temperature, liquid-dominated reservoir, the water 
temperature is above 175°C and present in a liquid state due to high pressure (say 
40 atm). Superheated water is pumped from the ground at 175°C or higher tem-
peratures. When this superheated liquid comes onto the Earth’s surface, it instantly 
flashes out into steam and water due to low pressure on the Earth’s surface. The 
arrangement is made in such a manner that this process occurs in the flash tank, 
from which steam is fed to the turbine directly and hot water is used either for a 
heating application or reinjected into the ground. Such a facility is available in the 
Wairakei field in New Zealand. These types of plants are more common in the 
modern age. 

Binary cycle power plants are the most recent development and can accept fluid 
temperatures as low as 57°C. A secondary fluid passes the moderately hot geothermal 
water with a much lower boiling point than water. In liquid-dominated low-temperature 
systems, flash steam plants are not suitable. This causes the introduction of a secondary 
fluid (organic fluid) that flashes out with the interaction of hot water, which then drives 
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the turbines. Both organic and Kalina cycles are used in this perspective. The thermal 
efficiency of this type of plant is typically about 10–13%. 

8.6 BIOMASS ENERGY 

Biomass energy refers to using organic materials such as wood, agricultural residues, 
and other plant-based materials to generate power. Biomass energy can be used in 
buildings to provide heat and electricity. One common way to use biomass energy 
in buildings is through a biomass boiler, which burns wood chips or pellets to hot 
water or air, which can then be distributed throughout the building. This can be a 
renewable and sustainable alternative to traditional fossil fuel-based heating systems. 

Another way to use biomass energy in buildings is by installing a biomass stove 
or fireplace. These can burn wood or other biomass to provide heat and ambiance 
in a single room or space. It’s important to note that while biomass energy can be 
a renewable and sustainable alternative to fossil fuels, it also has its limitations and 
challenges. For example, sourcing biomass materials needs to be carefully managed 
to avoid deforestation or other negative environmental impacts, and biomass com-
bustion can produce emissions that need to be carefully monitored and controlled.18 

Physical procedures (size reduction—crushing and grinding, drying, filtering, 
extraction, and briquette) and conversion processes (biochemical and thermochemi-
cal processes) are used to produce fuel from biomass [26]. Biogas obtained by airless 
digestion from biomass sources in dwellings is used in energy generation. Ethanol 
obtained through the pyrolysis process is utilized for heating, and hydrogen acquired 
through the direct burning method is used for heating. Household waste management 
is a challenging task because of the increasing amount of waste globally and the 
large quantity of different materials in this waste stream. Sorting the waste at the 
source, the place where it is generated, is a crucial task to promote recycling and cir-
cular economy. Domestic waste has immense potential to be converted into energy. 
Biomass-to-biogas conversion is one of the methods to obtain methane gas. 

8.6.1 PASSIVE USE 

Biomass can be converted into biogas through a process called anaerobic diges-
tion. Anaerobic digestion is a natural process in which microorganisms break down 
organic material without oxygen, producing biogas as a byproduct. This gas has 
enough calorifc heat capacity to cook the food at a domestic level and to keep the 
building warm at a human comfort level. For this, biomass is frst collected and 
loaded into an anaerobic digester to convert it to biogas. The digester is a sealed 
container that provides the ideal conditions for the microorganisms to thrive and 
break down the organic material. During anaerobic digestion, the microorganisms 
consume the biomass and produce a mixture of gases, including methane and carbon 
dioxide. This mixture is known as biogas and can be used as a renewable energy 
source. The biogas can be purifed and compressed as fuel for vehicles, heating, or 
electricity generation. The remaining material, digestate, can be used as a fertilizer. 
Converting biomass to biogas is an environmentally friendly way to produce renew-
able energy while reducing greenhouse gas emissions and waste. 



Thermal Evaluation of Indoor Climate and Energy Storage in Buildings 

  

 

 

 

 

242 

8.6.2 ACTIVE USE 

The combustion process in a limited oxygen supply is known as gasifcation.19 By 
the combustion of biomass in a limited supply of oxygen, producer gas is obtained, a 
mixture of H

2
, CO, and CO

2
. In this process, a large quantity of biomass is collected 

from the local society and combusted in the gasifer. In the agricultural domain, 
the most common biomass is wood pellets and bagasse. In this way, net-zero emis-
sions of CO

2
 can be achieved to comply with the international greenhouse reduction 

norms. So, its location plays a crucial role in utilizing biomass for sustainable build-
ing. To achieve green or sustainable energy, building design, the material of the 
building, and the location of the building have a crucial role and must comply with 
the national sustainability level standards. Figure 8.15 shows the schematic diagram 
of a downdraft gasifer, in which biomass is fed from the top and gasifying medium is 
inserted from the throat, and the resulting producer gas can be obtained from bottom 
of the grate. 

Gasifiers are machinery that create a gas called syngas from carbon-based 
resources like wood, agricultural waste, and municipal solid waste. Syngas is a fuel 
that can be used for a number of purposes, such as transportation, power generation, 
and heating. Following are a few ways gasifiers can be included into green construc-
tion ideas: 

• Heating: Gasifiers can be used to heat green building-based structures. Syn-
gas generated by gasifiers can be utilized in boilers or furnaces to generate 
heat for residential hot water or space heating. This lessens the need for 
fossil fuels, which have higher carbon emissions, such oil and natural gas. 

FIGURE 8.15 Different zones in a downdraft gasifier.20 
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• Power generation: Gasifiers can be used to produce electricity for 
environmentally friendly structures. An internal combustion engine or a gas 
turbine can produce energy using the syngas that gasifiers produce. In off-
grid or isolated areas with limited access to the grid, this can be especially 
helpful. 

• Trash management: Gasifiers can also be employed to handle the waste 
produced by green structures. By converting organic waste, such as food 
scraps and yard trash, into syngas by gasification, less garbage is dumped in 
landfills. This may lessen the impact of trash disposal on the environment 
and greenhouse gas emissions. 

• Transportation: Gasifier-produced syngas can also be used as fuel for 
vehicles. Syngas-powered vehicles can be converted, eliminating the 
requirement for petrol or diesel. This can be especially helpful in places 
with limited access to public transport. 

• Carbon capture: Gasifiers can also be utilized to capture and store carbon 
dioxide. Gasification produces carbon dioxide, which can be trapped and 
stored underground to reduce greenhouse gas emissions. 

Overall, gasifers can be a signifcant part of green building ideas because they offer 
a renewable energy source and can lower greenhouse gas emissions. They are ver-
satile and essential tools for sustainable building practices because they may be uti-
lized for heating, power generation, waste management, transportation, and carbon 
capture. 

8.7 HYDROGEN ENERGY 

Hydrogen energy can be used to heat homes, provide hot water, cook, and meet elec-
tricity needs. It must be frst produced and stored safely, and then it can be transported 
before it is fnally used. Renewable energy sources such as solar, hydroelectric, wind, 
and geothermal can be used to produce hydrogen. Hydrogen is a colorless, odorless, 
highly fammable gas that makes it compulsory to handle with care, although it is 
non-toxic and non-carcinogenic. Hence, to utilize it in the building, a robust and 
leak-proof connection is needed. The “solar–hydrogen hybrid” system is currently 
the most effcient among renewable energy sources. Some other methods to produce 
hydrogen gas include: 

1. Thermochemical processes 
• Natural gas reforming (also called steam methane reforming or SMR) 
• Biomass gasification 
• Biomass-derived liquid reforming 
• Solar thermochemical hydrogen (STCH) 

2. Electrolytic processes 
• Electrolysis 

3. Direct solar water splitting processes 
• Photoelectrochemical (PEC) 
• Photobiological 
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4. Biological processes 
• Microbial biomass conversion 
• Photobiological 

The natural gas reforming method is broadly implemented method worldwide. 
However, domestic hydrogen gas can be generated from diverse resources, including 
biomass, water electrolysis with electricity, and fossil fuels. Additionally, renewable 
energy fuels like ethanol will react with high-temperature steam to form hydrogen 
gas. From biomass fermentation, hydrogen gas can be produced at the domestic level 
for building use. 

8.7.1 PASSIVE USE 

In passive modes, hydrogen energy can be used in buildings as a clean and renewable 
energy source. There are several ways hydrogen can be used to power buildings 

1. Heating: Hydrogen can also be used for heating buildings. It can be burned 
in a hydrogen boiler, which produces heat that can be used to warm up 
buildings. Hydrogen boilers can be used as a direct replacement for natural 
gas boilers, with the only byproduct being water. However, it would be a 
costlier deal than an effcient heat pump. 

2. Cooking: Hydrogen can be used as a cooking fuel in buildings. It can be 
burned in a hydrogen stove, which produces heat that can be used for cook-
ing. Hydrogen stoves can be used as a direct replacement for natural gas 
stoves, with the only byproduct being water. 

3. Hydrogen vehicles: Hydrogen gas can be directly used in an inter-
nal combustion engine to convert the chemical energy of hydrogen into 
mechanical power. It will be a more effcient vehicle as compared to fossil 
fuel-based vehicles by virtue of its calorifc value. Some important physi-
cal properties of hydrogen are listed in Table 8.1 and compared to conven-
tional fuels. 

TABLE 8.1 
Physical Properties of Different Fuels and their Comparison21 

S.N. Parameters Hydrogen Natural gas Petrol-diesel LPG 

1. Calorific value 120–142 49–54 41–44 46–50 
(MJ/kg) 

2. Density (kg/cm3) 0.08 0.6 720–780 510 
3. Auto-ignition 500–540 580 247–280 410–580 

temperature (°C) 

4. Diffusion 0.61 0.16 0.05 0.11 
coefficient 
(cm2/s) 
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8.7.2 ACTIVE USE 

Hydrogen gas can be stored and utilized at multiple levels in different industries, like 
in the petroleum industry, fertilizer industry, heavy metal industry, and food process-
ing industry. Apart from this it can be used in various ways. 

1. Fuel cells: Fuel cells can be used to produce electricity. Sir William Grove 
invented the frst fuel cells in 1838. The frst practical usage of fuel cells 
emerged more than a century later, with Francis Thomas Bacon’s discovery 
of the hydrogen–oxygen fuel cell in 1932. A fuel cell is an electrochemical 
cell that uses redox reactions to transform the chemical energy of a fuel (typ-
ically hydrogen) and an oxidizing agent (commonly oxygen) into electricity. 
This electricity can then be used to power buildings. Fuel cells are effcient 
and produce no harmful emissions, making them popular for powering 
buildings. The working principles of fuel cells and the electrolysis process 
are shown in Figure 8.16, which describes the both processes schematically. 

FIGURE 8.16 Schematic working diagram of a fuel cell.22 
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2. Energy storage: Hydrogen can be used as an energy storage medium. 
Excess energy from renewable sources, such as wind and solar, can pro-
duce hydrogen, which can then be stored and used when needed to power 
buildings. 

3. Hydrogen fuel cell vehicles: Hydrogen-based vehicles run either directly 
by chemical energy of hydrogen gas or indirectly by electricity. Fuel cell-in-
tegrated vehicles convert hydrogen gas into electricity. These vehicles are 
different from electric vehicles that need charging of the batteries. 

However, it is essential to note that some challenges are still associated with using 
hydrogen in buildings, such as the high cost of hydrogen production and the need 
for specialized infrastructure to transport and store hydrogen. With the increasing 
demand for clean and renewable energy sources, hydrogen is becoming a more viable 
option for powering buildings. 

Some studies also reveal that building heating via hydrogen gas can cause air pol-
lution to some extent compared to methane gas. Hydrogen gas requires more renew-
able electricity than a highly efficient heat pump. Blending hydrogen and methane 
gas could be another low-cost solution for building heating. 
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Effciency 
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9.1 INTRODUCTION 

In areas especially with typical hot and humid climatic conditions, effcient air con-
ditioning systems are essential for preserving optimum indoor thermal comfort. One 
of the primary criteria for indoor air conditioning is to maintain indoor humidity 
at an acceptable level since it leads to better thermal comfort, especially in times 
of extreme weather with very high moisture content for typical transient environ-
mental changes. In continental places with exceptionally high humidity in parallel 
with severe temperatures, making indoor cooling system design is essential to handle 
humidity effectively in addition to good control over temperature. Air condition-
ing systems that are designed poorly can frequently lead to high internal humidity, 
health issues, decreased thermal comfort and greater energy use. Offce job perfor-
mance may suffer by up to 8–10% due to poor indoor air quality, which is typically 
insuffcient to provide the necessary ventilation for better hygienic indoor conditions. 
Furthermore, airborne pollutants that are still present in the indoor re-circulating air 
are dispersed widely and have led to unhygienic indoor conditions. This explains 
why traditional cooling methods are often not preferred by building designers and 
HVAC professionals. In vapour compression-based traditional cooling systems, the 
same single coil action in the same unit simultaneously controls both the temperature 
and moisture level needed to produce the requisite indoor thermal comfort, which 
leads to inadequate control of either parameter. This built-in restriction in the system 
design achieves the objective of lowering the dry bulb temperature, but the rela-
tive humidity is too high to be pleasant [1–3]. Mould can grow if humidity is not 
controlled to the acceptable level, and so employing vapour compression air condi-
tioning systems to achieve the fnest indoor humidity level by use of single cooling 
coil having dual functions of temperature and humidity control resultsinpoor over-
all system performance. Desiccant cooling systems are especially helpful when the 
latent load is much greater than the sensible load (either larger occupancy or area). 
Desiccants can also assist in removing contaminants from indoor air streams during 
air conditioning to improve the indoor air quality [4–8]. Low-grade thermal energy 
available from renewable solar energy or waste industrial heat input may be used to 
replenish the desiccant. Regeneration energy is equal to the heat needed to raise the 
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desiccant’s temperature to a point where its surface vapour pressure is higher than 
the surrounding air, as well as the heat needed to evaporate the adsorbed moisture 
that is present in the desiccant. Energy is also needed for the desiccant’s water to be 
desorbed from it and exhausted to the outdoor atmosphere [9, 10]. 

Due to climate change and growing environmental pollution over the past few 
decades, air conditioning systems have become much more prevalent, especially in 
commercial buildings. Yet research suggests that theyhave detrimental effects on 
the rising electricity needs for cooling the built environment and creating cooling 
in buildings to maintain the necessary indoor thermal comfort. Several academics 
around the world have been working hard for many years to find alternatives to 
standard cooling systems, which require a lot of electrical energy to operate and 
run. Desiccant cooling is one such promising alternativeto the conventional way for 
producing a built indoor environment, although research into its application is still in 
its infancy and has to be examined more carefully [11–14]. 

One of the main problems facing building cooling in the modern period is the 
rising energy consumption of cooling applications. The vast majority of air con-
ditioners in use today are vapour compression refrigeration-based versions, which 
operate using a tremendous amount of conventional energy. The use of this technol-
ogy, which increases Chlorofluorocarbon (CFC) levels, is destroying the ozone layer. 
These applications have exacerbated environmental issues like global warming since 
they require greater electrical power for operation. As the need for space cooling 
applications increases, scientists are looking at different AC technologies to deal 
with the aforementioned issues [15, 16]. The fundamental principle of working air 
conditioners, such as the conventional vapour compression refrigeration technology, 
consumes a lot of electrical power for running the compressor because of simultane-
ous operation for cooling and dehumidification. So, from the perspective of energy 
conservation and significantly reducing major greenhouse gas emissions caused 
by the cooling of buildings, clean, efficient, sustainable technologies are chosen to 
ensure adequate conditions for users’ comfort. One of these methods, desiccant cool-
ing, may be able to resolve the many problems mentioned earlier [17–21]. Innovative 
dehumidification and cooling methods based on desiccants can be used to effectively 
control indoor air moisture while using comparatively less energy than the conven-
tional HVAC systems in buildings. The desiccant material used in dehumidifiers of 
desiccant-based cooling systems can produce hot, dry air that can be used for the 
drying process in industrial applications like pharmaceutical coating, packaging, and 
dyeing, as well as in both commercial and residential buildings for airconditioning to 
reduce the moisture content in built environments and provide the required human 
comfort [22–24]. 

The best way to use desiccant-based dehumidification and cooling systems is for 
humid environments for effective moisture control, especially in areas having low 
sensible heat ratios. It saves the high cost of electrical energy by use of primary 
thermal energy sources like industrial waste heat, renewable solar energy, and com-
pressed natural gas. By creating a dry environment, it avoids microbial growth in 
supply and return ducts. Desiccant-based dehumidification and cooling systems are 
successfully installed in buildings witheither large area for cooling or either large 
human occupancy like supermarket, restaurants, swimming pools, motels, hospitals, 
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health clubs, hospitals and nursing homes, office buildings, etc. In supermarkets, the 
use of desiccant-based cooling systems saves about 38% on cooling energy due to 
large floor space area as compared to vapour-compression-based conventional cool-
ing. In hotels and motels, the use of desiccant-based dehumidification and cooling 
can eliminate mould and mildew problems as a result of a moist environment. This is 
expected to be a major destination of this innovative cooling technology. 

The performance, price, and dependability of desiccant-based dehumidification 
and cooling systems have significantly improved over the course of more than four 
decades of constant research and innovative development in the HVAC sector. For 
a few specialised uses as mentioned earlier, including in supermarkets, they have 
become more competitive among HVAC market. Desiccant cooling systems have 
been studied extensively over the past few decades, and it has become clear that these 
systems have a great deal of potential to compete with and complement traditional, 
electrically powered vapour compression systems. 

As compared to solid desiccant cooling systems, liquid desiccant-based dehumid-
ification and cooling systems can possibly offergreater design benefits and may be 
deployed in structures having distinct sites for the supplement ducts. The bigger size 
and lower capacity of liquid desiccant systems area main drawback forinstallingthe-
min limited space. Depending on the type of liquid desiccant used in the dehumidi-
fication and cooling system, corrosion or carry-over may occur, and this is the other 
limitation of this system. So, proper design should be incorporated while designing 
liquid desiccant-based dehumidification and cooling systems. The most recently 
designed and developed liquid desiccant-based dehumidification and cooling sys-
tems can have superior performance as compared with other conventional cooling 
systems. Commercial development of desiccant-integrated solid or liquid systems is 
underway, and several packaged systems should be available in commercial HVAC 
market in the coming days. 

The HVAC industry has some promising options with desiccant-integrated hybrid 
cooling systems that can make integration of commercially viable desiccants for 
dehumidification and traditional vapour compression for cooling. Buildings with 
commercial and institutional uses have successfully implemented a number of inte-
grated hybrid desiccant cooling systems. The HVAC industry has successfully used 
integrated cooling systems in supermarkets as well. The desiccant-based dehumidi-
fication and cooling systems have high capital costs that need to be reduced for them 
to seriously enter the HVAC industry. A higher rate of market acceptance and pen-
etration will also be facilitated by increasing performance and dependability while 
lowering size. 

The employment of solid-based desiccant-based rotary dehumidifiers is primarily 
focused on in areview of desiccant-based dehumidification and cooling systems. The 
investigations included a study of various combinations of integrating various cooling 
systems coupled with rotating desiccant dehumidifiers in order to be employed in hot 
and humid environments. The investigation shows that solid-based desiccant-based 
dehumidification and cooling devices have a great deal of potential for use in hot, 
humid areas. In terms of output temperature, solar-powered desiccant cooling sys-
tems are more efficient than traditional cooling types, but any advancement above 
the typical configuration, such as the inclusion of open/closed types, leads to still 
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greater innovation. To provide the conditions for indoor comfort, the air conditioner 
must effectively manage the sensible and latent loads of the building. By choosing 
the right air flow rate and reactivation heater to effectively and efficiently desorb the 
desiccant while maintaining the right cooling rate, the standard mechanical vapour 
compression system normally manages the interior moisture level [25–27]. 

The main advantages of desiccant cooling are as follows: 

1. Air and water are the only required operating fuids. The ozone layer is not 
impacted since fuorocarbons are not required (in the case of evaporative 
sensible post coolers). 

2. Much potential exists for energy savings and reduced reliance on fossil 
fuels. Electrical systems require less than 20–28% of the energy required 
for conventional refrigeration systems. 

3. A number of sources, including the sun, leftover heat such asindustrial 
waste heat (which is otherwise exhausted to open atmosphere), and natural 
gas, can produce thermal energy. 

4. The desiccants enhance the quality of the indoor air by helping to maintain 
comfort criteria by removing particulates and bioaerosols from the air, and 
removing chemical pollutants from the air. 

5. Desiccant systems operate at pressures that are close to air pressure, which 
makes leakage-proof system design, building, and maintenance easier. 

6. Desiccant cooling systems can eliminate the need for a separate furnace 
orany other auxiliary heating source to heat rooms in the winter as it 
neglects any post re-heating of conditioned air due to over cooling in com-
parison to conventional VCR system. 

The heat coeffcient of performance(COP) is a common metric for comparing sys-
tem performance. Comparisons need to account for the parasitic electrical energy 
requirements, which could negate gains in the thermal COP. Also, depending on the 
systems addressed in theresearch, the defnition of the thermal COP varies. Some 
studies looked into how to employ the right kind of desiccant for a particular appli-
cation in order to supply the heat energy required to fully reactivate the desiccant. 
Others [28–34] supply the thermal energy required to reactivate the dehumidifer 
from the condensate waste heat or the reactivation air side of the supplied room air. 

Desiccant material-assisted cutting-edge cooling systems helpin discovering a 
clever, affordable, and eco-friendly replacement for standard, traditional air condi-
tioning systems to reduce wasteful gas emissions and primary energy consumption 
[35–37]. This chapterdiscusses the significance and applications of desiccant cooling 
technology. The key environmental problems and main obstacles related to conven-
tional energy requirements, as well as environmental problems related to poor indoor 
air quality, have also been covered in the second section of this chapter. Additionally, 
this covers numerous cooling and dehumidification systems that use cutting-edge 
solid and liquid desiccant cooling in a variety of residential and commercial applica-
tions to operate in typical hot, humid situations more effectively. How theperformance 
of the system obtained can be improved further when cheaper options like freely 
available solar energy or industrial waste heat areused for desiccant regeneration 
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are also discussed [38–40]. Potential of this hybrid cooling can be demonstrated by 
this chapter, to implement this green cooling air conditioning successfully in typical 
transient atmospheric conditions for indoor comfort cooling. 

