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Foreword

I feel very much delighted to write foreword for this new book titled PCM-Based
Building Envelope Systems: Innovative Energy Solutions for Passive Design. My
past experience has given me the opportunity to work in the area of phase change
materials for various thermal applications. During this journey of my research, I
have been able to benefit from the novel work of the author of this book “Benjamin
Durakovic” on various aspects of phase change materials. Dr. Benjamin is an
eminent faculty member of International University of Sarajevo. He is known for
his research work that encompasses energy storage using phase change materials
for passive building design, building energy efficiency, design of experiments, and
data analysis. His tremendous contributions in more than 20 research and devel-
opment projects in Bosnia and the USA, which lead to the publications of various
important research papers in leading world-class journals in aforementioned fields,
merit him as the best candidate to compile this book for the benefit of students,
faculty members, engineers, researchers, and scientists working in building
envelope systems around the globe.

This book is a ready reference to access details of energy storage passive design
techniques and mathematical models using phase change materials. This book with
eight unique chapters; in the opening chapter, first introduces the emerging problem
of depleting resources and emphasizes on the significance of the building energy
demands for heating and cooling purposes. Chapter 2 details about the various types
of available phase change materials with their application limitations. Chapters 3–6
with pivotal significance provide details on the passive solar heating and cooling
concepts. PCM-heat modulation with emphasis on thermal mass and free cooling is
further discussed. The use of PCM directly in the building structures and compo-
nents with possible methods is provided in Chaps. 4 and 5. Chapter 6 discusses the
use of PCM as separate heat storage modules. In the later part of the book, the final
chapter enlightens the reader with the physics of the processes involved during the
heating and cooling of PCMs. Chapter 7 greatly contributes to discuss the heat
transfer modes and mechanisms involved and finally elaborates the work on
available simulation and modeling tools for PCM-based building envelope systems.
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In a nutshell, this book will prove to be a complete guide for those already
working in the domain of building envelope systems and looking for innovative
energy solutions using phase change materials. For the beginners in the field of
building envelope systems, this book will provide a complete walk through to the
various stages and will help the reader to advance to the next level with detailed
fundamental and applied knowledge.

October 2019 Dr. Hafiz Muhammad Ali
Associate Professor of Mechanical Engineering

King Fahd University of Petroleum and Minerals
Dhahran, Saudi Arabia

e-mail: Hafiz.ali@kfupm.edu.sa
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Preface

Introduction

This book provides the latest research in the field of thermal energy storage tech-
nologies applicable for solar heating and cooling with the aim of reducing fossil
fuel dependency. Particularly, the book discusses issues and advantages of common
PCMs applicable for buildings as a more efficient novel solution for passive solar
heating/cooling strategies. Up-to-date PCM-based energy storage solutions within
building structure (wall, floor, ceiling, façade), components (windows, shading
devices), and separate heat and cold storage devices are discussed in details. With
the aim of building energy performance assessment, the book provides advanced
modeling and simulation tools as theoretical base for the analysis of PCM-based
building envelope in terms of heat storage and transfer.

Audience

This book will be of great value to those who deal with building energy analysis
such as students, researchers, and professionals involved in the field of mechanical
and civil engineering as well as architectural design.

The Aim of the Book

In the last few decades, world energy demand based on limited non-renewable
sources was rapidly increased. The participation of the building sector through
heating and cooling in global energy consumption is notable and takes up to 40%.
To reduce building energy demand and carbon emission, it is necessary to imple-
ment innovative design concepts such as passive strategies. Heat storage plays one
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of the most important roles in building energy demand reduction. Emerging tech-
nologies based on the application of phase change materials (PCMs) in building
envelope enhance the thermal performances of buildings and reduce energy
demand.

Passive building design based on PCM is very active research area and new
results and techniques become available almost on the continuous basis. The aim of
this book is to present the state of the art in this research field including novel
achievements based on the application of PCMs. Therefore, the book represents a
collection of novel methods, techniques, and the recent research results including
own research. Key problems and possible solutions were discussed.

Book Structure

In this book, PCM-Based Building Envelope Systems: Innovative Energy
Solutions for Passive Design, passive design techniques based on phase change
materials for energy storage as well as basics of the mathematical models were
discussed. Each chapter has abstract, body, and conclusion. Graphical explanations
and tables were used within the body to present key information in a quick way.
Figure 1 represents graphical structure of the book.
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The book is organized into three major areas that are important for passive
building design. In the first part, phase change materials and its properties, and
advantages, disadvantages, and possibilities to be used for heat storage in passive
building concepts were discussed in Chap. 2. In the second part, passive design
techniques for heating and cooling were discussed. Particularly, the working
principle of each technique was discussed with recent research developments and
application. The part that deals with PCM-based energy storage techniques within
the building structure was discussed in detail in Chap. 4; the PCM-based energy
storage within building components was discussed in details in Chap. 5, and the
PCM-based energy storage in separate heat storage modules was discussed in
Chap. 6. Finally, the basics of the mathematical models for heat transfer modes and
numerical simulation were introduced in Chap. 7.