9.2 SYSTEM DESCRIPTION 

In a liquid desiccant cooling system, lithium or calcium chloride is used as a des-
iccant to eliminate humidity from the process supply air during dehumidifcation 
of the moist air [41, 42]. In the construction of a liquid desiccant cooling system, 
two towers, namely an absorber tower and regenerator tower, are provided to carry 
out the dehumidifcation of moist room air and the desorption of liquid desiccant, 
respectively (Figure 9.1). In the absorber tower, a downwards fow of strong desic-
cant solution absorbs moisture from the humid air travelling upward during contact 
among them. After absorbing moisture, weak solution collected at the bottom of 
the absorber tower is pumped back to the regenerator tower. Meanwhile, dried air 
is conveyed for further processing by transferring it out of the absorber tower at the 
top. Packed-bed construction may be used to increase the contact between moist air 
and the desiccant materials. In the regenerator tower, the weak desiccant solution 
received from the absorber tower is heated frst in the heater to achieve the desired 
reactivation temperature according to the type of desiccant material used in the sys-
tem to fow from the top of the tower andcontact the upward fow of hot reactivation 
air. Hot reactivation air collects the moisture from the weak desiccant material to 
convert into strong desiccant solution, which is collected at the bottom of the regener-
ation tower. Exhaust regeneration air collected at the top of the regeneration tower to 
expel it to the open outdoor atmosphere in form of the exhaust. This strong desiccant 
solution is again made to fow towards the absorber tower to complete next cycle this 
way. An intermediate cooler is provided prior to the absorber column to convey the 
strong solution to the top of the tower to pre-cool the strong desiccant solution for 
making better dehumidifcation of the moist process sir. Strong and weak desiccant 
solutions pass via a heat exchanger to pre-cool the strong solution and pre-heat the 
weak solution by making necessary heat exchange to ameliorate the performance of 
the system [43, 44]. In this way, liquid desiccant materials like LiCl, CaCl

2
, LiBr, etc. 
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FIGURE 9.1 Schematic arrangement of a liquid desiccant cooling system. 
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FIGURE 9.2 Schematic arrangement of a solid desiccant dehumidification and cooling 
system. 

continuously circulate between the absorber tower and regenerator tower during the 
cycle. The equilibrium temperature of liquid desiccants is determined by the partial 
pressure of the water vapour in the humid moist air. 

The traditional vapour compression-based air conditioning systems can be 
replaced potentially by novel desiccant-based cooling systems, which are primarily 
heat-driven dehumidification and air conditioning systems. A desiccant cooling sys-
tem works by using a rotating dehumidifier commonly known as desiccant wheel, 
which is primarily used to remove moisture from the air. A sensible heat exchanger 
partially cools this generated dry air before supplying it to the indoor space by fur-
ther cooling it as per design conditions. A room is filled with the resulting cool air. 
The system can be run in a closed cycle for ventilation or recirculation, or more often 
in an open cycle. To replenish the desiccant, a heat source is required. Regeneration 
only requires low-grade heat at a temperature of 60°C to 95°C, thus using renewable 
energies like freely available solar energy or industrial waste heat. A regenerator 
is required to reactivate the dehumidifier to make it continually work in the cycle 
without a loss of effectiveness. This system is simple in construction, and its thermal 
coefficient of performance is usually acceptable. The schematic arrangement for a 
solid desiccant cooling system is shown in Figure 9.2 [45, 46]. 

9.3 EMERGING TECHNOLOGIES TO ENHANCE 
COOLING POTENTIAL 

The schematic arrangement of solar-powered desiccant cooling with a ground-source 
heat pump looped system is shown in Figure 9.3. The process air section and the 
regeneration air section are the two primary working sections or divisions of the cool-
ing system. The humidity of the moist process air decreases while passing through 
the desiccant dehumidifer before it enters the cooling apparatus in the process 



 

 

 
 
 
 
 

  
 
  

255 Emerging Technologies for HVAC System Effciency 

Cooling coil 

Heating coil 

Test room 

Ambient air in 

Rotary dehumidifier 

1 
2 

3 

Ground source heat exchanger 

Exhaust air out 

Ambient air in 

Exhaust air out 

Heat recovery wheel-1 Heat recovery    

wheel-2 

4 5 

67 

189 

10 

Solar collector 

Hot water pipes 

Parabolic reflector 

surfaces 

Water heats by solar 

radiation 

FIGURE 9.3 Solar-powered desiccant cooling with ground-source heat pump looped 
arrangement. 

section. Ground-source heat pump heat exchangers, sensible cooling coils, and air-to-
air heat recovery wheels are examples of equipment provided for the cooling section 
of the system. The ambient air is warmed in the regeneration portion to reach the 
temperature needed to regenerate the desiccant dehumidifer. The energy needed for 
the regeneration process is provided by a solar loop and an auxiliary heater working 
together. The ambient air enters the inlet section of the desiccant dehumidifer in the 
process air section (state point 1) to lower the humidity ratio and raise the tempera-
ture. After entering the frst heat recovery wheel (HRW), the process air (state point 2) 
loses heat. The heat recovery wheel takes into account just sensible heat transfer; 
hence, the humidity ratio of air streams is unaffected by this component. State point 3 
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is where the process air enters the second heat recovery wheel, when its tempera-
ture drops further. The ground cooling coil, which is fed by the ground-source heat 
exchanger with cold water, cools the process air (state point 4) as it travels through 
it. This conditioned air (state point 5) enters the conditioned area. When ambient air 
(state point 1) enters the frst heat recovery wheel in the regeneration area, it warms 
up due to a continuous heat recovery process. The solar loop heat exchanger is the 
next stop for the regeneration air (state point 8), where its temperature rises. The 
source and load sides of the solar loop are shown in the illustration. Water fows 
through collectors on the source side, soaking up any solar energy that is present 
[47, 48]. To raise the temperature of the regeneration air on the load side, hot water is 
transferred from the storage tank towards the heat exchanger. The auxiliary heater is 
then flled with the regeneration air (point 9), which has now reached the necessary 
regeneration temperature. State point 9 is where regeneration air enters the reactiva-
tion side of the desiccant dehumidifer; after that, it lowers the temperature and raises 
the humidity ratio by desorption. The regeneration air is discarded into the surround-
ing atmosphere as the process comes to a close (state point 10). 

The system’s cooling capacity has beenassessed in hot and humid climates and-
demonstrates high feasibility. Earlier [15,17,19] findings show that this system can 
successfully provide comfort conditions in warm, humid climates, making it a fasci-
nating and useful replacement for the traditional cooling systems used in these areas. 
The effect of the return air ratio on the amount of thermal comfort offered, system 
performance, energy delivered by the auxiliary heater, and SF has been researched. 
In simulations, the desiccant wheel is simultaneously employed before and after 
the ground-source heat exchanger. The effect of employing the ground-source heat 
exchanger before and after the desiccant wheelon the system’s hourly behaviour, sys-
tem energy use, COP, and solar fractionwas evaluated. In order to demonstrate the 
introduced configurations’ viability with regard to three reference systems, an eco-
nomic study was also conducted and validated. Aproposed desiccant system with 
no solar loop and no ground-source heat pump system, a proposed solar-powered 
desiccant system with no ground-source heat pump system, and a mechanical vapour 
compression system are the respective reference systems. 

The primary findings on the system’s potential for use in hot, humid climates 
show that even with low-grade regeneration temperatures, this arrangement may suc-
cessfully provide thermal comfort in those areas. The value of the return air ratio 
from the conditioned zone has a big impact on the system’s hourly performance. 
In particular, raising the return air ratio raises the system’s performance and solar 
fraction and lowers the amount of energy needed for regeneration. Using the ground-
source heat pump system before the dehumidifier and sensible cooler reduces the 
maximum regeneration temperature needed, raising the system’s performance and 
solar fraction and lowering the amount of energy supplied by the auxiliary heater. 
The cost payback period varies between 5 and 7 years for the three scenarios in 
which the ground-source heat pump system is not used, is used after the desiccant 
dehumidifier, and is utilised both before and after the desiccant dehumidifier, using 
the mechanical system as the reference. The desiccant system’s long-term perfor-
mance with the ground-source heat pump integrated (just as a pre-cooler or as a 
simultaneous pre- and post-cooler) demonstrates the viability of this strategy. 
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9.4 COMPARISON BETWEEN DESICCANT COOLING 
AND TRADITIONAL COOLING 

Effcient control can be obtained over the amount of water vapour or moisture in con-
ditioned air by either condensing the water vapour or utilising suitable absorbents, 
like those found in desiccant cooling systems. Unlike desiccant systems, which frst 
only dehumidify the air before cooling it, conventional air conditioners can cool and 
dehumidify the air at the same time [49]. Moreover, because it has effcient control 
over indoor temperature and humidity, a desiccant system can be utilised in conjunc-
tion with an evaporative cooling system. Desiccant cooling systems have previously 
been employed in the agricultural and industrial sectors, such as textile mills and bet-
ter drying and storage of harvested agricultural crop, as well as for effcient humidity 
management and to carry out different drying operations for fruits and vegetables. 
Yet the development of desiccant cooling systems as an effcient approach to control 
humidity has been made possible by the energy crisis and the need to design more 
environmentally friendly solutions. The main distinctions between desiccant cooling 
systems and traditional air conditioners that use vapour compression are briefy out-
lined in Table 9.1. 

Figure 9.4 compares the distribution of the annual COP for liquid and solid des-
iccant systems based on the total working hours of each system during different 
months of the year. The results show that the performance obtained in case of the 
liquid desiccant cooling system is subpar when compared to that of the solid desic-
cant cooling system [50, 51]. It was also claimed that solid desiccant devices have 
the advantage of requiring less water and energy. Yet, according to the numerous 
researchers in this field, the method’s limited accuracy and better usefulness within 
a constrained set of parameters for typical climatic zones renders the prediction mod-
els unsuitable for a variety of climatic conditions and circumstances. 

Table 9.2 depicts how the moisture removal capacity loss while working as a dehu-
midification system can be compared within the various types of desiccants used in 
aliquid dehumidifier having different chemical compositions and reactivation rates 
in the same type of system having capacity losses for 60% relative humidity after 
approximately 5000 hrs. cycle time [52–54]. 

TABLE 9.1 
Comparison between VCR-Based Conventional Cooling and  
Desiccant Cooling 
Parameter VCR-based traditional cooling Desiccant cooling 

Operational cooling cost High Saves around 30–42% 
Indoor air quality Average High 
Effect on environment Harmful Eco-friendly 
Energy source High-grade electricity Low-grade energy like industrial 

waste heat or renewable solar 
power 

Moisture removal capacity Average High 
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FIGURE 9.4 Performance comparison between solid and liquid desiccant cooling. 

TABLE 9.2 
Comparison of Different Desiccant Materials Based 
on Capacity Losses 
Desiccant material Capacity losses (%) 

Alumina 41 
Molecular sieve 30 
LCIX type 1M desiccant 12 
Alumina 13X 36 
Silica 63 

Alumina silica 13X 50 

The substantial use of desiccant wheels in industrial air conditioning units has 
already begun to appear in the HVAC market recently using sensible cooling meth-
ods. Especially the countries having hot and humid climates in particular have 
already begun employing more cost-effective and environmentally friendly cooling 
methods as opposed to the vapour-compression-based traditional cooling systems. A 
comparison studyand economic analysis of a desiccant-assisted dehumidification and 
cooling system and a vapour compression system reveals that the performance of the 
hybrid desiccant cooling system was ameliorated by using solar thermal energy and 
ventilated air for cooling. This innovative technology has been successfully applied 
in specialised sectors as a consequence of innovation and developments in the previ-
ous few years. To reach the general market for air conditioning, however, more effi-
ciency and reliability improvements, size and cost reductions, and increased building 
industry technological adoption are all necessary [55–57]. Given the potential of the 
desiccant cooling method, investments in more research and development of inno-
vative desiccant materials thatcan get successfully regenerate at lower temperature 
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near-ambient conditions, components with simpler designs, and sustainable cooling 
systems are necessary and justifiable. 

9.5 OPPORTUNITIES AND FUTURE SCOPE 

Desiccant-assisted dehumidifcation and cooling air conditioning systems are par-
ticularly appealing for areas with high latent loads and low sensible heat ratios. The 
desiccant subsystem may control the latent load when used in conjunction with a 
traditional vapour compression refrigeration cycle, and the vapour compression 
refrigeration cycle can control the sensible load. Desiccant substances are either liq-
uid (absorbers) or solid sorbents (rotary desiccant wheel), both of which need to be 
heated again (regeneration by renewable energy sources). Desiccant cooling has the 
potential to boost system effciency by decreasing the size (cooling capacity) of con-
ventional vapour compression equipment and raising evaporation temperatures. 

In order to predict the required cooling performance of the desiccant-based dehu-
midification and cooling systems, the use of advanced desiccant materials requires 
further research and innovation which aims to comprehend how material alterations 
and surface phenomena affect the sorption characteristics. The technological goal 
is to find a next-generation, economic, and low-cost advanced desiccant material 
that can be utilised to regenerate the water vapour sorption activity of the desiccant 
using solar radiation or heat from another low-cost primary waste energy source. 
This is a logical continuation of the basic research and innovation. Past reviews on 
desiccant materials and their relationship to low temperature regeneration have been 
employed thus far, and opportunities with its future scope are provided in this sec-
tion. Naturally, a solid desiccant material can adsorb moisture to eliminate the latent 
load. For commercially used thermally regenerated desiccant cooling systems, when 
comparing with traditional VCR cooling, the coefficient of performance and initial 
investment cost are the primary concerns. By carrying out thermodynamic analysis, 
it is found that the adsorption characteristics of sorption materials are the prime 
concern which can beaffected critically by supply moisture and required reactivation 
temperature. 

The ultimate aim is identifying innovative sorption materials with optimal perfor-
mance by use of research and development. The reactivation temperature range used 
in different applications of desiccant-based dehumidification and cooling require 
appropriate energy sources to ameliorate the performance of the system. The cost, 
performance, and life cycle have a direct relationship with the enhanced reliabil-
ity and sustainability of desired sorption properties for use in various applications 
of desiccant cooling. This innovative cooling technology not only reduces the run-
ning cost but also lowers the demand of electrical utilities to add peak-load gener-
ating capacity. The selection of proper desiccant material type mainly depends on a 
favourable performance-to-cost ratio. Widely available different varieties of desic-
cant materials can be certified, refined, and modified according to isotherm shape, 
rate of sorption, and chemical stability. The alteration in production methods with 
innovative desiccant materials could have a profound impact on substantially lower-
ing the desiccant wheel manufacturing cost and weight. Model analysis for predict-
ing the achievable dehumidification and cooling performance of different desiccant 
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TABLE 9.3 
Comparison of Different Desiccant Materials Based on 
Regeneration Temperature 
Type of solid desiccant material Regeneration temperature(°C) 

Activated alumina 120–260 
Zeolite molecular sieve 175–315 
Super polymer 45–75 
SAPO-34/FAPO-34 50–70 
Silica gel 60–100 
MOF-801 65–95 
Fluorite 180–200 

Alumina gel (H-151) 180–440 

materials have been documented extensively over many years. This is due to the fact 
that the moisture sorption characteristics of any desiccant materials play a crucial 
role in performance evaluation of the overall system. 

The desiccant regeneration (Table 9.3) using freely available renewable solar 
energy can increase system economics by reducing operating expenses [58–61]. 
Particularly in India, where there is an abundance of solar radiation, these systems are 
thought to have a better applicability than the other major renewable energy sources. 
Due to the usage of solar energy, which is necessary to increase the system’s cooling 
capacity in various HVAC applications, often in subtropical environments (almost in 
range 26–37°C DBT, 64–84% RH), the system’s performance is improved. Like most 
revolutionary breakthroughs, solar power-based renewable cooling technology may 
have a high initial cost, but over time, it can result in considerable savings. In the past, 
the regeneration process might have been finished with an electric heater. On the 
other hand, using low-grade energy is thought to be a practical and helpful replace-
ment. One example is the recovery of exhaust heat from various process industries 
to produce warm or hot water. Additional examples are waste process heat from 
industrial processes, which is mostly available in the process, and publicly accessi-
ble, renewable, enormous amounts of sun radiation. For instance, the regenerator and 
dehumidifier in a liquid desiccant-based dehumidification and indoor air cooling 
system might have identical schematic arrangements as previously demonstrated, but 
their internal flow processes might be in conflict. Before entering the regenerator, 
the diluted liquid desiccant solution warms up there. It is crucial to use intercooler to 
transfer heat from hot fluid to cold fluid before travelling between the absorber and 
regenerator column [62–63]. If the main heat source is unable to provide enough heat 
for regeneration, an ancillary heater is also necessary. Convective-type renewable 
solar collector regenerators can be further divided into those that use liquid or air 
as their operating fluid. The solar collector regenerator that uses air is typically the 
most popular because it is currently proven to be the most effective. In prior articles, 
diversified renewable energy sources to supply desiccant reactivation energy have 
been mentioned, including solar energy. 
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A variety of solar collectors can be used all year long to catch solar radiation, 
which is more prevalent in tropical nations. A desiccant-based hybrid cooling system 
that uses direct sunlight for reactivation heat and a solid desiccant-assisted vapour 
compression has been carefully researched. By adopting double glazing or effec-
tive shading techniques for desiccant dehumidification, solar radiation exposure to 
the large surface area of a building can be decreased. The use of photovoltaic panel 
with plants on a rooftop below the panel makes a symbiosis between a green roof 
and renewable energy, also called a bio-solar roof. Depending on the concentration 
ratio and many operating factors like the dry bulb temperatures that can be reached 
enhanced performance of the system, numerous solar radiation collection devices are 
used to collect reactivation energy. There still has to be more in-depth research on 
how to best optimise the many system settings for a changing environment in terms 
of variable outdoor temperature and humidity. The consumption of CFC-based refrig-
erants, which are predominantly employed in conventional HVAC systems andalso 
majorly contribute to global warming, can be decreased with desiccant-based green 
air conditioning. By installing natural ventilation systems in buildings and using dou-
ble glazing to limit maximum solar heat received through the use of efficient shading 
mechanisms, energy consumption can be greatly lowered with more contemporary 
passive desiccant cooling techniques. Green roofing is a more contemporary tech-
nique for providing effective roof insulation. Passive cooling has been shown to reduce 
energy consumption in residential buildings by up to 28%. According to the previ-
ously mentioned literature review, numerous studies have been conducted to improve 
the functionality of desiccant-assisted cooling technology, which is very efficient and 
reasonably priced to operate hybrid cooling by comparatively cheaper solar-powered 
renewable heat sources for desiccant reactivation and has a reliable desiccant system. 
A recent study reviews research developments in parametric optimisation, system 
performance improvement, VCR integration, and comparison of solid and liquid des-
iccant systems. Techniques for evaluation are also covered. Despite rigorous study 
conducted earlier by many investigators in the field of energy utilisation in desiccant 
regeneration, cooling capability, and enhancement in overall system performance, 
further investigations are still necessary to ameliorate the scope of desiccant cooling 
in modern HVAC by means of energy savings and cost reductions. 

9.6 CONCLUSIONS 

Desiccant-assisted dehumidifcation and cooling is a cutting-edge space cooling tech-
nique for the built environment and a promising replacement for conventional vapour 
compression-based cooling, particularly in hot and humid climates, for effectively 
controlling indoor moisture. The desiccant-based hybrid cooling systems have a high 
potential to showenergetically better performance than the conventional cooling and 
be environment friendly. Moreover, they are costeffective for indoor cooling in regions 
where the use of thermal energy is more economical than the high-grade electrical 
power or freely available thermal energy as an option, that is, solar energy or indus-
trial waste heat. Thus, rising electrical energy prices, environmental concerns, and 
regulatory requirements should all have an impact on future desiccant cooling needs 
and the desire for desiccant material that regenerates close to ambient conditions. 
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10.1 INTRODUCTION 

Urbanization is a major scientifc, humanitarian, and policy challenge of the 21st cen-
tury. Currently, more than 50% of the world’s population lives in cities, and the pop-
ulation of cities is increasing continuously [1, 2]. Scientifc questions have emerged 
regarding the reasons for and pace of urbanization in many cities and the infuence 
of urbanization on the local, regional, and large-scale environment. In particular, the 
effects of land cover and land use change (LCLUC) associated with urbanization on 
the health and daily life of a city’s inhabitants are of great concern. Due to the inher-
ent uniqueness of individual urbanizing cities with specifc geography, climate, and 
socioeconomic status, the effect of urbanization needs to be analyzed for all cities. 

According to the World Population Prospects 2019, currently, 18.6% of the world’s 
urban population lives in China, followed by 17.7% in India and 2.3% in Nigeria [3]. 
China has received considerably more attention in the literature than both India and 
Nigeria with regard to the UHI effect. However, the prospects report a faster popula-
tion growth rate per year for Nigeria (2.6%) and India (1.02%) than China (0.43%) [3]. 
Given that the percentage of the global world population for India is within one per-
centage point of China and the country has a faster growth rate, it is likely that the 
population of India will exceed that of China in the upcoming years (around 2027). 
Therefore, it is necessary to improve our understanding of UHIs in India. An agri-
cultural economy and predominantly rural population have quickly industrialized in 
India during the past few decades due to fast urban expansion [4]. 

An area, region, or volume where the temperature is greater than that of its sur-
roundings is known as a heat island. This common definition can apply to the envi-
ronment at any scale, for example, from a few micrometers to many kilometers of 
area. In other words, a heat island may be created in the form of hot air bubbles on a 
scale of a few millimeters surrounded by cooler air or in the form of a high-pressure 
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weather system covered with a relatively cold mass of air on a many-kilometer scale. 
Moreover, UHI can be considered a more widespread or universal phenomenon. 
This definition will therefore be constrained for this chapter, and authors have only 
discussed the UHI. Hence, a UHI is the temperature difference between a selected 
urban location and a non-urban area selected for reference. It should go without say-
ing that a reported UHI’s size and characteristics can be influenced the selection of 
urban sites or a particular set of locations. 

The difference in heat fluxes between urban and rural areas due to more absorp-
tion and storage of sensible heat in urban areas as compared to rural areas may be 
considered a main cause of the urban heat island (UHI) effect. The UHI intensity 
reduces with increasing wind speed, and it increases as the city’s population grows. 
The literature reveals that a reduction in green space and reduced wind velocity due to 
scarcity of urban ventilation, the release of anthropogenic heat, and increased absorp-
tion and storage of solar radiation due to the widespread use of construction materi-
als are some of the main factors that increase the UHI effect. According to studies, 
the UHI intensity varies between cities and is greatly influenced by the land cover 
and land use, building materials used, etc. According to studies, the excessive use 
of construction materials greatly influenced the UHI impact in Manchester, United 
Kingdom. According to several UHI mitigation measures, urban greening can greatly 
reduce the intensity of UHI directly or indirectly. This can lead to reductions in mean 
radiant temperature by 4°C and global air temperature by 4.5°C. The use of cool 
materials to reflect heat to the atmosphere, providing sufficient ventilation for better 
wind flow around buildings, minimizing anthropogenic heat to reduce the amount of 
heat transfer to the environment, and urban vegetation (green facades, green roofs, 
vertical greeneries, and green pavements), can help in reducing the UHI effect [5–7]. 

Urbanization is an anthropogenic modification that results in changes in surface 
materials as a result of plant suppression, soil sealing, and albedo variation greatly affect-
ing the energy balance of selected local areas, creating an urban heat island (UHI) [8]. 
This impact results from the slower cooling and the increased absorption of electromag-
netic energy of urbanized surfaces relative to those in adjacent areas covered with plants. 
This local variation results in increasing surface temperature and sensible heat, whereas 
decreasing the latent heat and relative humidity. The major factors of UHI formation are 
as follows: (i) heat-absorbing building materials, (ii) human-caused heat generation, (iii) 
minimization of and changes in wind speed due to surface roughness, and (iv) increased 
solar radiation absorption from surfaces with lower albedo. This chapter focuses on the 
cause and effect of UHI, including the variation in temperature of the local environment 
compared to its surrounding rural area [9–12]. The most frequent effects of UHI effect 
include: (i) effect on local microclimate, (ii) discomfort associated with increased tem-
perature, (iii) effects on human health, and (iv) variation in hydrological behavior, such 
as water mass displacement [13, 14]. Increased mortality can result from the combined 
effect of UHI and natural events like heat waves (HWs) [15]. 

Moreover, anthropogenic sources of generation such as artificial heating and 
cooling of buildings, industrial operations, and transportation contribute heat into 
the urban environment, resulting in an increase in UHIs [16], and their intensities 
increase with time. According to Santamouris 2015 et al. [17], the intensity of the 
UHI increases with an increase in population density due to a reduction in the green 
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and blue covered areas. Due to the local thermal balance, urban heat islands can 
exist at any latitude and at any time of day. The magnitude of UHI increases in clear 
and calm weather, while breeze and precipitation show a very high impact on it. 
Infrastructure related to housing is related to extreme climate change. Practically, 
poor urban design can intensify the effects of climate change, whereas buildings that 
were built for certain thermal conditions may eventually need to be applied in drier 
and hotter areas [18]. Finally, the development and operation of cities show major 
impacts on energy demand and, consequently, greenhouse gas emissions. To over-
come this issue, more and more studies are needed, and urbanization, compact city 
growth, and urban sprawl should be studied. 

10.2 CONCEPT OF UHIS 

The temperature at any location depends on the energy balance at the underlying surface. 
The basic form of the energy balance equation for the underlying surface is given by [19]: 
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, air temperature by T
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, thermal conductivity by k, latent heat of vaporization by L, and rate of 

evaporation by m
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. As a result, the frst two terms on the left-hand side of the statement 
stand for the total heat fow from short-wave radiation absorbed at the surface, whereas 
the third term denotes the heat fux from long-wave radiation. Anthropogenic heat fow 
into the surface is represented by the fourth term on the left-hand side of the expression. 

Long-wave radiative flux from the surface is represented by the first term on the 
right-hand side of the expression, sensible heat flux by the second, heat conduction 
through the surface by the third, and latent heat flux by the last term. The next 
sections explore a few of the terms in this equation either directly or indirectly. The 
anthropogenic heat flow into the surface or near-surface air layer is the fourth term 
from the left and includes heat from automobiles, construction equipment, and other 
heat sources. The sensible heat flux is the first term on the right side of the equation, 
followed by the ground heat flux, latent heat flux, and long-wave radiative flux from 
the surface. The terms in this equation are explored in more detail in the following 
sections, both directly and indirectly. 

10.3 UHIS AND GLOBAL WARMING 

UHI is responsible for an increase in temperature in a small area and local climate 
change, whereas global warming is responsible for global climate change. UHI is 
increased by the human activities in the urban area. A city is warmed by pollution in 
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addition to the heat produced by automobile use, home heating, and industrial oper-
ations. When cities expand, the UHI effect increases, causing an unnatural warming 
of cities or local areas. However, across the world, glaciers are melting as a result 
of global warming, affecting the lives of many people with foods, droughts, and a 
shortage of drinkable water. A lot of questions and conficts surround this compli-
cated problem. Global temperatures are now higher than they have been in at least the 
previous millennium, and they are increasing much more quickly than initially antic-
ipated by scientists. Flooding along the coast, an increase in harsh weather, the trans-
mission of infectious diseases, and massive extinctions are all anticipated effects. 
The Earth’s temperature has been increasing continuously, and many researchers 
now think that this is caused by human activity related to emissions of greenhouse 
gases like carbon dioxide (CO

2
) and nitrogen oxides (NO

x
) that are responsible for 

this warming. 
UHI increases the use of Air-Conditioners (AC) in homes and offices, causing 

Chlorofluorocarbon (CFC) emission and resulting in global warming. It is well 
known that organic halogen compounds reduce atmospheric ozone levels, which con-
tributes to the ozone hole over the Antarctic. A recent study revealed how much these 
substances have also contributed to global warming [20–30]. According to scientific 
calculations, heat trapped by halogenated compounds was responsible for one-third 
of the world’s warming in the second half of the 20th century. This were liable for 
more than 50% of the melting of Arctic sea ice during this time. According to esti-
mates, 24% of greenhouse gas emissions from humans come from CFCs. Compared 
to the majority of other known chemicals, halogenated organic compounds capture 
a significantly greater amount of heat in the atmosphere. For instance, the global 
warming potential of dichlorodifluoromethane (CFC-12) is roughly 11,000 times 
more than that of carbon dioxide. This means that although though CFCs are pres-
ent in the atmosphere in much lower amounts than other greenhouse gases, their 
influence may still be quite high. Excessive use of AC and other home appliances 
needs more electricity, hence requiring more burning of coal and more greenhouse 
gases like CO

2
 emissions, causing global warming. As a result of increased UHI, the 

demand for electricity is increasing rapidly, resulting in the burning of fossil fuels 
(such as coal, gas, and oils), which has been producing more greenhouse gases. The 
greenhouse gases were in balance in the past. Fossil fuels evolve over millions of 
years, yet it only takes a few minutes for them to burn, sending huge amounts of CO

2 

into the atmosphere. In the past, natural factors like volcanic eruptions and the quan-
tity of phytoplankton in the sea have been used to explain variations in CO

2
 levels. 

It expected that at the end of the next 100 years, the temperature of Earth will be 
increases by 8–10°C with significant warming caused by the emission of CO

2
 due to 

human activity. The reported growth in anthropogenic GHG (greenhouse gas) emis-
sions is highly probable to be to responsible for most of the observed rise in average 
global temperatures since the mid-20th century [20]. 

The inventor of the greenhouse theory (James Hansen, NASA) and the most rec-
ognized climatologist (Richard Lindzen, MIT) predict that even if no action is taken 
to limit greenhouse gases, the globe’s temperature will rise by roughly 1°C in the 
next 50 to 100 years. According to a team of UN scientists, developing nations are 
two times more at risk from climate change than industrialized nations, and small 
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island nations are three times more at threat. The United States ranks fourth globally 
in terms of CO

2
 emissions. People, animals, birds, and habitats are all affected by the 

consequences of global warming. No continent has actually been spared. The Adelie 
penguin population in Antarctica has reduced by 33% over the past 25 years as a 
result of decreasing sea ice. Even a small increase in temperature of 1°C can have a 
negative impact on sea levels. Coastal cities like Mumbai, Kolkata, and Chennai, as 
well as almost 60 island countries, including Bangladesh and the Maldives, will be at 
risk from this rise in sea level. Desert expansion is a result of global warming in the 
places such as North America, South Africa, India, Mexico, etc. By 2050 ad, more 
than a million species of animals and plants may be lost due to global warming [20]. 

In addition to the problems mentioned earlier, a changing climate can also result 
in a number of other issues, including the depletion of bodies of water on the surface, 
a decline in the groundwater level, severe water scarcities, the desertification of large 
areas that were previously fertile and productive lands, a change in crop patterns, 
lower agricultural yields, the spread of diseases, a lack of food, and the proliferation 
of microbes. 

10.4 CAUSES OF UHIS 

Over 50% of people on the planet live in cities [1–2]. Urbanization causes signif-
cant changes in land cover and land use as cities spread out further. Additionally, as 
urbanization progresses, so does the opportunity for vegetation to survive and thrive 
and the accessibility for people to see and enjoy nature [21]. Therefore, it is important 
to comprehend how urbanization may affect the environment as well as any resulting 
human effects, particularly in developing areas where urbanization rates are high and 
generally understudied [4, 22]. 

The urban heat island effect, also known as UHI, is a well-known phenomenon 
where metropolitan regions typically have greater surface and air temperatures 
than neighboring suburban and non-urban areas. The land surface characteristics, 
regional climate, season, time of day, city’s geographic position, size of the city in 
terms of both area and population, and anthropogenic heat are some of the vari-
ables that affect UHI intensity [2]. For instance, Park [23] and Oke [24] show how 
UHI intensity rises in correlation with the city population. It was demonstrated by 
Ichinose et al. [25] that anthropogenic heat is seasonal and that the intensity of UHI 
is higher in the winter than in the summer. In addition, cities typically have more 
buildings, asphalt walkways, and roads than non-urban environments, as well as less 
vegetation, higher heat capacities, and more of these features. These characteristics 
of urban surfaces cause them to store more heat during the day and heat up more 
at night than natural surfaces [26]. Additionally, urban surfaces have larger Bowen 
ratios (i.e., the ratio of sensible to latent heat fluxes) and lower evapotranspiration 
rates, which aid in warming them up more quickly during the day than suburban 
and non-urban surfaces [27]. This daytime warming effect, however, might be less-
ened since increasing urban surface roughness enhances planetary boundary layer 
(PBL) mixing, which is most intense during the day [28]. As a result, there is less of 
a warming contrast between urban and non-urban surfaces [29, 30]. This aids in the 
upward heat transfer of more surface heat. Due to the changes in the aforementioned 
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controlling factors between cities, previous estimations show that UHI intensity is 
largely geographically dependent and varies greatly among locations [2]. Peng et al. 
[31], examined 419 cities using satellite data and discovered that for 64% of the cities, 
the global surface UHI intensity was highest during the day. This finding illustrates 
that on an annual scale, surface UHI intensity is stronger in daylight. However, 36% 
of the cities that had a greater UHI at night were primarily concentrated in develop-
ing regions, such as western and southern Asia and northern Africa, where urbaniza-
tion is frequently understudied [4]. Therefore, research should focus on urbanizing 
cities inside these growing areas to ascertain why they show a higher UHI intensity 
at night rather than during the day. 

Further amplifying the UHI effect is growing urbanization, which also reduces 
vegetation density and spatial extent and lowers evapotranspiration [31]. On the other 
hand, if cities seek to maintain or enhance the amount of green space, the increased 
vegetation density and spatial extent generate increased evaporative cooling during 
the day [31], which lowers urban temperatures and thus lowers the daytime UHI [32]. 
To assess if a city’s UHI has a warming or cooling effect, the greenness of the veg-
etation must be measured. The availability and energy absorption of leaf pigments 
like chlorophyll are frequently assessed using satellite-based vegetation indices, such 
as the normalized difference vegetation index (NDVI), which is also a good indicator 
of an urban climate [33, 34]. 

The difference in air temperature between two meteorological stations, one in 
an urban area and one adjacent in a non-urban area, has been used to measure UHI 
intensity [34]. In contrast, satellite data have recently employed LST to characterize 
spatiotemporal structures of UHI with adequate precision to distinguish between 
urban centers and non-urban surroundings and give global coverage at a high resolu-
tion [31]. This is due to a low density of weather stations over many locations. LST has 
been demonstrated to be comparable to air temperature in both urban and rural set-
tings. Both datasets indicate UHI consequences, although it has been demonstrated 
that the UHI intensity measured using LST is greater in magnitude than the UHI 
intensity evaluated using air temperature [35]. UHI effects have been thoroughly 
investigated in several cities utilizing satellite products, including Houston, among 
others, in terms of their size concerning the elements stated in [2]. By 2030, the 
number of megacities—cities with more than 10 million inhabitants—is expected to 
rise from 18 to 43, with the majority of them located in developing nations like India, 
China, and Nigeria. Between 2018 and 2050, these three nations are anticipated to 
boost the urban population by 35% [3]. Focusing on India, severe urban expansion in 
recent decades has changed a nation with a predominately rural population and an 
agricultural-based economy into one with a rapidly industrializing society and major 
urbanization [4]. 

The increase in greenhouse gas emission and urbanization are linked to alterations 
in energy fluxes that, once they take place, may alter the microclimate and degrade 
the thermal environment. They also plays a role in climate change. Urbanization 
also results in an overabundance of buildings, many of which are constructed from 
materials with poor thermal properties. According to various studies, the degree of 
urbanization is related to the long-term trend in surface air temperature in urban 
centers [36–37]. A typical UHI occurs when there is any alteration in the energy 
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balance of an urban area, resulting in a slower rate of cooling as compared to rural 
areas (for example, after sunset). However, a UHI can happen whenever there is a lot 
of heat stored in the urban canopy layer or any other heat sources (like anthropogenic 
sources). Heat islands can be created by a single causal factor or, more frequently, by 
the interaction of numerous factors. The main causes of UHI are as follows: 

10.4.1 THERMAL CAPACITY AND URBAN GEOMETRY 

Generally, high-heat-capacity materials are available in urban locations (e.g., brick, 
stone, concrete, asphalt, and pavement). Also, the surface-to-area ratio (SAR) for 
urban areas is signifcantly greater than that of rural areas, where SAR represents the 
ratio of the total surface area exposed to the sun and the total horizontal area. SARs 
in rural regions often hover around 1. Whereas the SAR in urban centers is found 
to be ≥5, it is about 2 or 3 in residential neighborhoods. Solar radiation is absorbed 
and stored more effectively in urban areas due to the interaction of greater SAR 
and higher heat capacity. The additional heat that has been trapped in various urban 
building materials and structures is released, heating the air and causing a UHI, As 
beams A and B shown in Figure 10.1. 

10.4.2 SKY VIEW FACTOR (SVF) 

A UHI, especially of the nocturnal variety, is facilitated by the reduced SVF in urban 
regions as compared to that in open surroundings. This is because urban barriers pre-
vent urban surfaces from radiatively cooling the walls, structures, etc. The beam at 
point B in Figure 10.1 is subjected to a number of refections, resulting in a reduction 
in intensity and consequently warming the surfaces, and hence, air comes across it. 
The taller the buildings that surround the urban “canyon,” the more refections there 
may be. Variations in rate of cooling between the urban and surrounding rural area 
cause the generation of a UHI. 

10.4.3 ALBEDO AND EFFECTIVE ALBEDO 

In comparison to vegetation or bare land, the albedo of roads, pavement, building 
materials, and other urban constructions is smaller as compared to rural areas. 
However, the opposite is valid in some circumstances. According to the Taha [19] 
the value of urban albedo can be more than 0.20, whereas the surrounding grass-
land-covered area has an albedo of 0.15. A UHI generally comes into the picture 
when the value of urban albedo is found to be lower as compared to the surround-
ing rural areas. Apart from these various surfaces having low albedos (for example 
streets, pavement, walls, roofs, buildings, etc.), urban areas also have lower effective 
albedos than surrounding rural areas. Geometry (i.e., urban canyons) increases the 
solar radiation refection, and the absorption of photons is increased by canyon sur-
faces instead of escaping back. The resulting decrease in effective albedo is shown 
by beam A in Figure 10.1. The beam becomes weaker and also some of the photons 
cannot meet the canyon foor due to successive refections. 
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FIGURE 10.1 Schematic diagram of an urban heat island (UHI). (a) Front view of an urban 
area. (b) Top view of same area. (Regenerated from Figure 1 of Taha H. 2004 [19]). 

10.4.4 BOWEN RATIO 

Urban locations have a less dense vegetative cover than rural regions, which changes 
how solar radiation is split into latent and sensible heat fuxes (among other things). 
Because of this, air temperatures are higher in metropolitan locations where the 
value of the Bowen ratio (β) is high. β is smaller in suburban or rural locations, 
where there is often more vegetation, evaporative cooling, and evaporation, causing 
lower air temperature. In metropolitan settings, the magnitude of β is found to be 
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approximately 4 or 5, whereas, for vegetated canopies, typical values range from 0.8 
to 1.5. For instance, β is roughly 0.1 for oceans and roughly 0.2 for tropical forests. 

10.4.5 ANTHROPOGENIC HEAT 

Urban areas alter the energy balance both “passively and actively.” A passive effect 
is caused by urban geometry, heat capacity, scarcity of covered grassland, and lower 
effective albedo, whereas the active effect considers the removal of extra heat to the 
air, including the release of heat due to heating or cooling purposes, heat release 
by furnaces, and anthropogenic or manmade heat. The most common sources of 
anthropogenic heat are industry, power plants, refneries and processing facilities, 
chimneys and stacks, and HVAC in automobiles and buildings. The value of anthro-
pogenic heat may be calculated from the energy consumption for a particular pur-
pose since its direct measurement is very diffcult. Any of the previously mentioned 
causal elements, or, more frequently, different combinations of them, can result in a 
UHI. Because of this, the characteristics of UHIs and their scope might vary greatly 
depending on the place or time. 

10.5 TECHNIQUES TO MEASURE CONTROLLING  
FACTORS OF UHIS 

It is critical to quantify the correlations between these elements and determine which 
best causes urban heat in a metropolis to comprehend the mechanics of UHI pro-
duction and create effective mitigation plans. After physical assessments of what 
components may be most important for a particular city’s UHI, a range of conven-
tional regression approaches and machine learning techniques can be employed to 
quantify the top controlling factors. Multiple linear regression (MLR), which is used 
to statistically predict one variable (predictand) from numerous other variables (pre-
dictors), is one of the most straightforward techniques. Some studies have utilized 
MLR to identify the most effective controls on urban heat for different cities, such 
Kolokotroni and Giridharan [38] for London, England, and Kim and Baik [2] for 
Seoul, South Korea. Kolokotroni and Giridharan [38] have examined leading con-
trols of urban heat using machine learning techniques. These researchers discovered 
that machine learning approaches outperformed traditional MLR analysis by having 
lower error values and higher explained variance values when compared to their 
MLR results. These researchers employed a type of regression tree modeling (deci-
sion trees), which includes nonlinear interactions between predictor variables and 
does not make assumptions about the relationship between each predictor and the 
predictand [39]. The random forest (RF) model is capable of producing thousands of 
regression trees with the use of computers [40]. 

Each regression tree in the RF is created using a resampled version of the initial 
training dataset, and each branch in the developing process evaluates whether to use 
a new random subset of input variables [41, 42]. Together, these sources of random-
ness ensure the independence of each tree. Every city is different in how environmen-
tal factors may interact and influence urban heat due to their varying magnitudes and 
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importance within the city’s local climate. Although these studies have used a variety 
of methods to determine controls of urban heat but they compared their results with 
available data in literature. For instance, a particular collection of environmental ele-
ments might be more important in one city than another. As a result, it’s possible that 
the conclusions from these earlier studies don’t apply to other places. In reality, dif-
ferent studies that looked at different places came up with varied findings in terms of 
the decisive component. A study that examines the mechanisms that regulate urban 
heat in an Indian city is still lacking. 

10.6 IMPACT OF UHIS 

UHI has the potential to change the local meteorology, rates of air pollution emis-
sion, pollutant transport, and photochemistry. Naturally, they have an impact on 
energy usage. 

10.6.1 IMPACT OF UHIS ON LOCAL CLIMATE 

The development of a circulation or wind pattern is often a convective cell around 
the UHI zone. The convective cell for urban areas may be asymmetric in nature and 
blows downwind, which mainly depends upon the relative strength of the background 
winds and UHI winds represented by the thick arrow line in Figure 10.1. In general, 
a city’s UHI circulation is stronger the larger and denser it is in terms of population. 
The increase in convection activity inside heat plumes caused by UHIs consequently 
increases the clouds and rain, as can be inferred from Figure 10.1. Of course, UHIs 
only result in increased convective clouds or precipitation when favorable conditions 
such as moisture, temperature condensation, and wind speed occur. According to 
Taha [19], the long-term effect of a UHI can result in increased cloudiness, rainfall, 
and thunderstorms by 8%, 14%, and 15% respectively. 