Special attention was paid to the glazing systems as the weakest point of
buildings in terms of heat gain/loss. Therefore, the aim in this case is to search for
new technologies to reduce the energy consumption demand in buildings by con-
sidering different glazing system designs as responsive building elements and
applying new materials. These systems contribute in reducing on-peak energy
demand. Special focus is on the advantages of surplus heat gains made at midday
stored in the thermal mass and its availability to the load offset later in the day when
the outside temperature drops in winter/summer mode. In addition, to conduct
comparative study of glazed systems performances for those based on the con-
ventional technologies versus responsive glazed system technology with the aim of
identifying the most appropriate system as a design solution.

Sarajevo, Bosnia Benjamin Duraković, Ph.D.
e-mail: bdurakovic@ius.edu.ba
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About This Book

In the last few decades, world energy demand based on limited non-renewable
sources was rapidly increased. The participation of the building sector through
heating and cooling in global energy consumption is notable and takes up to 40%.
To reduce building energy demand and carbon emission, it is necessary to imple-
ment innovative design concepts such as passive strategies. Heat storage plays one
of the most important roles in building energy demand reduction. Emerging tech-
nologies based on the application of phase change materials (PCMs) in building
envelope enhance the thermal performances of buildings and reduce energy
demand. These materials use latent heat of fusion to store relatively large amounts
of energy for later usage, at narrow temperature ranges.

This book provides the latest research in the field of thermal energy storage
technologies applicable for solar heating and cooling with the aim of reducing fossil
fuel dependency. Particularly, the book discusses issues and advantages of common
PCMs applicable for buildings as a more efficient novel solution for passive solar
heating/cooling strategies. Up-to-date PCM-based energy storage solutions within
building structure (wall, floor, ceiling, façade), components (windows, shading
devices), and separate heat and cold storage devices are discussed in detail. With
the aim of assessment of building energy performance, the book provides advanced
modeling and simulation tools as theoretical base for the analysis of PCM-based
building envelope in terms of heat storage and transfer.

This book will be of great value to those who deal with building energy analysis
such as students, researchers, and professionals involved in the field of mechanical
and civil engineering as well as architectural design.

Benjamin Duraković
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Chapter 1
Introduction

Strong economic and population growth in the last three decades caused a rapid
increase in the world energy consumption producing an enormous amount of green-
house gases (GHG). Fossil fuels are primary sources of CO2, which take a share of
about 65% in total GHG. Nowadays, there is a global trend of reducing greenhouse
gasses. This reduction is primarily based on research and investigation of differ-
ent innovative technologies that would positively affect GHG reduction. As one of
the main contributors to the production of greenhouses is buildings and construc-
tion sector through energy consumption, building energy demand reduction is being
directed toward research and development of innovative technologies that would
decrease fossil fuel consumption.

Today, energy conversion and electricity generation are mainly based on burning
fossil fuels and nuclear power (fission or fusion), which all rely on finite resources
generatingwaste end products in an irreversible cycle Fig. 1.1. Fossil and nuclear fuel
reserves are limited and generate huge amounts of waste and pollutant emissions. At
the current consumption rate, coal reserves will run out in about 130 years, natural
gas in about 60 years, and oil in about 40 years [1].

Based on Fig. 1.1, about three-quarters of power generation comes from non-
renewable sources, which have very limited reserves. Building energy takes about
40% of global energy demand. Applying passive design strategies can contribute to
the reduction in building energy demand.

1.1 Depletion of the Non-renewable Energy Resources

Coal consumption has never stopped increasing and has been the world’s fastest-
growing energy source in recent years—faster than gas, oil, nuclear, hydro, and
renewable energy as shown in Fig. 1.2 [3]. This trend will continue in the future
where coal will be a key component of the energy mix. Total world coal production

© Springer Nature Switzerland AG 2020
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2 1 Introduction
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reached a record level in 2012, increasing by 2.9% in comparison with the previous
year. Coal plays a key role in power generation and currently fuels 38% of theworld’s
electricity. Thefigure ismuchhigher in some individual countries. SouthAfrica relied
on coal for 94% of its electricity and Poland for 81% in 2014 [2] (Fig. 1.3).