10.6.2 IMPACT OF UHIS ON AMBIENT TEMPERATURE 

The most noticeable impact of UHI is elevated ambient temperatures: UHIs typically 
cause increases in temperature of around 2°C on average and up to as high as 8°C. 
A potential UHI of 3.5°C downwind of the densest metropolitan area is shown in 
Figure 10.1. From the fgure, it is clear that the “observed” UHI intensity can greatly 
depend upon the urban and reference rural areas. 

10.6.3 IMPACT OF UHIS ON POLLUTION 

When pollutants are released into the urban atmosphere, the boundary layer (BL) 
allows for their dispersion and mixing, which leads to lower apparent concentrations 
than in BLs where pollutant mixing is not allowed. This occurrence heavily depends 
on stability, the depth of the BL, and the amount and intensity of convection. 

Increased emission of air pollutants that are temperature-dependent; for example, 
the temperature has a significant impact on the emission of hydrocarbons, such as 
isoprene emissions from plants. Additionally, the majority of fugitive hydrocarbon 
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emissions are temperature dependent, including those from fuel tanks, automobiles, 
motor engines having a hot soak, and losses due to evaporation. The particulate mat-
ter emission also depends on the temperature. Higher precursor emissions typically 
result in worsening air quality, a faster rate of smog development, and less visibility. 

10.6.4 IMPACT OF UHIS ON PHOTOCHEMISTRY 

Photochemical reactions are generally strongly associated with temperature in the 
photochemical formation of smog. As a result, a UHI may catalyze the creation of 
urban ozone, which is a serious health concern in large cities. There may appear to 
be a conficting effect because greater temperatures can promote ozone generation 
while also increasing the mixing of contaminants in the BL. The majority of data and 
observations, however, point to a negative infuence on air quality as the overall result 
of a UHI due to variations in the concentration of ozone. 

10.6.5 ENERGY IMPACT OF UHIS 

UHIs often have a summertime increase in cooling loads and a wintertime fall 
in heating loads. The fnal result, of course, depends on the overall meteorologi-
cal parameters and the changes in local climate such as available sunshine, wind 
patterns, topographically induced fows, precipitation, etc. Also, it is infuenced by 
regional energy-specifc factors such as population density, the predominant ener-
gy-using industries, building types, distribution, age, general building envelope fea-
tures, HVAC equipment saturation, and regional fuel and power prices. But generally 
speaking, a UHI has more of an effect on cooling loads as compared to heating loads. 
Also, the latter effect is typically desired, and the former effect is unwanted. 

Although building attributes, occupancy schedules, thermal integrity, and prefer-
ences for psychometric comfort may be difficult considerations inside the building, the 
energy requirements due to UHIs are relatively easy to comprehend. The UHI gener-
ally has a substantial impact on residential or small nonresidential buildings. The UHI 
is less sensitive in larger buildings, since internal loads (heat liberation from occupants 
and appliances) are more significant than heat interaction with the surroundings. 

Finally, UHIs also have a secondary impact on other energy-related factors. For 
example, warmer weather increases the requirement for watering (for urban plants, 
parks, and nearby crops), which increases the demand for water pumping and dis-
tribution. A higher need for air conditioning in motor vehicles is also brought on by 
higher air temperatures. More energy is needed because of the higher air conditioning 
load (increased fuel consumption). Health and thermal comfort are other aspects of 
UHIs that also involve indirect energy usage. In the summer, UHIs rise, leading to an 
increase in heat-related hospital admissions and a severe worry for healthcare. These 
factors, although difficult to measure, involve higher energy use in medical institutions. 

10.6.6 ENERGY IMPACT OF UHIS ON LOCAL CLIMATE CHANGE 

The quantity of energy used by different urban infrastructures, heating and cooling, 
and means of transportation may be greatly affected by UHIs. The implications of 
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UHIs that have received the greatest attention include a signifcant increase in the 
peak and global electricity consumption for HVAC systems as well as a signifcant 
decrease in their effciency. 

The amount of urban warming, the regional climate, and the properties of 
HVAC systems and buildings influence the increase in power and energy caused by 
UHIs. Using climate data from 30 urban and semi-urban areas of Athens, Greece, 
Santamouris et al. [43] assessed the effect of UHI on building energy use and dis-
covered that the cooling load in the city center was twice as high as that in the sur-
rounding area. Moreover, the peak electrical consumption triples, while the heating 
load in urban areas may drop by 30% to 50%. The COP of refrigeration systems is 
reduced by up to one-fourth as a result of a UHI, which also affects the performance 
of electrical and mechanical equipment. Santamouris et al. [44] studied the varia-
tion in the heating and cooling load of a particular building with time, which turns 
into regional and global climate change from 1970 to 2010. According to the data, 
the combined effects of local and global climate change resulted in an average 23% 
increase in cooling demand and a corresponding average 19% decrease in heating 
demand. According to a balance, annually, an 11% increase in energy demand was 
observed due to heating and cooling load. 

10.6.7 IMPACT OF UHIS ON HEALTH, COMFORT, AND ECONOMY 

Due to the harmful effects that urban overheating caused by UHI has on inhabi-
tants’ health, perceptions of indoor–outdoor comfort, and fnancial well-being, the 
urban environment has been modifed in a signifcant way from several angles [45]. 
Particularly, low-income and vulnerable populations residing in crowded urban set-
tings are those who are most sensitive to this environmental shift [46]. Sakka et al. 
(46) demonstrated that harmful interior thermal overheating was induced, particu-
larly in low-tech structures exposed to a hot thermal environment for a prolonged 
time, as observed in southeastern Europe in 2007. In more detail, the researchers dis-
covered that the average indoor temperature across all of the residential units under 
observation was nearly 4.2°C higher than the average indoor temperature recorded 
in Athens during typical summertime conditions, that is, before and after the time of 
the heat wave that was exacerbated by the UHI. Interior thermal feld measurements 
showed how the UHI-emphasized heat wave exposed people to hot spells reaching 
33°C for six straight days, which caused issues with interior comfort as well as an 
increase in the probability of non-negligible health conditions for the most suscep-
tible families [46]. According to consistent preliminary results obtained using ther-
mal energy models created within the framework of LUCID projects, the number 
of indoor overheating hours (for more than 28°C working temperature) tends to rise 
as one approaches another European megacity affected by UHI, namely the greater 
London area [47]. 

In reality, it has been shown that the UHI-heated outdoor urban environment has a 
significant impact on the temperature within buildings, particularly those with poor 
building envelopes and no active cooling HVAC systems [46]. Low-income families 
are also more susceptible to summer heat wave events and UHI in general due to 
their generally low awareness and education levels regarding the proper usage of 
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passive cooling measures to improve indoor thermal conditions. According to this 
perspective, significant research contributions have concentrated on identifying the 
impact of UHI on the population of energy-poor people, with the core of the analy-
sis centered on households’ inability to provide the necessary environmental active 
systems, which are intended to address their basic needs for cooling and heating. 
According to data, persons who are energy inefficient are accustomed to living in 
houses with poor-performance envelopes, which are mostly caused by inadequate 
thermal insulation, ineffective shading mechanisms, and high rate of infiltration. 
Hence, low-income families are made even more sensitive to the UHI phenomena 
in congested cities around the world due to the energy poverty and a lack of readily 
available significant passive solutions. Additionally, the energy-poor population in 
Europe spends 30% more on house operating costs than the average European, or 
almost 40% of their income [37]. 

In hot weather, mortality rises, especially among the most susceptible, such as 
the elderly. Different countries, cities, and even the same area from year to year 
have varying degrees of connection between daily outdoor temperature and health 
outcomes [47]. In general, persons often exhibit an optimum temperature at which 
the death rate is lowest; temperatures over this temperature cause mortality rates to 
increase. In particular, it has been calculated that for every degree of temperature 
increase above a (locally specified) cut-off point, mortality for populations in the 
European Union will rise by 1% to 4% [48]. Important UK studies have revealed 
that the UHI phenomenon is predicted to make extreme urban overheating episodes 
worse in urban locations. For instance, an excess of 17% of deaths in England and 
Wales were attributed to the 2003 heat wave throughout the summer [49]. 

According to Taha [39], urban air pollution concentrations rise in warming cities. 
They may also rise during heat waves, which could have serious effects on mortality, 
as it did in Paris in the summer of 2003. This is because solar radiation and hot tem-
peratures encourage the synthesis of volatile organic molecules (VOCs) like ozone. 
According to current air pollution control measures, ground-level ozone and fine 
particles are expected to cause 311,000 premature deaths by 2030. 

10.7 MITIGATING THE URBAN HEAT ISLAND 

In the last three decades, there has been a signifcant amount of research and devel-
opment in the areas of understanding urban heat islands and their effects on the 
environment and health, developing mitigation strategies, and putting policies and 
programs in place to cool urban heat islands. The research initially concentrated on 
identifying why cities are generally warmer than their surrounding suburbs, noting 
that the urban fabric is responsible for these higher temperatures, and examining 
how potential changes to the urban fabric (such as altering the surface of the city 
and introducing vegetation) might impact the amount of energy used by buildings in 
cities during the summer. A study found that shade trees and cool roofs directly lower 
the amount of energy needed to cool buildings and that a city may be cooled by a few 
degrees by combining cool pavements, cool roofs, and urban vegetation [50]. Cooling 
cities (lower ambient temperatures) reduces the amount of energy used to cool build-
ings, improves the comfort of walking outdoors, and slows down the photochemical 
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FIGURE 10.2 Effect of a mitigation strategy on the process parameters and its expected 
outcomes. 

reactions that cause pollution (see Figure 10.2). With less energy being used for air 
conditioning, cool roofs and shaded areas result in less fuel consumption, air pollu-
tion, and greenhouse gas emissions. Urban greenery, cool pavement, and cool roofs 
keep the city cool and stop smog from forming. Cool surfaces such as roofs and pave-
ments cause a negative radiation force by refecting short-wave radiation to space. 
These frst results spark a wave of investigation and public interest in reducing urban 
heat islands.        

10.7.1 DEVELOPMENT OF REFLECTIVE MATERIALS 

Materials utilized in the urban fabric have a key infuence on the thermal balance of 
the city by absorbing incident solar and infrared radiation and releasing some of the 
stored heat through convective and radiative processes in the atmosphere. As a result, 
ambient temperatures rise. Therefore, using “cool materials” in building envelopes 
and open spaces that can refect a sizable portion of solar radiation and dissipate the 
heat they have absorbed through radiation helps to raise the urban albedo, maintain 
cooler surface temperatures, and thus present an effective way to reduce urban heat 
islands. The past few years have seen a lot of activity in the feld of solar refective 
materials, which has resulted in the creation of novel materials and methods that 
exhibit increased radiative qualities and better thermal characteristics, offering sub-
stantial promise for heat island abatement. 

10.7.2 DEVELOPMENT OF COOL ROOF TECHNOLOGIES 

Due to their high solar refectance, or albedo, cool roofs are solutions that are highly 
refective of solar radiation. They can stop both individual buildings and huge cities 
from overheating. Since the 1980s in California and other US states, their potential 
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has been quantitatively studied in response to both the UHI impact and the need to 
lower energy and peak power for air conditioning [51]. Numerous studies have since 
been conducted, showing the value of establishing sponsored incentive programs, 
product labeling, and standards to encourage the use of high-albedo materials for 
buildings, as well as the benefts of gradually increasing a city’s albedo by select-
ing high-albedo surfaces to replace darker materials during routine maintenance of 
roofs [52]. Surveys of cool roofng materials for the United States were conducted, 
and signifcant reductions in peak power and cooling energy were demonstrated 
when researchers started concentrating on the resilience of high-albedo roof coat-
ings, as reported by Akbari et al. [50]. Then, cities in the warm region of the United 
States started to take action to include cool roofs under the new ASHRAE construc-
tion standards and to incorporate cool surfaces as tradeable smog-offset credits in 
Los Angeles. 

There are two distinct families of cool roofing solutions: cool white technologies, 
which are more frequently used for flat roof coverings, and cool color technologies, 
which are used for sloped roofs. The latter ones have a large capacity for reflection in 
the near-infrared (NIR, 0.7–2.5 mm), where more than 50% of solar energy falls but 
is invisible to the human eye, and a reflection spectrum in the visible range (0.4–0.7 
mm), as needed to get a desired color. 

There are many different types of cool white roofing materials, including built-up 
roofing, pre-painted metal roofs, field-applied coatings (paints, fluid-applied mem-
branes, etc.), reinforced bitumen sheets made of modified bitumen (elastomeric or 
elastomeric), single-ply sheets and membranes (thermoset or thermoplastic), and tiles 
(ceramic, concrete, etc.). Non-metallic materials often exhibit thermal emittance in 
the range of 80% to 95% and initial solar reflectance as high as 80–85%. Its white 
color is the result of a large capacity for reflection in the visible region, but to pro-
duce a high value of reflectance in the near-infrared, a similar capacity is required. 
The use of white pigments like titanium dioxide (TiO

2
) allow cool roof technologies 

to achieve a high reflectivity over the entire sunlight spectrum. The pigments can 
be spread in inorganic matrices like ceramic tiles and coatings as well as organic 
matrices like acrylic or bituminous binders. It’s interesting to note that a high solar 
reflectance may be caused by the mean of several quite distinct reflection spectra 
that have been balanced by the solar irradiance spectrum. On the other hand, due to 
material degradation (chemical and physical), biological development, and—most 
importantly—soiling brought on by pollutant deposition, it is exceedingly difficult 
to maintain the initial reflectance value. A layer of particulate or other atmospheric 
suspensions may have a significant impact on the reflective performance since the 
most superficial matter has the highest reflectivity. As a result, aged solar reflec-
tance ratings that were achieved through natural exposure to three different climatic 
conditions for at least three years are also offered within the context of the CRRC 
rating program. A technique for accelerated aging has recently been devised that 
can shorten the three-year natural aging process caused by soiling to three days of 
laboratory testing [53]. 

While biocides can be used to prevent biological growth, which is a problem in 
humid climates because of the cool roofs’ low surface temperatures and the per-
sistent condensation of atmospheric moisture, the development of matrices and white 
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pigments that are chemically and physically stable allows for preventing reflectance 
degradation, such as that which is connected to surface yellowing. To lessen soiling, 
surface treatments that are extremely hydrophilic or hydrophobic can be used. You 
can also control the surface’s porosity and roughness or employ self-cleaning coat-
ings based on photocatalysis [54]. The most important requirements to prevent the 
deterioration of cool white roofs, however, are to choose a slope that ensures storm 
water outflow and to stay away from areas of stagnation. 

Cool color technologies are being created for roof surfaces whose color is 
restricted by vegetation, such as tile roofs in the middle of old towns, or possibly 
by architectural choices. Solutions can be based on the choice of suitable pigments 
with selective reflection or by a successful method based on a multilayered coating 
in which a white, highly reflective basecoat is applied to a substrate and is followed 
by a topcoat with selective transparency. Yet the existence of structures that are near 
one another and form a so-called urban canyon might lead to radiation entering the 
canyon and being reflected back and forth multiple times before failing to reemerge. 
Roofs, facades, and other building surfaces not facing the sky can all use cool color 
technologies. 

10.7.3 DEVELOPMENT OF COOL PAVEMENT TECHNOLOGIES 

The urban climate is greatly infuenced by pavement, which also signifcantly con-
tributes to the growth of the urban heat island phenomenon. Asphalt or concrete 
pavers cover a sizable portion of urban areas in the majority of developed nations. 
According to studies conducted in the United States, paved surfaces cover between 
29% and 39% of metropolitan areas as viewed from above the urban canopy [50]. 

The amount of short-wave radiation received, long-wave radiation emitted and 
absorbed, convective heat transfer, gains and losses to the ground through con-
duction, and evaporation and condensation processes all contribute to the thermal 
balance of paved surfaces. According to Asaeda et al. [55], the amount of infrared 
radiation that pavements generate in Tokyo, Japan, is almost equal to half of the pace 
at which the city’s business sectors consume energy. 

Pavements’ surface temperatures must drop to reduce the sensible heat they emit 
into the sky. The following methods can be used to accomplish this [14]: 

a) Improving the reflectivity of pavement. Pavement surfaces with increased 
surface albedo reduce absorbed solar radiation and lower surface temper-
ature. A variety of techniques have been put forth, both for the creation 
of brand-new paving surfaces and for the renovation of already-existing 
pavement. Resin-based pavement, utilizing light aggregates in asphaltic and 
concrete pavements, adding fly ash and slag cement as additives, using chip 
or sand sealing, using colorless reflecting binders, using sand/shot blasting, 
and abrading binder surfaces are some of the more well-liked techniques. 
Asphalt pavement can be modified by adding high-albedo materials, such 
as light-colored aggregates, color pigments, or sealants. In order to increase 
albedo after installation, asphalt pavement can also be maintained with 
treatments like chip seals (high-albedo aggregate used to resurface asphalt 
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roads and highways), white topping (a layer of concrete applied over exist-
ing asphalt that is >10 cm thick or 10 cm thin), and micro surfacing (a thin 
sealing layer). To increase the albedo of paved surfaces, new technologies 
have been proposed. These include the use of white high-reflective paints 
on the pavement, infrared reflective color paints on the surface of the paved 
materials, heat reflective paints to cover the aggregates, and color-changing 
paints on the surface of the paved zones. 

b) Increasing the permeability of the pavements to hasten the evaporation 
processes. This is also known as pervious, porous, or water-retaining 
pavement. Vegetative pavements, which comprise grass pavers and concrete 
grid surfaces that permit grass to grow in the intervals between them, show 
a lower surface temperature due to increased evapotranspiration. Examples 
of non-vegetative porous pavements include porous and pervious concrete, 
porous or rubberized asphalt, permeable interlocking concrete, etc. High-
performance permeable pavement technologies used today include adding 
bottom ash and peat moss to old concrete, adding fine-texture old mortar to 
pervious concrete, adding water-holding fillers made of steel byproducts, 
adding fine blast furnace powder to water-retentive asphaltic pavements, 
and adding fly ash with narrow particle distributions to ceramic tiles. 

c) Enhancing the pavements’ perceived thermal capacity. This is mostly 
accomplished by incorporating phase change elements within the mass of 
the paving surfaces. The sensible heat discharged to the atmosphere can be 
reduced during the day by using PCMs to achieve a lower surface temperature. 

d) Incorporating mechanical devices that disperse heat from the concrete or 
asphalt and lower the surface temperature of the pavements, such as tubes 
that circulate water. 

e) Effectively shading the pavement surfaces to reduce the amount of solar 
radiation absorbed. 

All of the aforementioned technologies are frequently utilized in large-scale proj-
ects, and the majority of them have a very high potential for reducing the amount of 
pavement, reducing the amount of sensible heat discharged into the atmosphere, and 
lessening the effects of UHI in urban areas. Santamouris provides detailed informa-
tion on the current applications [14]. 

10.7.4 GREENING THE URBAN ENVIRONMENT, THE IMPACT OF TREES IN THE CITY 

Urban vegetation can improve the microclimate through processes like shade, evapo-
transpiration, controlling airfow, and heat exchange. Many studies have emphasized 
the value of urban parks as well as the strategic positioning of plants in landscape 
design. Urban parks signifcantly lower the average temperature in the nearby urban 
areas, while also reducing noise pollution, preventing soil erosion, stabilizing the 
soil, and calming visitors. 

In cities, parks have a significant potential for mitigation. The precise impact on 
a city’s climate quality is determined by several intricate regional and local factors, 
including the park’s size and structure, the weather in the area, the plants used, how 
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frequently they are watered, the thermal balance around the park, and the thermal 
characteristics of the entire city. The majority of current studies seeking to determine 
the ideal park size concluded that the larger the park, the higher its potential for miti-
gating. Yet research on the cooling potential of small and medium-sized urban parks 
found that they have a big impact on the climate in the area. 

Because of the substantial pressure differential caused by the temperature dif-
ference between the park and the nearby urban areas, cool air can be transported 
from the park to the cities. According to Spronken-Smith [56], the impacted urban 
zone is only extended to a radius around the park’s breadth. The size of the park has 
a significant impact on the extent of the affected urban zone. According to other 
experimental research, depending on the wind direction and speed as well as the 
thermal balance of the surrounding areas, the length of the affected urban area may 
be increased by 200 to 1000 m from the park limits. In reality, urban areas with a 
large anthropogenic heat output show very little influence from urban parks. 

The next difficulty is to apply this information to industry practice now that the 
advantages of greenery are widely understood. The approaches for evaluating land-
scape plans in terms of plant cooling potential have not yet been fully defined, even 
though there are already frameworks in place to objectify landscape planning pro-
cedures like maintainability and irrigation. The introduction of other types of flora, 
such as vertical and rooftop greenery, exacerbates the difficulty of visualizing the 
thermal impact of any landscape design. 

Scientists can now comprehend the role that vegetation plays in landscape design 
because of recent advances in modeling the outside thermal environment. Climatic 
maps can be used as a visualization tool at all scales. Several layers of spatial data can 
be analyzed simultaneously using the geographical information systems (GIS) plat-
form, and climatic mapping has grown in importance in studies of the outdoor climate. 
Particularly, the mapping of green spaces has made substantial use of GIS, offering 
the opportunity to suggest landscape solutions through GIS mapping techniques. 

Planning a landscape should take into account the objective selection and arrange-
ment of plants. The importance of context and locality has been brought to light by 
the inclusion of thermal simulations in the investigations. The positioning of plants is 
substantially impacted by solar exposure, which dispels the widespread misconcep-
tion that plants can improve the environment by uniformly lowering the temperature. 
Urban greenery must be utilized to its full potential as an ecosystem resource and 
in landscape planning to more fully exploit the cooling advantages of greenery as a 
method of reducing urban heat. 

10.7.5 ACTUAL DEVELOPMENT OF GREEN ROOF TECHNOLOGIES 

There are two types of green roofs: extensive and intensive. The old approach is 
characterized by a low-level planting of sedum, brush, or lawn and a thin coating 
of the growing media. This solution uses little water and needs no general upkeep. 
Intense green roofs are gardens with a thicker growing media, allowing rooted plants 
like shrubs and trees to develop and live; they are distinguished by higher water 
requirements and suffcient structural supports. In some instances, a different type, 
the semi-intensive green roof, is also utilized [57]. 
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While a cool roof is an easy building solution to install for both new and existing 
buildings, a green roof is a more complicated technology made up of several layers, 
including, in the more general case, from bottom to top: the structural substrate of 
the roof, the waterproofing membrane, the root barrier, the thermal insulation layers 
(which are occasionally present or are sometimes included in the structural substrate 
of the roof), the aeration, and drainage systems. 

Although the technology began to acquire popularity in the second half of the 20th 
century due to the increased thermal insulation offered by the systems, green roofs 
have been known and used since ancient times. In addition to serving this purpose, 
green roofing has recently emerged as a critical building technology. Stormwater 
management, water runoff control, improved urban air quality, an extension of roof 
life, greater architectural quality, and biodiversity are all advantages of green roofs. 

The lack of green space in urban contexts is one of the most significant causes of 
the urban heat island phenomenon, and green roofs have been cited as a vital method 
to reduce outdoor air temperature [58]. The effectiveness and potential of green roofs 
as a type of mitigation depend on several (micro)climatic factors, including air tem-
perature, solar radiation, ambient humidity, precipitation, and wind speed. 

While several researchers have shown how green roofs can enhance the thermal 
and energy efficiency of built environments, both in the heating and cooling seasons, 
the same cannot be said for studies devoted to the calculation of the reduction of 
urban heat islands. In the latter situation, two methodologies are essentially used: 
evaluation of the latent and sensible heat flux from green roofs, and evaluation of the 
urban heat island reduction by mesoscale simulation assessments. 

The city of Chicago, Illinois, in the United States, which is heavily engaged in 
mitigation efforts and where 50,000 m2 of green roofs were put in 2008, was the 
subject of a mesoscale study by Smith and Roeber [59] that calculated the potential 
for mitigation. The latent phenomena were ignored since the study was conducted 
under the assumption that an extensive green roof would function similarly to a con-
ventional roof with 0.8 solar reflectance. As a result of the green roofs replacing the 
old ones, the results showed a 2–3 K reduction in air temperature between 7:00 and 
11:00 pm. 

Real-world studies demonstrate the green roof technology’s capacity to reduce the 
sensible and latent heat discharged into the urban environment, hence minimizing 
the urban heat island effect. To accurately forecast the drop in urban temperature as 
a function of climate, green roof characteristics, the area of a city covered by green 
roofs, and the distance between the roof and the street level, more research on the 
subject is still needed. To order to fully utilize the potential of the technology and 
benefit from market penetration to lower installation costs and increase the tech-
nology’s cost-effectiveness, experimental, numerical, and theoretical studies should 
address these concerns in the upcoming year. 

10.7.6 MITIGATION OF UHI EFFECTS TO SAVE ENERGY 

At the same scales where the UHI affects energy (such as building and urban scales), 
these scales can also be used to address its mitigation (reversing or offsetting its 
impacts). 
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Hence, the objective at the building scale is to chill the building envelope, the 
nearby ambient air, or both. Instead, it’s intended to keep the envelope and sur-
rounding air from heating up as much as they otherwise would. According to cur-
rent thought, high-albedo (reflective) materials should be used to cool the building 
envelope to lower the quantity of solar radiative flux absorbed and subsequently 
the amount of heat carried through the structure. The increased vegetative cover 
encourages evaporative cooling to cool the ambient air surrounding a building. The 
shade provided by the tree canopy also benefits the building’s exterior by greatly 
reducing solar heat gain. More urban vegetation, especially of the evergreen variety, 
has energy benefits as well as provides wind protection. Even though it simply has 
a passing connection to heat islands, this has a considerable impact on energy. For 
instance, trees protect buildings from chilly winds in winter, preventing colder air 
from entering inner rooms and lowering the demand for heating energy, especially 
at higher latitudes. This effect is only significant for one- or two-story buildings 
because these types of buildings can benefit from wind protection provided by trees. 
Tree canopies at ground level do not provide shade for upper floors in taller build-
ings. Further advantages of urban greenery include bettering air quality by capturing 
and storing airborne contaminants. Also, it has aesthetic traits and values. 

At the urban scale, the fundamental idea is to use high-albedo materials on built-up 
surfaces such as sidewalks, roads, parking lots, pavement, and roofs in addition to struc-
tures (such as roofs). A reforestation initiative in which numerous trees are planted all 
across urban areas would also be part of the approach. The results of such widespread 
adoption of reforestation and urban albedo initiatives would be to lessen, entirely off-
set, or occasionally more than balance the urban heat island. Calculations demonstrate 
that enhanced urban albedo can cause the regional air temperature to drop by 4°C or 
more at specific locations and times. These simulation experiments also demonstrate 
that a 30% increase in vegetative canopy cover can reduce air temperature by at least 
3°C. Mesoscale meteorological modeling suggests that a drop in air temperature of 
1–2°C is more prevalent in metropolitan areas. Hence, widespread use of high-albedo 
materials and urban forestry can reduce UHI in the majority of the cities previously 
addressed. The utility-scale effects of such initiatives would be savings of 4–10% from 
the summer afternoon peak electric demand for every 2°C drop in the UHI. 

10.7.7 OTHER MITIGATION TECHNOLOGIES 

Many mitigation strategies have been created, refned, and successfully tried in actual 
projects to lessen the impact of heat islands. In addition to using cool materials and 
vegetation, they have also been used to dissipate surplus heat into low-temperature 
environmental heat sinks such as the ground, water, and surrounding air. 

A fundamental and crucial strategy for enhancing the urban microclimate is the 
shading of outdoor areas. The thermal comfort conditions can be improved while the 
radiative temperature is significantly reduced with the help of effective shading sys-
tems. By allowing the air to flow and move through them, the use of proper permeable 
materials in open spaces can significantly lower both the ambient and radiative tem-
peratures. Shade-giving furnishings and constructions like tents, pergolas, canopies, 
and other similar items can provide shade for the urban environment. Urban surfaces 
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that are shaded receive less solar radiation, which results in cooler temperatures. As 
a result, the temperature in open areas is reduced. Several academics have already 
examined the effectiveness of shade in enhancing the urban microclimate. An unpro-
tected courtyard with a mid-afternoon maximum air temperature of 34°C was com-
pared to a comparable courtyard treated with a fabric shade mesh by Shashua-Bar 
et al. [60]. There was a minimum 1.5°C drop in air temperature. An important factor in 
urban environments that affects thermal environments and long-term thermal comfort 
was examined in another study carried out outdoors on a university campus in central 
Taiwan [61]. This study conducted several field experiments to examine the outdoor 
thermal conditions on urban streets in central Taiwan. Ten years of meteorological data 
were used to forecast long-term thermal comfort using the Rayman model. According 
to analytical findings, summertime temperatures in partly shaded places are often 
very hot, especially at noon. Yet extremely darkened areas typically have low physio-
logically comparable temperatures (PET revealed that scarcely shaded areas had high 
SVFs in the summer while highly shaded areas had low SVFs in the winter). Several 
shading levels and a variety of shading forms were suggested for outdoor area design. 
In terms of heat sinks, it is generally known that the ground temperature is rather stable 
and low throughout the year at a depth of about 2.5 to 3 m. By using ground-to-air heat 
exchangers—tubes buried in the ground—it is possible to benefit from the ground’s 
warmth. The air enters the tubes, travels through the earth, and then leaves at a reduced 
temperature. This system may be referred to as “earth tubes” or “ground-coupled air 
heat exchangers,” depending on the context. Some researchers have used the concept 
of earth cooling to transfer extra heat from the outdoors to the ground. 

Furthermore, due to its thermal and optical qualities, water exhibits several benefits 
as a natural cooling method to cool the urban environment. Since water has a high spe-
cific heat that is on the order of four times that of typical urban materials, its thermal 
inertia is also four times greater. The thermal inertia has a dual impact, delaying and 
buffering the maximum temperature. Latent heat is a significant factor in the evapo-
ration of water. When a drop of water evaporates, energy is released into the air and 
water around it, making them colder as a result. The low reflectivity of water results 
in reduced sun reflection on nearby surfaces, preventing their warming in the process. 

Due to the increased evaporation throughout the day, water bodies have been 
widely employed to control the temperature of metropolitan areas. For example, 
some researchers have noted large drops in air temperature near metropolitan rivers 
and lakes. Due to river proximity, Hathway and Sharples [62] discovered consider-
able drops in urban air temperatures. They also claim that the cooling power is at its 
peak in early spring and begins to decline in June. When used in an urban setting, 
each of the aforementioned mitigation strategies reduces the heat island effect effec-
tively. But depending on the exact site and weather patterns, combining some or all 
of the tactics will offer several advantages. 

10.8 CONCLUSIONS 

The most well-known effect of climate change that poses serious energy and envi-
ronmental issues to cities is urban heat islands. Important research has been done 
to create effective mitigation solutions that can lower surface and ambient tempera-
tures in urban areas to balance the effects of the phenomenon. Urban heat island 
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mitigation reduces energy use and energy expenditure, enhances ambient conditions 
and air quality in cities, and contributes to the fght against global warming. Many 
implementation solutions are available and in use, and numerous administrative and 
scientifc initiatives assist in the use of UHI mitigation measures. 

To encourage cities to commit to building implementation programs, share their 
expertise with other cities, and create platforms for shared implementation plans, 
one example is the “100 Cool Cities” campaign. To measure the solar reflectance 
of roofing and paving materials, standards have been devised. Labeling groups 
like the European Cool Roof Council (ECRC 2015) and the Cool Roofs Rating 
Council (CRRC 2015) use these criteria to create programs and label products. 
To assist producers in evaluating the old optical performance of recently invented 
materials, an accelerated aging standard has been created. The solar reflectance 
of roofing materials has been incorporated into the building’s minimum specific 
requirements by updating the building energy codes and standards. When it comes 
to promoting and implementing cool roofs, these guidelines are quite successful. 
Global Cool Cities Alliance (GCCA 2015), a non-profit group, was established to 
spread awareness of the cool city initiative worldwide. GCCA is now involved in 
assisting numerous nations with the implementation of cool pavement and roofing 
in their cities. 

Although cool pavement and cool roofs are regarded as general technologies, 
city-specific programs must be created to take advantage of local resources and 
implementation techniques. Cities should start initiatives to: 

• Calculate the effects of the measures on energy and air quality and perform 
a thorough analysis; 

• Create and maintain an accurate land use/land cover database; 
• Create specialized implementation plans (for roofs, paving, and trees); 
• Synchronize efforts with regional and national organizations; 
• Create regional energy standards, codes, and guidelines; 
• Create a feedback system to enhance individualized programs; 
• Create demonstration initiatives to increase public awareness. 
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11 Well-Being, Thermal 
Comfort, and 
Environmental Liveability 
Adaptation Studies 

Saurabh Pathak, Ashish Panat, and R. K. Khandal 

11.1 INTRODUCTION 

Generally, a comfortable building envelope consists of proper lighting, air ventila-
tion, and thermal comfort. Human comfort can be described as the mental state of 
communicating happiness with the surroundings in terms of the fve basic parame-
ters: thermal, auditory, visual, indoor air, and spatial. Beyond the design criteria for 
healthy buildings, the connection between architecture and health has traditionally 
received little consideration. The development of sustainable buildings at the turn 
of this century was initiated to effciently meet these requirements while using the 
least amount of energy. Academic research is still being done on the effectiveness of 
high-tech automation systems in real-world settings. In this chapter, the human body 
is considered a system or occupant, and living space is referred to as the surrounding; 
apart from this, the region that does not affect the system is considered an environ-
ment. Various case studies have been discussed to emulate the well-being zone for 
a human being in a sustainable building. In a building, human comfort is achieved 
by the adaptation ability of a system relative to the surrounding conditions. Based 
on conditions, a unique thermal sensation is experienced by the system relative to 
an age group. It is more crucial to include a wide variety of qualitative and quantita-
tive health factors when discussing well-being in buildings than to concentrate on a 
few specifcally specifed criteria. To improve human well-being, the building design 
paradigm needs to shift from apparent parameters like temperature and humidity 
to more rational approaches that take care of the health of occupants in a building 
envelope. Conventional architecture design, which emphasizes the aesthetic look of 
the building, has to move on to modern green building design that supports natural 
lighting, ventilation, and living beings. 

In recent years, evaluating building performance has become a significant 
research field. Some studies have used building evaluation methods to provide nor-
mative standards for comfort levels. One of a building’s key attributes is thermal 
comfort. In order to comprehend the thermal preconditions provided in spaces better, 

https://doi.org/10.1201/9781003415695-11
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researchers work on thermal physiological models. The quality of the interior ther-
mal temperature has a significant impact on user satisfaction within a building. This 
suggests that architects and interior designers should have information about what 
occupants anticipate from the indoor environment. 

11.2 THERMAL COMFORT 

The World Health Organization defnes health not as the absence of ill-health but as 
“a state of complete physical, mental and social well-being.” This condition, also 
known as a neutral condition, differs from person to person. The concept of wellness 
has evolved, and it now encompasses knowledge of the connections between social, 
psychological, and medical variables. The chemical energy found in the food that a 
living human body consumes can be coupled to a heat engine, which uses that energy 
to produce work and heat (Schoen et al., 2013). 

11.2.1 METABOLISM 

Metabolism is the process through which the chemical energy present in food is 
transformed into heat and work. The metabolic rate is the rate at which chemical 
energy is transformed into heat and work. The thermal effciency of a person can be 
defned as the ratio of usable labour output to energy input, much like a heat engine. 
For brief periods, a person’s thermal effciency can range from 0% to as high as 
15–20% (Parsons, 2014g). 

11.2.2 NEUTRAL CONDITION 

Associated with the human body, two different temperatures are signifcant. 

11.2.2.1 Skin Temperature 
The outermost surface of the human body, or skin temperature (T

skin
), is measured 

using a standard thermometer. A value of approximately 33.7°C is what is seen for a 
neutral state (Parsons, 2014c). 

11.2.2.2 Core Temperature 
The term “core temperature” refers to the internal body temperature (T

core
) of a per-

son as measured by a conventional thermometer. It is measured at around 36.8°C in 
neutral conditions (Parsons, 2014c). 

Figure 11.1 depicts the state of the human body concerning core temperature 
variation; on a typical basis, the neutral condition core temperature of the human 
body is measured to be 36.8°C. When the body’s core temperature is between 
35°C and 36.8°C or 36.8°C and 39°C, the body experiences some minor pain. The 
efficiency of the human body suffers greatly if its core temperature is between 
31°C and 35°C or 39°C and 43°C. Human bodies become fatal if their core tem-
peratures fall below 31°C or increase above 43°C (“Heat Stress,” 2014; Parsons, 
2014b). 
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Neutral Condition 

Major Loss of Efficiency 

Slight 

Discomfort 
Lethal 

39 C 
o 

43 C 
o 

31 C 
o 

35 C 
o 

36.8 C 
o 

Lethal 

All temperatures are core temperatures 

FIGURE 11.1 Condition of human body with variation in core temperature. 

11.3 HEAT BALANCE EQUATION FOR A HUMAN BODY 

The thermal energy balance between the human body and the thermal environment 
around it determines the body’s temperature. 

The heat balance equation 11.1 for the human body is (Parsons, 2014i): 

Q  = Q  + Q  + Q 11.1 
gen sk res st 

Where: 
Q

gen
 = Rate at which heat is generated in the body (can be calculated using equa-

tion 11.2) (Parsons, 2014h). 
Q

sk
 = Total heat transfer rate from the skin. 

Q
res

 = Heat transfer rate due to respiration. 
Q

st
 = Rate at which heat is stored inside the body. 

Qgen ˜ M (1° n) ̨  M 11.2 

M = Metabolism rate 
The thermal efficiency range of the human body is approximately zero (see equa-

tion 11.3), although it may rise up to 15% for short period of time (Parsons, 2014h). 

� = Thermal efficiency ≈ 0 11.3 

The activity determines the metabolic rate, expressed in “MET” units. A MET 
is determined to be equal to roughly 58.2 W/m2, which is the sedentary person’s 
metabolism rate per unit area. Table 11.1 displays the metabolic rate for a few specific 
activities. 
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TABLE 11.1
Activity Average Metabolic Rate (MET) (Fletcher et al., 2020)
Sr. no Activity Metabolism rate (MET)

01 Pilates 1.9
02 Basketball 4.0
03 Boxing 3.9
04 Circuits 3.2
05 Teaching 1.9
06 Fitness class 4.7
07 Netball 4.0
08 Rugby 4.0
09 Spinning 4.7
10 Table tennis 2.3

11 Testing 2.0

Given that the metabolic rate is determined by the amount of body surface area 
(naked), to get the total metabolic rate, it is critical to measure the area. The sur-
face area of the human body is calculated using the Du-Bois equation 11.4 (Špelić  
et al., 2019) with the assumption that it is a cylinder with uniform heat generation 
and dissipation.

 A 42
hb

 = 0.202m0. 5h0.725 11.4

Where
A

hb
= Surface area of human body (in m2).

m = Mass of human body.
h = Height of human body.
As the Du-Bois equation considers the area of the naked body, a correction factor 

is needed to account for clothes. The surface area of the human body covered by 
clothing divided by the surface area uncovered may be used to define the correction 
factor. Hence, the heat produced may be easily determined from the metabolism rate 
and the surface area.

The amount of heat transfer rate by skin can be calculated using equation 11.5.

 Q
sk
 = ± Q

conv
 ± Q

rad
 + Q

evp
 11.5

Where
Q

conv
 = Heat transfer rate due to convection.

Q
rad

 = Heat transfer rate due to radiation.
Q

evp
 = Heat transfer rate due to evaporation.

Convection, radiation, and evaporation are the leading causes of heat transfer 
from the human body to the environment or vice versa through the skin of the human 
body. Although heat transfer from the environment to the human body is regarded 
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Qgen 

QskQres 

Qst 

+Cres 

+Eres +Qconv 
+Qrad 

+Qevp 

- -
-

FIGURE 11.2 Heat interaction between the body and environment. 

as unfavourable, the positive symbol used in the equation for the heat transfer rate 
via skin shows that heat is transferred from the human body to the environment. 
Evaporative heat transfer is always positive, unlike sensible heat transfer through 
convection and radiation, which can be either positive or negative. As shown in the 
illustration in Figure 11.2, if the ambient temperature is lower than the body’s skin 
temperature, the body will lose heat by convection and radiation. Under the same 
situation, if moisture is on the skin, heat will be transferred from the human body to 
the environment owing to evaporation. Suppose the ambient temperature is higher 
than the body’s skin temperature. In that case, the body will radiate and convect heat 
into the air, which is why a negative sign is employed (Parsons, 2014k). 

The heat transfer rate due to respiration can be evaluated by equation 11.6. 

Q  = ± C  + E 11.6 
res res res 

C
res

 = Dry heat loss or gain by the human body due to respiration. 
E

res
 = Evaporative heat loss by the human body due to respiration. 

The rate of heat storage in the body should be zero at the neutral condition for 
human comfort or survival. At neutral temperatures, a sedentary person loses around 
40% of heat by evaporation, 30% through convection, and 30% through radiation. 
However, other factors could cause this ratio to be altered. 
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11.4 THERMOREGULATORY SYSTEM 

11.4.1 CASE 1. WHEN THE ENVIRONMENT IS COLDER THAN THE NEUTRAL ZONE 

In this situation, heat loss from the body is more signifcant than heat input, causing 
the body’s temperature to drop. The thermoregulatory system then tries to maintain 
the body’s temperature. 

11.4.1.1 Zone of Vasomotor Regulation against Cold (Vasoconstriction) 
In this condition, blood vessels close to the skin constrict, limiting blood fow and 
heat transfer to the skin’s immediate outer surface. When the outer skin tissue func-
tions as an insulator, the body loses less heat and stays warmer. 

11.4.1.2 Zone of Metabolism Regulation 
Further environmental temperature drops mean vasomotor control will not offer 
a suffcient defence. Hence, to offset the increased losses, body heat synthesis is 
boosted by increased spontaneous activity and shivering. This effect can be seen 
most of the time throughout the winter season. 

11.4.1.3 Zone of Inevitable Body Cooling 
The body cannot prevent tissue cooling if the ambient temperature drops. The sit-
uation is quite dangerous, as the body temperature drops in these circumstances, 
necessitating immediate medical intervention. If emergency care is not sought and 
the body’s core temperature falls below 31°C, death results. 

11.4.2 CASE 2. WHEN THE ENVIRONMENT IS HOTTER THAN THE NEUTRAL ZONE 

In this situation, more heat is being added to the body than is being lost, which causes 
the body temperature to rise. To counteract this, the thermoregulatory system enters 
the picture. 

11.4.2.1 Zone of Vasomotor Regulation against Heat (Vasodilation) 
This causes the blood vessels next to the skin to enlarge, ultimately increasing blood 
fow and heat transfer to the skin’s immediate outer surface. The increase in sur-
face skin temperature raises the temperature at which heat can be transferred via 
convection and radiation. As a result, there is a slower rate of heat transfer from the 
environment to the body. 

11.4.2.2 Zone of Evaporative Regulation 
Sweat glands will grow more if the temperature in the environment rises further. The 
sweat glands become very active, producing copious amounts of perspiration on the 
skin’s surface. An increase in evaporation can stop a rise in body temperature if 
the air’s humidity and velocity allow it (Parsons, 2014a, 2014e). 

11.4.2.3 Zone of Inevitable Body Heating 
If the ambient temperature rises higher, so will the body temperature, creating an 
unavoidable zone of body heating. Because of this, considerable medical attention 
is needed in this area where the body temperature starts to rise. When the body’s 
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core temperature rises above 43°C without receiving medical assistance, the effect 
becomes fatal. 

Following are the ill effects due to an increase in body temperature. 

• Heat exhaustion 
• Heat cramp 
• Heat stroke 

So, even while the human body has a regulatory mechanism that becomes ineffcient 
beyond a certain point, ensuring the environment is conducive to a comfortable and 
secure way of life is still essential (Parsons, 2014a, 2014e, 2014f). 

11.5 FACTORS AFFECTING THERMAL COMFORT 

11.5.1 PHYSIOLOGICAL FACTORS 

The physiological factor is one of the fundamental aspects that affect how quickly 
the human body burns calories. Age, exercise level, sex, and physical health of the 
individual make up the physiological parameters. The rate of metabolism is the key 
concern among all the activities. The physiological variables cannot be disregarded 
because the metabolic rate is a signifcant component in heat formation inside the 
body. 

11.5.2 INSULATING FACTORS DUE TO CLOTHING 

All of the scenarios discussed earlier are based on the heat balance equation for the 
human body, which also includes the nude body for calculating purposes. So, it is 
necessary to cause a change in the way that clothing transfers heat. The choice of 
clothes signifcantly impacts how quickly heat leaves the human body. “Clo” is the 
name of the unit used to measure the resistance provided by clothing. 

1 Clo = 0.155 m2k/W 

Table 11.2 represents typical “Clo” values for several apparel categories. For 
instance, the “Clo” value of a standard business suit is 1, whereas the “Clo” value 
of a pair of shorts is roughly 0.5. Therefore, the more clothing a person wears, the 
more resistance the clothing provides. Sometimes the unit log is used to measure the 
resistance of clothing since it is easier to measure it when there are fewer items on 
the human body. 

11.5.3 ENVIRONMENTAL FACTORS 

Environmental factors have a signifcant impact on all the factors infuencing ther-
mal comfort. The dry bulb temperature (DBT), relative humidity (RH), air motion or 
air velocity, and ambient surface temperature are the environmental elements. The 
DBT has an impact on evaporation- and convection-based heat transfer. Air velocity 
impacts both convective and evaporative heat transfer, relative humidity (RH) affects 
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TABLE 11.2 
Insulation Value for Different Clothes (Clo—Clothing and Thermal 
Insulation, n.d.) 
Clothing Insulation 

Icl, Clo m2K/W 
Nude 0 0 
Underwear—pants Pantyhose 0.02 0.003 

Panties 0.03 0.005 
Briefs 0.04 0.006 
Pants 1/2 long legs made of 0.06 0.009 
wool 

Pants long legs 0.1 0.016 
Underwear—shirts Bra 0.01 0.002 

Shirt sleeveless 0.06 0.009 
T-shirt 0.09 0.014 
Shirt with long sleeves 0.12 0.019 
Half-slip in nylon 0.14 0.022 

Shirts Tube top 0.06 0.009 
Short sleeve 0.09 0.029 
Light blouse with long 0.15 0.023 
sleeves 

Light shirt with long sleeves 0.2 0.031 
Normal with long sleeves 0.25 0.039 
Flannel shirt with long 0.3 0.047 
sleeves 

Long sleeves with turtleneck 0.34 0.053 
blouse 

Trousers Shorts 0.06 0.009 
Walking shorts 0.11 0.017 
Light trousers 0.2 0.031 
Normal trousers 0.25 0.039 
Flannel trousers 0.28 0.043 
Overalls 0.28 0.043 

Coveralls Daily wear, belted 0.49 0.076 
Work 0.5 0.078 

Highly-insulating coveralls Multi-component with filling 1.03 0.16 
Fibre-pelt 1.13 0.175 

Sweaters Sleeveless vest 0.12 0.019 
Thin sweater 0.2 0.031 
Long thin sleeves with 0.26 0.04 
turtleneck 

Thick sweater 0.35 0.054 
Long thick sleeves with 0.37 0.057 
turtleneck 

Jacket Vest 0.13 0.02 
Light summer jacket 0.25 0.039 
Smock 0.3 0.047 
Jacket 0.35 0.054 

(Continued) 
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TABLE 11.2 (Continued) 
Insulation Value for Different Clothes (Clo—Clothing and Thermal 
Insulation, n.d.) 

Clothing Insulation 
Icl, Clo m2K/W 

Coats, over-jackets, and Overalls multi-component 0.52 0.081 
over-trousers Down jacket 0.55 0.085 

Coat 0.6 0.093 
Parka 0.7 0.109 

Sundries Socks 0.02 0.003 
Thin soled shoes 0.02 0.003 
Quilted fleece slippers 0.03 0.005 
Thick-soled shoes 0.04 0.006 
Thick ankle socks 0.05 0.008 
Boots 0.05 0.008 
Thick long socks 0.1 0.016 

Skirts, dresses Light skirt 15 cm. above knee 0.01 0.016 
Light skirt 15 cm. below knee 0.18 0.028 
Heavy skirt knee-length 0.25 0.039 
Light dress sleeveless 0.25 0.039 
Winter dress long sleeves 0.4 0.062 

Sleepwear Under shorts 0.1 0.016 
Short gown thin strap 0.15 0.023 
Long gown long sleeve 0.3 0.047 
Hospital gown 0.31 0.048 
Long pyjamas with long 0.5 0.078 
sleeve 

Body sleep with feet 0.72 0.112 
Robes Long sleeve, wrap, short 0.41 0.064 

Long sleeve, wrap, long 0.53 0.082 

heat loss through evaporation, and surface temperature affects radiative heat transfer. 
In addition to the previously mentioned elements, such as draughts and asymmetrical 
cooling or heating, chilly or hot foors also impact thermal comfort. A comfortable 
air conditioning system’s goal is to regulate the external elements. The standard air 
conditioning system does not infuence the physiological and insulating elements, so 
comfortable conditions predominate in the occupied room. 

Nonetheless, wearing the proper apparel may help to lower the air conditioning 
system’s cost. So, one can only control the environmental component by installing an 
air conditioning system. This means that one can regulate the dry bulb temperature 
(DBT), moisture content, and air velocity inside the conditioned space. Age is one 
physiological element that cannot be controlled. It is unable to determine what the 
occupant’s age should be. The action is likewise not under any oversight. There is no 
control over the clothing by an air conditioning system or its creator. However, one 
might lessen the need for an air conditioning system by changing or recommending 
appropriate attire. 
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11.6 INDOOR ENVIRONMENT QUALITY 

Apart from aesthetic design and luxury lifestyle, we must push ourselves toward 
nature to live happily. As much as our work culture adheres to natural phenomena, it 
will help keep us healthy and happy and cause minor environmental damage. Hence, 
the indoor quality of building envelopes must be supported by proper lighting, com-
fortable temperature, pleasant sound, and sound design quality for the well-being of 
humans. 

11.6.1 LIGHT 

Compared to electric light, natural light has many benefts such as versatility, eff-
ciency, and the capacity to foster awareness of and connection to environmental 
conditions. In addition to providing a free source of light within a house, which con-
tributes to an energy-saving plan, it will animate areas and add drama and variety. 
Also, the advantages for physical health are now widely recognized and help prevent 
seasonal affective disorder (SAD). Nonetheless, excessive lighting can be uncomfort-
able and interfere with sleep. 

• In a building, a therapy room is designed called an Orient room which pro-
vides a dose of morning light to stimulate the circadian rhythm. 

• Main habitable rooms should receive “good” daylight (above 3% average 
daylight factor), and a key family room should have access to direct sunlight 
for at least 2 hours per day. 

• High head-height windows offer large sky views, which are crucial in 
densely populated areas and improve lighting in the space, increasing access 
to natural light. 

• Particularly bedrooms should have excellent blackout alternatives to assist 
in restful sleep, such as thermal shutters (for cold months) and/or louvres 
that can be adjusted (for secure night-time ventilation in warm conditions). 

• Individual control over the amount of daylight creates welcome chances 
for the occupant to modify circumstances to suit their usage habits, which 
increases their contentment with their surroundings. 

11.6.2 TEMPERATURE 

The thermal design plan should produce relaxing and energizing surroundings that 
can take advantage of the climatic conditions to increase energy effciency. The sys-
tem recognizes the ambient temperature in terms of air temperature and radiant con-
ditions such as sunlight, air movement, and temperature distribution through surface 
materials (wood feels warm, stone feels cool). 

• Use energy from the sun to create warm, bright areas to be in on winter days, 
such as sunrooms and window seats. Use heat storage materials to absorb 
and hold onto the heat. 
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• According to the principle of adaptive comfort, thermal conditions can change 
and fluctuate rather than being steady or “optimized.” Success depends on 
occupant control and the design’s capacity to change to accommodate users’ 
changing demands and preferences. 

• Design apertures that enable the development of secure night-time ventila-
tion (for example, using louvered sections) and take advantage of stack and 
cross ventilation principles to cool a building down during hot spells. 

11.6.3 SOUND 

Acoustic conditions can be exploited to generate chances to support user demands 
and preferences, just like other environmental design elements. Noise can be stress-
ful, but it can also be benefcial to hear your surroundings and the sounds of nature. 
Similarly, while complete acoustic separation is rarely necessary, there are times and 
places where acoustic privacy is appreciated in the home. 

• Establishing peaceful, quiet areas for reading and studying is crucial to pro-
mote learning behaviours. 

• Acoustic separation in some settings facilitates activities like music and 
indoor exercise without bothering others. 

• The design should include noise-attenuated air routes to fully utilize natu-
ral ventilation in an urban area, especially at night and when calm circum-
stances are desired for studying or sleeping. 

11.6.4 DESIGN QUALITY 

• The colour of our surroundings, including interior walls, can influence how 
we learn and, in some settings, can be used to enhance learning. 

• The shape of a location influences our perception of comfort and attractive-
ness. In recent studies, participants were more likely to assess environments 
as beautiful if curvilinear than rectilinear because curved forms are pleasant. 
As a result, blue, tall, curvy areas with views of the sky are more likely to 
be pleasant, social, and creative locations. On the other hand, red, rectilinear 
spaces with low ceilings are more likely to promote focus, concentration, 
and study. 

Designing for well-being and health involves a wide range of options and standards. 
The idea is to create designs suitable for meeting quantitative health indicators while 
being adaptive to and integrated with a broader range of well-being-promoting ideas. 

11.7 APPLICATION OF THE COMFORT EQUATION 

For all possible combinations of the variables, comfort conditions can be deter-
mined using the comfort equation. It can also be demonstrated how different vari-
ables can be balanced against one another to create comfortable thermal conditions. 
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The effectiveness of a computer program used to forecast the equation’s result was 
shown, and it began to provide answers to numerous queries regarding thermal 
comfort. A few examples of real-world situations for thermal comfort are as follows 
(“International Standards,” 2014): 

1. The comfort temperature for rest areas and a restaurant at one end of a 
swimming pool, where the air dry bulb temperature (DBT) equals the mean 
radiant temperature (DBT = T

mrt
), as calculated by the comfort equation, is 

29.1°C for naked (Clo = 0) and sedentary people (Q
g
 = 58 W m2) with low 

relative air velocity (V = 0.2 m s1) and 70% relative humidity (RH = 70%). 
2. A conference room should be comfortable at 23.3°C in the winter (Clo = 

1.0; V = 0.1 m s; RH = 40%; DBT = T
mrt

). When RH is 70% and Clo is 0.6, 
temp is 24.9°C in the summer. 

3. It was discovered that 26°C is the ideal temperature in a clean environment 
with sedentary activity (v = 0.5 m s–1; Clo= 0.75; RH = 50%; DBT = T

mrt
). 

4. A comfortable temperature in a store where customers are moving at a 1.5 
km/h speed (V = 0.4 m/s; Clo = 1.0; RH = 50%) is DBT = T

mrt
 = 21.0°C. 

5. Workers in slaughterhouses need garment insulation of 1.5 Clo (DBT = T
mrt 

= 8°C; V = 0.3 m/s; mild activity). 
6. The air temperature required for comfort in a bus during the winter (DBT = 

T
mrt

 = 6°C) is 26°C (Clo = 1.0; V = 0.2 m s–1; RH = 50%). 
7. For comfort, a restaurant outside that uses infrared heaters to keep the air 

temperature above 12°C (V = 0.3 m/s; Clo = 1.5; RH = 50%) must maintain 
T

mrt
 = 40°C. 

8. Sedentary passengers (Clo = 1.0; V = 0.2 m/s) should be in air temperatures 
of 20°C for comfort in a supersonic aircraft (DBT = T

mrt
 = 10°C). 

9. Irradiant shields lower T 
mrt

 in a foundry (DBT = 20°C; T
mrt

 = 50°C; RH = 
50%, Clo = 0.5; light work (Q

g
 = 116 W m2)) to 35°C. To maintain comfort, 

air velocity should be V = 1.5 m/s. 

The quality and accuracy of the inputs will determine the outputs of all of the exam-
ples mentioned earlier and other applications. This will depend on measurement and 
estimation accuracy, as with other applications, and how the problem is formulated 
and interpreted. However, the fexibility of the comfort equation is evident. It rep-
resents a step forward in understanding and application and a source of guidance and 
inspiration for thermal comfort research. 

11.8 COMFORT INDICES 

Elements affecting human comfort include activity level, apparel, clothing tempera-
ture, relative humidity, air velocity, and ambient dry bulb temperature. There is no 
one particular mix that provides comfort because there are so many variables at 
play. There is a variety of conceivable combinations, all of which will provide an 
equivalent level of comfort. Hence, several comfort indices have been proposed to 
assess the effciency of condition space. Direct and derived indices can be used to 
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categorize these indices. How would anyone assess the qualities of an air-conditioned 
building, for instance, if there is a need to know if it is good or bad? The success of an 
air conditioning system, therefore, ultimately hinges on how comfortable it is inside. 
Whether it offers thermal comfort or not relies on several variables, as has been 
demonstrated. These aspects must be considered when evaluating an air-conditioned 
building’s effcacy. In essence, the comfort indices were developed by space people 
to measure the effectiveness of conditions. Dry bulb temperature (DBT), humidity 
ratio air velocity, and mean radiant temperature (T

mrt
) (found using equation 11.7) are 

direct indices. 

Tmrt  ˜ [Tg 
4 ° CV 1

2 (Tg ˛ DBT )]1
4 11.7 

T
g
 = Globe temperature (°K) 

DBT = Dry bulb temperature (°K) 
V = velocity of air (m/s) 
C = constant (0.247 × 109) 

11.8.1 GLOBE TEMPERATURE (TG) 

This is the temperature that a thermocouple positioned in the middle of a hollow, 
15.24 cm in diameter, black-painted cylinder kept in the conditioned space measures 
at a steady state. The thermocouple reading, which is expressed in Kelvin, is the 
outcome of a balance between convective and radiative heat exchanges between the 
environment and the earth. It is connected to either the ambient surface temperature 
or the mean radiant temperature. 

Two or more direct indices are combined into a single element to create the derived 
indices. Below are a few of the significant derived indices: 

1. Effective temperature (ET) 
2. Operative temperature (T

op
) 

3. Predicted mean vote (PMV) 
4. Predicted percentage of dissatisfed (PPD) 
5. Skin wettedness (w) 

11.8.2 EFFECTIVE TEMPERATURE (ET) 

Dry bulb temperature (DBT) and relative humidity (RH) effects are combined into 
one quantity known as effective temperature. It is defned as the environment’s tem-
perature at 50% relative humidity (RH), at which the skin loses the same amount of 
heat overall as the actual environment. Several different variables, including exer-
cise, clothing, air velocity, and T, or radiant temperature, infuence the value. A stan-
dard effective temperature (Wang & Hong, 2020) is established for a clothing value 
of Clo = 0.6, an activity of 1 MET, an air velocity of 0.1 m/s, and the assumption that 
the mean radiant temperature is the same as the dry bulb temperature. 
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11.8.3 OPERATIVE TEMPERATURE (TOP) 

The air dry bulb temperature (DBT) and mean radiant temperature are averaged 
and weighted to determine the operative temperature (T

mrt
). So, it is possible to infer 

that it combines both the dry bulb temperature (DBT) and the ambient surface tem-
perature. If h

r
 and h 

c
 are nearly identical, “T

op
” will give this (see equation 11.8). The 

operating temperature therefore approaches the arithmetic mean of the mean radiant 
temperature and the ambient dry bulb temperature. 

h T  ° h T  mrt ° Tambr mrt c amb T
Top ˜ ˛ 11.8 

h˝ ° hc 2 

h  = Radiative heat transfer coefficient. 
r 

h  = Conductive heat transfer coefficient. 
c

 = Dry bulb temperature of ambient air. T
amb 

11.8.4 THE PREDICTED MEAN VOTE (PMV) 

The predicted mean vote (PMV) is a novel thermal sensation index that forecasts the 
mean sensation vote for a group of people for any given combination of air temperature, 
mean radiant temperature, air velocity, humidity, activity, and apparel on a standard 
scale. PMV ranges from −3 to +3 and from 0 to 3. That is, −3 means chilly, −2 means 
cool, −1 means slightly cool, 0 means neutral, +1 means slightly warm, +2 means warm, 
and +3 means hot. When the comfort equation is satisfed, it would be anticipated that 
PMV = 0 for a sizable population (neutral). Heat stored in the body, Q

st
, will be 0 in 

comfortable conditions. At times, thermoregulatory reactions try to maintain a tem-
perature balance, which causes skin temperatures and sweat production to depart from 
what is comfortable. Hence, the physiological stress on the body is connected to the heat 
load. With two levels of activity (1.0 and 1.2 MET), low air movement, 50% relative 
humidity, three levels of clothing (Clo = 0.5, 0.75, and 1.0), and air temperature = mean 
radiant temperature, PMV values for typical indoor conditions are shown in Table 11.3. 

11.8.5 THE PREDICTED PERCENTAGE OF DISSATISFIED (PPD) 

The Predicted percentage of dissatisfed (PPD) gauges how many are “potential com-
plainers” or are anticipated to be “decidedly dissatisfed” or “decidedly uncomfort-
able” and thus dissatisfed. There will be a range of levels of dissatisfaction among 
the group because people are all different. According to one study, 1,296 participants 
who wore light clothing and spent three hours at a specifc ambient temperature 
showed positive effects (Clo = 0.6). Every 30 minutes for three hours, they asked 
subjects to rate their thermal sensations, and the mean of the most recent three votes 
for each subject was “reckoned” to the closest vote (integer). The distribution of the 
mean votes was then calculated for each ambient temperature between 18.9°C and 
32.2°C. The unsatisfed were those who voted −3 (very cold), −2 (cool), +2 (warm), 
and +3 (warm) (hot). The proportion of people who reported being thermally unsat-
isfed across the range of ambient temperatures examined was plotted using pro-
bit analysis. One line was derived for warm dissatisfaction and the other for cold 
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TABLE 11.3 
PMV Values for Certain MET Values of 1 and 1.2 with Given Conditions 
(Wilson & Sharples, 2015) 
MET 1.0 1.2 

T = T /Clo 0.5 0.75 1 0.5 0.75 1 
a mrt 

18 −3 −0.27 −1.58 −2.27 −1.42 −0.88 
19 −2.88 −1.96 −1.30 −1.92 −1.19 −0.68 
20 −2.51 −1.64 −1.02 −1.58 −0.92 −0.45 
21 −2.13 −1.30 −0.74 −1.31 −0.68 −0.23 
22 −1.75 −0.98 −0.46 −0.97 −0.40 0.00 
23 −1.33 −0.66 −0.18 −0.69 −0.15 0.23 
24 −0.95 −0.33 0.10 −0.36 0.12 0.46 
25 −0.56 −0.01 0.38 −0.06 0.37 0.69 
26 −0.18 0.31 0.66 0.26 0.64 0.91 
27 0.20 0.64 0.95 0.57 0.91 1.15 
28 0.59 0.96 1.24 0.88 1.18 1.37 
29 0.98 1.31 1.54 1.22 1.46 1.63 
30 1.37 1.65 1.83 1.51 1.70 1.83 
31 1.80 1.99 2.13 1.87 2.01 2.11 
32 2.21 2.34 2.43 2.17 2.29 2.36 

33 2.62 2.69 2.74 2.54 2.57 2.60 

dissatisfaction. The overall percentage of dissatisfaction as a function of the PMV 
was then presented in a semi-logarithmic plot and transformed from ambient tem-
perature to the PMV values obtained from the controlled testing settings (see equa-
tion 11.9) (Wang & Hong, 2020). 

PPD = 100 − 95exp (−0.03353 PMV4 − 0.2179 PMV2) 11. 9 

11.8.6 SKIN WETTEDNESS (W) 

The skin wettedness (w) is calculated as the difference between the actual rate of 
evaporation from the skin surface (Q

sk
) and the highest rate of evaporation possible 

in that environment (Q
max

). Hence, it can theoretically have a value between 0 and 1. 
When heat is lost through evaporation from the body (skin), the minimum value is 
typically regarded to be w = 0.06 for insensible sweat, and the highest value is w = 1.0 
(infuenced by humidity, air velocity, and clothing). Skin wettedness is a helpful indi-
cator of heat exhaustion. 

11.9 LOCAL THERMAL DISCOMFORT 

11.9.1 “NEUTRAL” BUT UNCOMFORTABLE 

A person with a “neutral” overall thermal experience is presumed to enjoy neither 
being warmer nor cooler. If they want to be warmer, they are probably too cool; if they 
prefer to be more relaxed, they are probably too warm. Hence, a neutral experience 
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denotes contentment, “no change,” and the assumption that the person is experiencing 
“whole-body” or general thermal comfort. Nonetheless, there are situations in which 
a person can say that, while they feel neutral generally, their thermal experience fuc-
tuates around their body, and they are not at ease. They might, for instance, be neutral 
overall but have uncomfortably warm hands and uncomfortably cold feet, or they 
might have a left side that is warm and a right side that is frigid because the person 
feels localized thermal discomfort; a “neutral” rating does not refect comfort. The 
local thermal discomfort is determined by the sensation brought on by a change in 
skin temperature, either upward or downward. Hence, the body must be in thermal 
balance, mean skin temperature, sweating (wettedness), and local thermal discomfort 
are factors that can infuence an individual’s perception of thermal comfort, but their 
presence or absence alone does not determine whether a person is in thermal comfort. 

11.9.2 BODY MAPS, LOCAL THERMAL SENSATION, AND SWEATING 

Sensors in the skin sense whether the body is too hot or cold and communicate the 
information to the brain via the spinal cord, and effector mechanisms from the hypo-
thalamus or the spinal cord immediately cause a change in skin condition. The entire 
body experiences this, yet the “shortcut” through the spinal cord may result in a local 
response. The body will begin to sweat if necessary if it is hot or cold. It will boost 
blood fow to the skin if it is cold. There are nerve endings in the skin, some of which 
react to cold and others to heat (there are also others that respond to pressure and others 
that produce pain). Over the entire body’s surface, they are dispersed variably. The ther-
mal sensation is infuenced by the area stimulated, the location and length of the stimu-
lus, the pre-existing thermal state, the temperature, and the rate of temperature change. 

Body maps display the distribution of physiological reactions such as skin tem-
perature, perspiration, and thermal sensitivity over the body’s surface. Designing 
apparel and settings may be a beneficial application for body mapping. It may be 
plausible to suppose that local temperature sensation and discomfort are connected 
to the density, distribution, and sensitivity of sensors and effectors around the body, 
which is relevant to local thermal discomfort. One intriguing observation was that as 
the stimulus level increasing, the variations in sensitivity across the body decrease. 
As a result, the sensitivity distribution may alter when a near-threshold or even mod-
erate stimulus is applied when pain is considered. 

11.9.3 LOCAL THERMAL DISCOMFORT CAUSED BY DRAUGHTS 

A draught is described by ISO 7730 (2005) as “unwanted local cooling of the body 
caused by air movement.” This term implies convective cooling, which may also 
refer to evaporative cooling if the skin is wet. Although the phrase “radiant draught” 
is occasionally used to express the sensation of skin chilling via thermal radiation 
loss to a cold surface such as a cold window, air movement also implies a slight 
amount of pressure on the skin. The defnition is rigorously violated because there is 
no pressure on the skin brought on by air movement. However, a draught may result 
from a chilly surface from cold air falling to the foor and irritating the ankles and 
feet. Draught pain will be lessened for the same stimulus in those who are active and 
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warmer than neutral (but not sweating) (Developing an Adaptive Model of Thermal 
Comfort and Preference (Conference) | OSTI.GOV, n.d.). People who are colder than 
average may fnd draughts to be more uncomfortable for the same local cooling. A 
cold person will try to maintain heat; therefore, more cooling will not be desired. 
This is in line with the fndings of studies on thermal pleasure, which show that it is 
pleasant to give a warm stimulus to someone who is cold or a cold stimulus to some-
one who is warm, while it is unpleasant to give a cold stimulus to someone who is 
cold or a warm stimulus to someone who is hot. 

Two other things to note about draughts: first, women generally have smaller 
hands and fingers than men, which makes them more susceptible to the cold. So, 
even when they wear clothing identical to that worn by men, it would be expected 
that women would be more susceptible to draughts than men. Females may experi-
ence a sense of draught more frequently than males because dress fashion in women 
frequently exposes the neck and legs (although leggings are sometimes worn). The 
final issue for further consideration in the following section is that people will leave 
a draught if they are in one and the circumstances, personal ability, opportunity, dis-
position, and context permit it. In this case, the draught could serve as a behavioural 
cue instead of a constant cause of local heat discomfort. 

11.9.4 LOCAL THERMAL DISCOMFORT CAUSED BY RADIATION 

The mean radiant temperature (T
mrt

), which is the net average of all radiation into and 
out of the body in all directions, is used to refect the contribution of heat transfer via 
radiation to and from the body when forecasting overall (whole-body) thermal comfort. 
Some situations (especially when it comes to solar radiation) have radiation that is more 
prevalent in some directions than others. A person’s posture and resulting “projected 
surface area” toward the directed radiation have an impact on this as well. Infrared 
radiation from and to hot and cold surfaces, in addition to solar radiation, facilitates 
radiation exchange and contributes to local thermal discomfort. When compared to 
more prolonged wavelength radiation for indoor and other lower-temperature surfaces, 
solar radiation has a relatively short wavelength. This is because the shorter the wave-
length of radiation released, the hotter the surface is. The ratio of the difference between 
the fourth powers of two surfaces’ absolute temperatures determines how much heat is 
transferred by radiation between them. There will be a net heat transfer from the body 
if the skin temperature is higher than the surface temperatures; conversely, if the skin 
temperature is lower than the ambient surface temperatures, there will be a net heat 
gain via radiation. This might have an impact on local thermal discomfort. 

11.9.5 LOCAL THERMAL DISCOMFORT CAUSED BY VERTICAL 

TEMPERATURE DIFFERENCES 

ISO 7730 (2005) provides the following equation 11.10 for the percentage of dissatis-
fed due to temperature differences between head and feet (Parsons, 2014 (d) 

100PD ˜ 11.10 
( . ˙ a1° exp 5  76 ̨  0 ˝836 t V  ) 

https://OSTI.GOV
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Displacement ventilation occurs when cooled air is supplied to the floor through 
apertures in the floor or from vertical “bins” at floor level (sometimes with a chilled 
ceiling to keep moisture at bay). Heat is applied to the air by both humans and 
machines, including computers, causing it to rise and be “exhausted” at the ceil-
ing (so that it is breathed only once, and any pollution is removed at the ceiling). 
Displacement ventilation was utilized in a field trial in a contemporary office in 
the metropolis of London. However, people reported headaches and tiredness in the 
late afternoon. During an inquiry, it was determined that the cause of the problem 
was a build-up of carbon dioxide (caused by people), since office workers’ desks 
had blocked the fresh air entry ducts on the floor due to drought. It is necessary to 
conduct more research on vertical temperature differences because it is unclear if the 
discomfort is brought on by the difference itself or by the local air temperature and 
air movement. 

11.9.6 LOCAL THERMAL DISCOMFORT CAUSED BY WARM AND COLD FLOORS 

Pressure is felt when the skin makes contact with surfaces that are skin temperature. 
A feeling of warmth will also be present if the material’s surface temperature is higher 
than the skin’s, and a feeling of coolness will also be present if it is lower. It’s likely 
that there could be discomfort and that the skin will be harmed if the ensuing skin 
temperature spikes or plummets (e.g., due to burning or freezing). There will not be 
any damage between extremes (such as skin temperatures of 5°C and 40°C), but there 
might be a pain. The degree of the (effect) feeling will depend on the state of the skin, 
the thermal conductivity (k), specifc heat (c), density (d), nature of the surface, thermal 
sensation already present, degree of contact, and duration of contact. Cold fooring, 
furniture such as including chairs, handrails, tools, immersion in liquids, certain food 
kinds, and obviously, other concrete examples of contact with surfaces of moderate 
temperature may cause discomfort. It is a well-known fact that even when two mate-
rials are at the same surface temperature, touching cold or hot metal will produce a 
more intense sensation than touching wood or plastic. The sensation is a result of how 
quickly heat is transferred from the material to the skin. It is possible to hypothesize a 
contact temperature (tc), which happens right on contact at the interface between the 
two surfaces, in a straightforward model where there is perfect contact between two 
materials (with infnite capacity so that it can be assumed that neither material will 
change temperature). Whether a person can adjust to lessen or remove the source of 
localized heat discomfort, lessen its consequences, or move away from it entirely will 
determine the degree of the effect. To prevent local thermal pain as well as to achieve 
general thermal comfort, an adaptive opportunity will be signifcant (Parsons, 2021 (a). 

11.10 ADAPTIVE THERMAL COMFORT 

Every living thing, from fowers and trees to reptiles, mammals, and fsh, not to 
mention people, constantly interacts with the environment in which it is found and 
modifes its physical makeup and behaviour to reach and maintain an optimal state. 
This guarantees survival and is connected to what we refer to as “comfort” in indi-
viduals. The desire for comfort drives all human behaviour. It is applicable in all 
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physical settings and is not limited to specifc settings like types of buildings, vehi-
cles, or the outdoors. It is a constant process and a fundamental aspect of human 
nature. It would be incorrect and would impede knowledge of the factors that offer 
thermal comfort to see it differently. Indeed, the consideration here is not just lim-
ited to temperature settings. This rule applies to reactions to acoustic, vibrational, 
visual, air quality, and other environmental factors that work together to provide 
an integrated response to the overall environment in which a person is immersed. 
The process through which people adjust to their surroundings, encompassing both 
physiological and behavioural responses, in order to feel comfortable is known as 
“adaptive thermal comfort.” Long recognized as a means of achieving survival, the 
use of behaviour to regulate body temperature in response to thermal conditions is 
known as behavioural thermoregulation. The then-accepted heat balancing method 
of anticipating thermal comfort conditions can be partially adaptable; it does not 
compete with the adaptive method of thermal comfort but rather enhances it. There 
is no doubt that behavioural adaptation affects the conditions necessary for thermal 
comfort, but it is unclear whether physiological (as defned earlier) and psychological 
adaptation actually impact the requirements for thermal comfort around the world. 
So, it may be concluded that behavioural responses to thermal surroundings are vir-
tually exclusively responsible for adaptive thermal comfort. 

11.10.1 BIOLOGICAL ADAPTATION 

Living things, which all display both physiological and behavioural reactions, are 
known to demonstrate biological adaptation. Although camels in the desert do not 
store water in their humps, they do exhibit survival strategies. For instance, they 
fuctuate their internal body temperature between high levels during the day and 
low levels at night when they are dehydrated (up to 30% of body weight). Within 15 
minutes, they also exhibit quick and correct (not excessive) rehydration. The kan-
garoo rat, which lives in the desert as well, does not seem to consume any water at 
all and instead gets its water from the oxidation of “dry” food and any free water 
within it. When it is hot outside, sheep, goats, cats, and other animals cool their brains 
selectively by passing cool blood from their “wet” noses through a network (rete) of 
tiny blood capillaries in the carotid artery, which exchanges heat and lowers blood 
temperature before it reaches the brain. Animals with behavioural thermoregulation 
include birds that extend their wings to shed heat in the shade and gain heat in the sun. 

11.10.2 HUMAN ADAPTATION 

The scientifc literature initially described adaptation in humans as a set of idiosyn-
crasies of people from “remote regions” who primarily live outside. Fish flleters 
were reported to keep their hand blood fowing even in the chilly water so they could 
complete jobs without losing their physical dexterity. These modifcations, together 
with acclimatization, which heightens perspiration following heat exposure, are 
referred to as habituation and frequently gradually go away after the exposure stops. 
Morphological (genetic) alterations occur. Since these parts have a high surface area-
to-mass (volume) ratio, people from cold climates have smaller noses and ears to 
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prevent heat loss, and fat people have more thermal insulation—a beneft in cold 
climates. Based on a psycho-physiological thermoregulation concept, adaptive ther-
mal comfort offers a more dynamic interaction between the environment and the 
attainment of thermal comfort. Predicting that a large group of people will experi-
ence the mean temperature as “cold” is a valuable indicator of how the group—or 
even an individual—will react to a static environment. However, in terms of human 
response and thermal comfort, it should be viewed as a catalyst for change rather 
than as a prediction of the outcome. Humans do not like to be “cold;” thus, they 
will add more insulation to their clothing, relocate to a warmer setting, or use any 
other perceived possibilities to become comfortable. The PMV and SET indices are 
examples of non-adaptive thermal comfort techniques. They are valid but have lim-
itations. The PMV number should therefore be viewed as the strength of the drive for 
a behavioural reaction rather than being thought of as a measure of thermal comfort. 

11.10.3 ADAPTIVE MODELS AND THERMAL COMFORT 

The PMV index can give thermal comfort ranges in a fexible manner. This, however, 
ignores the adaptive opportunity’s dynamic nature in design. People have always been 
known to adapt (behave) in order to live and fnd comfort in their environment. Yet it 
wasn’t until the early 1960s that adaptive techniques were frst used for thermal com-
fort applications. For example, most recently, ISO 7730 (2005), ASHRAE 55–2017 
with addendum 2019, and other indices were formalized into national and interna-
tional standards for determining criteria for interior environments in buildings and 
the PMV comfort index. Nonetheless, research into adaptive thermal comfort, pri-
marily through feld investigations, persisted, Humphreys (1978) being particularly 
signifcant with his synthesis of global data. He demonstrated a connection between 
the temperatures within structures and the outside. Hence, for instance, people 
appeared to prefer warmer temperatures in hotter climates (for comfort) (Developing 
an Adaptive Model of Thermal Comfort and Preference (Conference) | OSTI.GOV, 
n.d.). It is frequently assumed that humans who live in hot areas have evolved to favour 
warmer environments for comfort. Thermal comfort is determined by a person’s feel-
ing of the combined impacts of air temperature, radiant temperature, air velocity, 
humidity, activity level, and clothing, which can change inside buildings regardless 
of the weather outside. The possibility of more adaptable and practical environmental 
design optimizes indoor conditions to enhance occupant comfort, productivity, and 
well-being, ultimately fostering healthier and more sustainable built environments. 

11.10.4 ADAPTIVE THERMAL COMFORT REGRESSION MODELS 

The ability to forecast comfortable temperatures from the weather gives building 
engineers the advantage of having access to global weather information. The equa-
tion can be used to determine the comfort temperature ( TComf ), as shown in equation 
11.11(Parsons, 2014d). 

TComf ˜ 0 5. (3 TOM ) ° 13 8.  C 11.11 

https://OSTI.GOV
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Where (T
OM

)is the mean of the monthly mean of the daily maximum outdoor tem-
perature and the monthly mean of the daily minimum outdoor temperature. 

One of the earliest official attempts to include the adaptive thermal comfort para-
digm into thermal comfort standards was made by the American Society for Heating, 
Refrigerating, and Air-Conditioning Engineers (ASHRAE, 1998). Richard De Dear 
and Gail Brager, who, along with others, carried out the massive global survey on 
behalf of ASHRAE, outlined a global database of thermal comfort field tests and 
how this was used to construct an adaptive model. The decision of which external 
environmental factors should be employed to forecast internal comfort temperatures 
presented several challenges. The sole reliance on air temperatures ignored signif-
icant contributions from solar radiation and other factors. An attempt to use new 
effective temperature (ET*) showed greater validity. However, assumptions had to 
be made because not all the variables’ meteorological data were available in the form 
needed for ET*. The ASHRAE 55–2004 standard offered the most comfortable tem-
perature, as presented in equation 11.12. 

T ˜ 0 3. 1(T ) ° 17 8. oC 11.12 Com  Of 

Where (T
O
) is loosely defined as the prevailing mean outdoor temperature. 

European standard EN 15251 (2007) used data from European studies to provide the 
adaptive model in equation 11.13. 

T ˜ 0 3. (3 T ) ° 18 8. oC 11.13 Com  rm f 

Where T
rm

 is the exponentially weighted running mean of the outdoor temperature. 

11.10.5 ADAPTIVE MODELS THAT MODIFY THE PMV INDEX 

The PMV index could be changed to use an adaptive strategy. The PMV value might 
be multiplied by an anticipation factor, reducing the PMV severity and, consequently, 
the PPD if persons who did not expect any better would not be displeased with or 
complain about a thermal environment. To determine and specify the parameters 
for thermal comfort, however, would seem to be an improper strategy given that 
people would apparently expect nothing better. The most popular and practical 
adaptation strategy for the majority of situations is changing the insulation of gar-
ments. In order to provide a PMV value that takes into account adaptive behaviour, 
the proposed method that all adaptive opportunities might be incorporated into an 
equal adjustment to clothing value (I

eq
). This would give effective clothing insulation 

to be employed in the PMV equation. The method’s formulation limits the effec-
tive garment insulation to values between zero and twice that of the initial clothing 
before correction (I

st
). Although this is a practical suggestion that can be used in 

many applications, the process is complicated by this restriction. According to the 
defnition, equivalent clothing insulation is “the garment insulation that would give 
persons without adaptation the same level of thermal comfort as people who adapt 
to their environment.” It has been determined that the mechanisms for adjusting to 
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discomfort in heat and cold can differ. Following are the frst (equation 11.14) and 
second (equation 11.15) equations for discomfort due to heat and cold, respectively. 

I = I  − (I  × I ) 11.14 
eq st Aj st 

I  = I + (I  × I ) 11.15 
eq st Aj st 

where I
Aj

’s adaptive opportunity value ranges from 0 (minimum) to 0.25 (low), 
0.5 (middle), 0.75 (high), and 1 (maximum). As a result, wearing apparel decreases 
in the heat and increases in the cold (Developing an Adaptive Model of Thermal 
Comfort and Preference (Conference) | OSTI.GOV, n.d.). 

The optimal indoor temperature for the summer and winter seasons is displayed 
on the ASHRAE comfort chart. Based on statistical sampling of a significant num-
ber of occupants with activity levels less than 1.2 MET. The directional radiation, the 
ASHRAE comfort chart, was created and examining the impacts of the adaptation 
on the circumstances to which a person or persons are subjected is a more casual and, 
thus, effective way to figure out how adaptive behaviour affects the environment. 
For instance, altering clothes to affect how well they insulate, slowing down activity 
levels, lowering metabolic heat production, turning on fans, raising air velocity, and 
employing other innovative strategies offer opportunities to tailor indoor environ-
ments dynamically, providing personalized comfort experiences while also promot-
ing energy efficiency and environmental sustainability. 

In comparison to the generic techniques mentioned earlier, this would offer a 
more trustworthy forecasting strategy. Due to various adaptive behaviours, there are 
various methods of adaptation and suggested temperature offsets for neutral tem-
peratures (e.g., operating a desk fan at 2 m/s raises the neutral temperature by 2.8°C). 
This is desirable but challenging to accomplish in practice since each adaptive oppor-
tunity frequently involves a complex interplay with the thermal conditions encoun-
tered across time. 

11.11 ASHRAE COMFORT CHART 

Building on what has been accomplished while also eschewing approaches that do not 
incorporate adaptive thermal comfort is crucial for the advancement of our knowl-
edge of thermal comfort and the design of thermal comfort. To defne comfort levels, 
it is necessary to take into account how the seven elements—air temperature, radiant 
temperature, humidity, air velocity, clothing, activity, and adaptive opportunity— 
interact. Figure 11.3 illustrates how an adaptive strategy can be displayed on a psy-
chrometric chart. 

The ASHRAE comfort chart, which resembles a psychrometric chart is shown. 
Nevertheless, the operative temperature, not the dry bulb temperature, is shown on 
the x axis here. The humidity ratio is shown on the y axis, and the effective tempera-
ture lines are indicated by an angled line. A horizontal line at 2°C is the dew point 
line. The ASHRAE human comfort chart also displays a relative humidity line at 
60%. Due to overlaid areas for the winter and summer zones, there are some areas 
that are being overlapped. A person wearing summer clothing will therefore feel 

https://OSTI.GOV
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FIGURE 11.3 ASHRAE human comfort chart. 

somewhat cooler, and a person wearing winter clothing will feel slightly warmer, if 
the surroundings (conditioned space) lie between overlapping zones. 

The effective temperature line, constant relative humidity line, and dew point 
temperature line form the boundaries of the ASHRAE human comfort chart (Schoen 
et al., 2013). It is advised to keep indoor air at a maximum relative humidity of 60% 
and a minimum dew point temperature of 2°C. According to the ASHRAE human 
comfort chart, the ideal effective temperature range for summer and winter is 22°C 
to 25°C and 20°C to 23.5°C, respectively. 

11.12 THERMAL ENVIRONMENT IN PLANES, TRAINS, 
AUTOMOBILES, OUTDOORS, IN SPACE, AND  
UNDER PRESSURE 

Particularly when exposure to the temperature conditions varies with time and space, 
there are situations that deviate from what can be considered the “typical” steady-state 
indoor offce environment. In addition to other environments like those in space, hypo-
and hyperbaric environments, and outdoor environments, these also include vehicle 
environments, where people frequently occupy relatively small spaces with limited 
adaptive opportunity and are exposed to the changing external environment through 
windows and to signifcant contact with surrounding surfaces (Parsons, 2021b). 

11.12.1 THERMAL ENVIRONMENT IN AUTOMOBILES 

With gasoline-powered automobiles, there is, albeit at a cost, adequate energy for 
heating, ventilation, and air conditioning. The provision of thermal comfort in 
“green” cars powered, for instance, by electricity, when power constraints create a 
necessity for creative solutions, is a challenge for the future. The fundamentals of 
thermal comfort design will not alter. When given the same parameters, everyone 
will react similarly. Nonetheless, some places’ specifc needs could necessitate extra 
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care. Cool air should be directed into the chest of drivers and passengers in cars for 
thermal comfort (“Automotive Ergonomics,” 2016). One more value that is equiva-
lent in temperature is defned as thermal comfort in vehicles. 

11.12.1.1 Equivalent Temperature 
The term “equivalent temperature” was used to describe the constant temperature of 
a hypothetical, still-air enclosure in which a person would exchange the same amount 
of dry heat through radiation and convection as they would in the actual environ-
ment. Hence, it defnes equivalence using the conventional environment approach. 
Sweating and heat loss through evaporation, which are frequent sources of discom-
fort in cars, are, by defnition, excluded. It is especially pertinent to the assessment 
of asymmetric situations, and although various techniques are acceptable, measure-
ments are frequently conducted using thermal manikins. 

The adoption of a “new material” that might efficiently heat seats in a consistent and 
easily adjustable manner is an effort to create a more individualized (adaptive) strategy 
for thermal comfort in motor vehicles (also energy efficient). (In reality, the substance 
is currently utilized in Grand Prix racing to heat race vehicle tires.) The discovery that 
people could stay comfortable at a surprising range of temperatures, with the driver’s 
cool hands on the unheated steering wheel serving as a limiting factor and, eventually, 
everyone’s feet being frigid. This approach has the benefit of allowing each passenger to 
regulate their own seat temperature. Fung and Parsons (1996), who carried out a num-
ber of climatic chamber studies on human subjects, have published thorough reports on 
the thermal characteristics of vehicle seats and their impact on thermal comfort. 

11.12.2 THERMAL ENVIRONMENT ON TRAIN JOURNEYS 

In order to travel by public transportation, one must leave their home or other bases, 
travel to a “station,” frequently wait outside, board a vehicle (a bus, train, etc.), ride 
the vehicle, exit the vehicle, and then travel to their destination. The traveller will typ-
ically need to experience a variety of thermal settings because of this. Consider the 
entire train ride, for instance. There are various thermal states in which the traveller 
could arrive at the station. Just keep in mind to concentrate on thermal comfort while 
waiting for the train, throughout the voyage, and when getting off the train. There are 
several ways to get to and from a train station. Heat radiation and comfort have been 
investigated, with applications to both trains and automobiles. A similar procedure 
was employed to enhance train-related knowledge. Garment ft and color evaluations 
demonstrated that under identical thermal conditions, tight-ftting black clothing felt 
approximately one scale unit warmer than loose-ftting white clothing. An essential 
consideration for commuters and other train travellers is crowding. Other passengers’ 
radiation input will increase in addition to the psychological stress, and convective 
and evaporative heat transfer will be limited. 

11.12.3 THERMAL ENVIRONMENT ON AEROPLANES 

Due to the hazardous outside environment, the interior conditions for passengers on 
aeroplanes are completely controlled. Passengers receive little direct solar exposure 
through the windows, and while they have few opportunities for adaptation, they can 
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move around somewhat and typically control the air speed (jets) from above. The air 
pressure decreases as we ascend higher in the atmosphere, resulting in less oxygen 
available for breathing. In order to combat this in passenger aircraft, the cabin is 
“pressurized” to the equivalent of being at around 1,800 m (about 6,000 feet) above 
sea level. When compared to the identical thermal circumstances at sea level, heat 
transfer via convection is less effcient in this hypobaric environment, but heat trans-
fer through evaporation is more effective. 

11.12.4 THERMAL ENVIRONMENT IN SPACE VEHICLES 

The absence of gravity almost entirely in space is one of the critical distinctions 
between aircraft settings or structures on Earth and those in space. As a result, there 
will not be any evaporation in space due to natural convectional heat transfer. Body 
heat does not cause cooler, denser air to rise, and gravity does not cause warmer, less 
dense air to replace it when it does. This will rely on the local gravity levels for build-
ings, space stations, and other constructions on other worlds. According to research, 
factors infuencing thermal comfort in space include air temperature, radiant tem-
perature, humidity, air velocity, clothing insulation, activity level, and air pressure. 

11.12.5 OUTDOOR THERMAL ENVIRONMENT 

Weather factors affect outdoor thermal environments, and solar radiation and rel-
atively high and unstable air velocities will have a signifcant impact on thermal 
comfort. For instance, there is a lot of interest in creating relaxing, engaging, and 
comfortable outdoor spaces in urban areas. There is a class of outdoor settings 
that individuals seek out for enjoyment, like when sunbathing on the beach. These 
“unique” situations should be handled differently from “typical” thermal comfort 
circumstances. Architecture and environmental designers are very interested in ther-
mal pleasure and delight. 

11.12.6 THERMAL ENVIRONMENT IN HYPERBARIC ENVIRONMENTS 

It is uncommon to think about discomfort in hyperbaric settings. Even slight varia-
tions in atmospheric or other air pressure will not signifcantly affect thermal comfort 
in hypobaric situations. In contrast, Fanger (1970) asserts that deep mines, pressur-
ized rooms for medical treatment, and ocean-foor sea laboratories are all unique 
hyperbaric habitats with little impact from variations in atmospheric pressure. We 
can also include compressed air tunnels that are used to keep water from adjacent 
seas, lakes, or rivers at bay, as well as hyperbaric lifeboats where divers can wait for 
rescue if a “mother-ship” isn’t accessible. 

11.12.7 THERMAL ENVIRONMENT ON MOUNTAINS 

As there is less atmosphere on top of mountains, people who climb them experi-
ence lower atmospheric pressures than they would at sea level. Nevertheless, pressure 
affects heat transfer between a person and the environment, decreasing convec-
tion and boosting evaporation. Air temperature, radiant temperature, air velocity, 
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humidity, clothing, and activity continue to be critical factors. Mountaintops receive 
signifcantly more solar radiation, the air temperature often drops, the wind picks up, 
and clouds, rain, hail, and snow are frequent occurrences. Due to their low thermal 
inertia, tents are signifcantly impacted by ambient temperature. In hypobaric con-
ditions, the amount of oxygen that is available to the body may decrease, which may 
cause discomfort. 

11.13 THERMAL COMFORT AND SEX, AGE, 
AND FOR PEOPLE WITH DISABILITIES 

It is impressive that, roughly speaking, all persons experience identical thermal com-
fort circumstances when we take into consideration their clothes, activity, exposure 
to air, radiant heat, humidity, and air velocity, as well as their mechanisms and ability 
for adaptation. Since everyone’s thermoregulatory system functions essentially the 
same, healthy individuals will experience similar physiological reactions to heat and 
cold. Nonetheless, because every person in the world has distinctive qualities, it is 
not surprising that people react to temperature settings differently from one another. 

11.13.1 THERMAL COMFORT AND SEX 

The comfort reactions of male and female participants when they are both wearing 
the same clothing insulation show relatively minor if any, differences. When men and 
women switched clothes, as a result, their “neutral” temperatures changed. Different 
comfort needs will result from the differences in clothes between men and women 
(“Thermal Comfort,” 2014). A further conclusion is that women may be more sensi-
tive outside of comfortable surroundings, but the menstrual cycle has no impact on 
the need for thermal comfort. According to studies, thermal sensitivity and comfort 
are the same under “neutral” and warm settings, but when environments turn cold, 
females express greater discontent than males. 

11.13.2 THERMAL COMFORT AND AGE 

If the thermal comfort conditions are defned in terms of the interaction of air tem-
perature, radiant temperature, humidity, air velocity, clothing, and activity, it is dis-
covered that sensitivity is inversely related to age. Yet the adaptive opportunity will 
vary, mainly because age will have an impact on previous experience as well as 
physical and mental capacity. New-borns have a high potential for heat loss due to 
evaporation right after delivery since they are moist. Infants typically have large 
head-to-body ratios, big whole-body surface area-to-mass (volume) ratios, high skin 
blood fow, immature thermoregulatory systems, and brown fat, all of which con-
tribute to their high heat-loss capacities. All new-borns beneft from care to main-
tain a healthy body temperature, and cuddling with the mother will help. The ideal 
temperature for children between the ages of 9 and 11 is 24°C, while the ideal tem-
perature for those between the ages of 11 and 17 is 24.3°C. When older people and 
college students are compared, it is discovered that there is little difference in their 
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responses, with older people preferring slightly warmer air temperatures. Elderly 
people have lower metabolic rates than younger people, and it has been noted that, in 
reality, lifestyle and attire will vary. The ideal temperature for adults over 60 varies 
from person to person, but in a neutral environment, a temperature of about 24°C is 
advised. 

11.13.3 PEOPLE WITH DISABILITIES 

The best place to start when designing an environment is by creating temperatures 
that are bearable for people without mental impairments. In order to preserve com-
fort, it may also be necessary for those without mental disorders to provide support. 
Since every person is different and has a wide range of traits, this will be tailored to 
their particular needs. It was discovered that each individual with a physical handi-
cap has a variety of distinctive qualities and needs in addition to their straightforward 
categorization as having a disability. A person who has limited physical mobility 
and cannot move to escape a draught or modify clothing needs special consideration 
when designing their surroundings in order to ensure thermal comfort. 

11.14 THERMAL COMFORT AND HUMAN PERFORMANCE 

Considering extensive research into how the thermal environment affects people’s 
capacity to execute tasks and jobs, it is acceptable to draw the conclusion that the 
best settings for human performance are those that also offer thermal comfort. This 
is in line with the defnition of thermal comfort, which states that it is a state in which 
there is no physical strain on the body because no change is necessary. As a result, it 
does not require resources in terms of maintaining health, paying attention to a task, 
or losing the ability to perform tasks. There have been several studies on how the 
thermal environment affects human performance, and one helpful way to forecast 
outcomes is to think about the three main effects. 

11.14.1 THE HSDC METHOD 

The HSDC stands for health, safety, distraction, and capacity. In order to forecast how 
the environment would affect human performance and production, a model of human 
performance has been developed. It entails multiplying the amount of worktime (e.g., 
over a shift) available for safe work (HS), the amount of time spent working without 
being distracted by the environment (D), and the amount of work or tasks that can be 
accomplished in comparison with the amount that can be accomplished under ideal 
conditions. In other words, HSDC represents the decrease in performance at a task or 
work when compared to optimum performance under comfortable conditions. 

11.14.1.1 Thermal Comfort and Health and Safety (HS) 
If people become so uncomfortable owing to thermal circumstances that they refuse 
to work or if restrictions lead to a cessation of work as thermal limitations are sur-
passed, then performance and productivity will decrease to zero in times when people 
are not working (e.g., for all or part of a day). In conditions that are mild and where 
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thermal comfort—rather than health—is the primary concern, this is unlikely to 
happen. Nonetheless, this might happen in uncomfortable thermal settings (Parsons, 
2014j). 

11.14.1.2 Distraction (D) 
Thermal distraction, which is defned as “a tendency for a person to attend to attend 
the thermal state (hot, uncomfortable, or cold) instead of accomplishing a task,” 
is a sort of distraction. Therefore, if distracted, performance in the task will be zero 
during that time. There are many potential sources of distraction, such as paying 
attention to stimuli or tasks other than those that are being carried out; however, in 
terms of how the environment affects performance, it is the distraction brought on 
by environmental factors that is of interest; similarly, in terms of thermal comfort, it 
will be related to the level of discomfort, which may result in dissatisfaction. Studies 
say that one in fve of the people dissatisfed will be inclined to do something about 
it and hence be distracted; we can predict the PPD from the thermal conditions and 
hence the percentage of time a person will be distracted. If the PMV is −2, cold, the 
PPD is 50%, so 10% of people will be distracted. If we assume that people are only 
distracted 10% of the time, we can say that performance in this cold environment 
will only be 90% of what would be in comfortable conditions, where there would be 
no distractions. 

11.14.1.3 Capacity (C) 
The quantity of work that can be accomplished by a typical human being in a ther-
mally neutral environment is referred to as capacity. A task taxonomy is typically 
used to clarify what we mean by human performance as the frst step in the pro-
cess. The ability to complete a task is what is meant by “human performance.” 
Inconsistency in outcomes is a regular observation for researchers looking at how the 
thermal environment affects capacity and, ultimately, performance at tasks, with the 
possible exception of the lack of manual dexterity brought on by chilly hands. Many 
tasks have been researched, and it is usually discovered that, under identical tem-
perature and contextual conditions, performance varies depending on the study. In 
some studies, performance declines; in others, it improves; and in some, there is no 
difference. In mild conditions, there is a small decrease in the ability to accomplish 
tasks. Hence, the HSDC model would emphasize distraction as the main potential 
cause of performance loss across all situations. It makes sense to assume that task 
performance will be infuenced by the thermoregulatory response. Speed of response 
may be accelerated by vasodilation, whereas manual dexterity may be slowed down 
by vasoconstriction. The grip will be hampered by sweaty hands. Therefore, it is log-
ical to draw the conclusion that if moderate settings have an impact on one’s ability 
to perform tasks, this infuence hasn’t yet been expressed consistently. 

11.14.2 THE ISO STANDARDS INITIATIVE 

To study, how the physical environment affect the performance of people, ISO NWI 
23454–1 (2019): “Human performance in physical environments: Part 1 — A per-
formance framework” is adopted. The plan is to create two general standards that 
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FIGURE 11.4 HSDC model for predicting human performance. 

can be used to explain how certain environmental factors affect certain things 
(thermal, noise, light, etc.). The frst generic standard will put forth a performance 
model for people. Figure 11.4 illustrates this. Additionally, it will outline a perfor-
mance prediction technique based on the HSDC method (“International Standards,” 
2014). The second will outline standardized tests that can be used to assess how well 
the model’s elements are performing. Human performance in physical environments: 
Part 2 — Measurements and methods for evaluating the effects of the physical envi-
ronment on human performance (ISO DP 23454–2 (2019)). 

11.15 INTERNATIONAL STANDARDS 

The two most essential standards used internationally to specify thermal comfort con-
ditions, primarily but not exclusively for buildings around the world, are ASHRAE 
55, which is reviewed (but not necessarily revised) yearly, and ISO 7730 (2005), 
“Ergonomics of the Thermal Environment—Analytical determination and inter-
pretation of Thermal Comfort Using Calculation of the PMV and PPD indices and 
Local Thermal Comfort Criteria.” The ASHRAE 55–2017 “Thermal Environmental 
Conditions for Human Occupancy (ANSI/ASHRAE Certifed)” standard is in effect 
for 2017. As an intermediate step, the addenda to the standard are published annually. 
The predicted mean vote (PMV)/predicted percentage of dissatisfed (PPD) indices 
are calculated using an updated computer program written in the JavaScript program-
ming language in the addendum for 2019. ASHRAE 55 illustrates comfort limita-
tions in terms of air temperature and humidity on a psychrometric chart. It also gives 
an adaptable strategy for obtaining thermal comfort. Comfort zones are shown on the 
psychrometric chart of operative temperature and dew point, which is connected to 
humidity. The zones of thermal comfort are provided as spaces on the psychrometric 
chart that are bordered by lines for light activity (see Figure 11.3). The International 
Organization for Standardization (ISO) 7730 (2005) is the international standard that 
specifes conditions for thermal comfort and the prediction of the degree of thermal 
discomfort. Other standard bodies use ISO 7730 (2005) as the basis for standards 
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in specifc areas of application, such as outdoors or indoors. ASHRAE provides the 
answer to frequently asked questions such as the recommended indoor temperature 
and humidity levels for homes are between 67°F (19.5°C) and 82°F (27.8°C), with 
standardizing the defnition and computation of the PMV and PPD indices as well 
as techniques for predicting local thermal discomfort is one of its key purposes. It 
is a component of a set of international thermal comfort standards that also address 
subjective evaluation (ISO 10551, 2019), physical environments for people with spe-
cial needs (ISO 28803, 2012), the thermal sensation caused by skin contact with 
surfaces of moderate temperature (ISO 13732 Part 2, 2001), environmental survey 
(ISO 28802, 2012), thermal comfort in vehicles (ISO 14505 Parts 1–4, 2006), and the 
practical design of environments for thermal comfort. The estimation of clothing’s 
thermal properties, the measurement of the thermal environment, and the estima-
tion of metabolic heat production based on activity type are all supported standards 
(ISO 9920, 2007; ISO 7726, 1998; ISO 8996, 2004). ISO 7730 (2005) discusses and 
defnes how to calculate the PMV of a large group of persons exposed to a thermal 
environment defned by the air temperature, radiant temperature, humidity, air veloc-
ity, metabolic rate, and clothing. The PMV is a value on the thermal sensory scale: 
3, hot; 2, warm; 1, slightly warm; 0, neutral; −1, slightly cool; −2, cool; −3, frigid. 
Thermal comfort is defned as having a neutral feeling (PMV = 0). The PMV value 
is used to calculate the PPD, which forecasts how many people will be unhappy with 
the circumstances. 

11.15.1 BUILDING ENVELOPE FOR COMFORT OF OCCUPANTS 

ASHRAE 700–2015 provides specifc instruction to the builder to prepare build-
ings that provide comfort to occupants based on the construction and position of 
equipment inside the building. The intent of ASHRAE 700–2015 is to control the 
pollutant sources. According to it, in a building with natural draft combustion space 
or equipment used for heating water, all equipment which liberates heat (boilers, 
natural draft furnace, or water heater) should be kept outside the conditioned spaces 
where the outdoor air source is available and make sure the place is well sealed and 
separated from conditioned space. The air handling unit (AHU) associated with the 
same should be inside the conditioned space. It is mandatory to ensure that any direct 
heating equipment must be vented to the outside or open space which is direct to 
environment, and any equipment which uses solid fuel for combustion, like stoves or 
heaters, must be certifed by the American Society for Testing and Materials (ASTM) 
or Environmental Protection Agency (EPA). For any structure with a common wall 
with the door between the garage and conditioned space, it is essential to ensure that 
the door is tightly sealed and gasketed and a minimum of 85% of wood materials 
which are used for foor, walls, roof sheathing, structural panels, custom woodwork, 
or component closet shelving need to be moisture resistant. The carpets should not 
be installed adjacent to bathing fxtures, and water closets following fooring types 
are recommended. 

1. Ceramic tile fooring 
2. Organic-free, mineral-based fooring 
3. Clay masonry fooring 
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TABLE 11.4 
VOC Content Limits for Architectural Coatings (Green & Corporation, 2013) 
Coating category Limit (g/L) 

Flat coatings 50 
Non-flat coatings 100 
Non-flat high-gloss coatings 150 
Aluminium roof coatings 400 
Basement specially coatings 400 
Bituminous roof coatings 50 
Bituminous roof priming 350 
Bond breakers 350 
Concrete curing compounds 350 
Concrete/masonry sealers 100 
Driveway sealers 50 
Dry fog coatings 150 
Faux finishing coating 350 
Fire-resistive coating 350 
Floor coatings 100 
Form-release compounds 250 
Graphic arts coatings 500 
High temperature coatings 420 
Low solid coatings 250 
Magnesite cement coatings 120 
Mastic texture coatings 450 
Metallic pigmented coatings 100 
Multi-colour coating 500 
Pre-treatment wash primers 250 
Primers, sealers, and 420 
undercoatings 

Reactive penetrating sealers 100 

Recycled coatings 350 

4. Concrete fooring 
5. Metal fooring 

A minimum of 10% of the interior wall surfaces are covered with wall coverings, and 
a minimum 85% of wall coverings follow the emission concentration limit. Table 11.4 
shows the recommended volatile organic compound (VOC) content limits for archi-
tectural coatings. 

Carbon monoxide alarms should be provided as per the standard (IRC section 
R315) for safety purposes. The prevalent source of pollutants is the entrance of the 
building, which can be controlled by using exterior grilles/interior grilles or mats. 
Smoking should be avoided in the living space, especially in multifamily buildings. 
For more pollutant control, spot ventilation should be used; clothes dryers are vented 
outdoors, and kitchen exhaust units are ducted outdoors and have a minimum ven-
tilation rate of 47.2 L/s. The exhaust fan used in the building should be Energy Star. 
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The stack effect should be considered while designing fenestration in spaces. For 
building ventilation systems, the exhaust or supply fan should be in such standards 
to be used for a long time in running mode. For moisture management (vapour, rain-
water, plumbing, HVAC), cold water pipes in unconditioned spaces are insulated to a 
minimum, and plumbing is installed in conditioned spaces. The central HVAC sys-
tem should be used for additional control of the occupant environment. Practices to 
control ventilation, moisture, pollutant sources, and sanitation should protect indoor 
air quality (IAQ). Some innovative practices like a humidity monitoring system, 
which shows the temperature and relative humidity of conditioned space, and kitchen 
exhaust units having a capacity of more than 189 L/s should be installed. 
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adaptive facades, 158 
adaptive thermal comfort, 308 
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aesthetic, 4 
air cavities, 130 
air, cooling, 142 
albedo, 272 
ancient building, 4 
anthropogenic heat, 274 
aquifer storage, 70 
ASHRAE comfort chart, 312 
availability, 2 

B 

bamboo, 10 
basalt, 8 
battery storage, 214 
bio-cementation, 29 
bio-climatic building, 126, 127 
biological adaption, 309 
biomass energy, 241 
biophilic design, 115 
body map, 306 
borehole storage, 71 
Bowen ratio, 273 
brick, 17 
building envelope, 38, 57, 166, 320 
building materials, 11, 19 
building storage, 67 

carbon capture, 243 
carbon foot print, 212 
chemical energy storage, 214 
clay, 6 
climatic conditions, 2 
coeffcient of performance, 252 
comfort indices, 302 
comfort zone, 133 
concentrated solar power, 232–234 
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cool pavement technologies, 281 
cost effectiveness, 3 
courtyard effect, 145 

D 

desalination, 225 
desiccant cooling, 257 
desiccant regeneration, 260 
design quality, 301 
digital concrete, 27 
double skin facades, 79 

E 

eco-friendly house, 88, 92 
effective temperature, 303 
electrolysis, 243 
encapsulation, 207 
energy effcient house, 83 
equivalent temperature, 314 
eutectic, 49, 200 
evaporative cooling, 142 
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fber-reinforced concrete, 13–14 
fammability, 58 
fexible concrete, 24 
fuel cell, 245 
fuels, 244 
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gasifer, 244 
geo-thermal energy, 238, 240 
geo-thermal energy storage, 211 
geo-thermal heat pump, 212 
geo-thermal system, 184, 238 
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glazing, 130 
global temperature, 303 
global warming, 268 
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green atriums, 116 
green building, 99 
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greenhouse effect, 80 
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green walls, 106–110 
grey water, 179 
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indoor environment, 300 
indoor plant, 114 
inorganic PCM, 49, 55, 199 
insulated concrete, 25, 26 
insulation, 129, 159 
International Standards, 319 
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latent thermal mass, 64 
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operative temperature, 304 
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P 

passive cooling, 165, 235 
passive solar cooling, 139 
passive solar heating, 134 
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passivity, 222 
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perovskite materials, 230 
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phase segregation, 57 
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radiant heating, 184 
rain water harvesting, 149 
recycled materials, 30–33, 168 
refective materials, 279 
renewable energy, 219 
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self-healing concrete, 22, 23 
sensible heat storage, 40, 193 
sensible thermal mass, 64 
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sky view factor, 272 
smart house, 81, 82, 89, 92 
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solar energy, 220 
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thermal energy storage, 37, 39, 165, 191 
thermal load, 128, 129 
thermal stability, 58 
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