In fact, it is expected that the share of the coal in electricity generation will be
reduced below 30%, while the renewables will overtake gas and coal as the most
used form of primary energy as of 2040.

World oil consumption is well reflecting the increase in the consumer demand
for petroleum products, and it is on track to become critically low in 40 years.
This means humankind cannot afford to wait 40 years, and must urgently conduct
energy-saving programs and transition to alternative energy sources in the following
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Fig. 1.3 Fuel shares in world electricity generation [2]

two decades. While this figure is hotly debated, what is clear is that oil has a host
of useful industrial applications and to irreversibly burn oil endangers the future.
World crude oil demand has been growing at an annualized compound rate slightly
in excess of 2.0% per year recently. Demand growth is highest in the developing
world, particularly in China and India. High demand growth is primarily caused due
to rapidly rising consumer demand for transportation via cars and trucks powered
with internal combustion engines. For economic and/or political reasons, this high
demand growth component did not exist in most of the developing world even a
decade ago [4].

Natural gas consumption is the fast-growing fossil fuel with estimated reserves
for 60 years. Total world consumption of natural gas for industrial uses increases by
an average of 1.5% per year through 2040, and consumption in the electric power
sector grows by 2.0% per year. Growth in consumption occurs in countries outside
of the Organization for Economic Co-operation and Development (OECD) member
countries, where demand increases more than twice as fast as in OECD countries.
Growth in natural gas consumption is particularly high in non-OECD countries,
where economic growth leads to increased demand over the projection period. Con-
sumption in non-OECD countries grows by an average of 2.2% per year through
2040, more than twice as fast as the 1.0% annual growth rate for natural gas demand
in the OECD countries [5].

Oil, gas, and coal are a precious resource that humankind cannot afford to burn
completely, thus consumption of these resources must be slowed down. Someday,
currently unknown sources of fossil fuels may be discovered, but it would be irre-
sponsible to base today’s energy decisions on such an uncertain prediction. One is
sure that continuation of oil burning can harm the viability of the future because oil
is needed for lubricating the machines of the world for years to come, as well as
to secure its continued use in the petrochemical industry [6]. Thus, we do need to
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sustain these fossil-based industries for their industrial applications, rather than as
primary sources of energy.

How to meet extra energy demand in upcoming decades and on the other side
reduce building energy demand with the aim of preserving fossil fuels will be
challenging in the future.

1.1.1 Energy Consumption in Buildings

In recent years, the demands in building thermal comfort rise increasingly, which cor-
respondingly cause a substantial increase in global energy consumption. For instance,
in industrialized countries, building heating and cooling (residential and commercial
energy consumption) participate between 20 and 40% in total energy consumption
[7]. Windows can account for between 30 and 50% of the energy losses in buildings
[4]. Opposed to other industrialized countries, building heating was accounted for
63% of natural gas consumed in US homes; the remaining 37% was for water heat-
ing, cooking, and miscellaneous uses [4]. In the European Union, the building sector
is consuming 40% of the global energy, and two-thirds of this energy consumption
is due to the heating, ventilation, and air-conditioning (HVAC) systems. Therefore,
it is critical to reduce the energy demand of the buildings [8].

To reduce energy demand in buildings and contribute to preserving fossil fuels
can be achieved by passive building design, using renewable energy sources, improv-
ing the thermal insulation of building envelope and storing energy for later usage.
Solar energy is one of the most considered energy sources for building space heating,
cooling, or solar hot water between 2010 and 2020, and generation from renewables
grows 5.2% per year, compared with 3.9% per year between 2000 and 2010. Esti-
mated global electricity generation from renewable energy sources will grow 2.7
times between 2010 and 2035 [9].

Solar heating systems use solar energy to heat the interior space or to store the
energy in a storage system for later use. The heat is transferred by a heat transfer fluid
(HTF), which can be either liquid or air. Liquid systems are more often used when
storage is included and are well suited for radiant heating systems, boilers with hot
water radiators, and even absorption heat pumps and coolers. Solar space cooling
is an innovative technology that converts heat collected from the sun into useful
cooling for applications such as building space conditioning. Obtained heat through
the use of solar collectors is converted into cold using a “sorption” cooling process.
The resulting cold is delivered to the application using an HTF (chilled water or dry
cool air). Solar hot water is a simple and relatively inexpensive way to reduce energy
consumption in residential and commercial buildings. The solar hot water system
is comprised of solar collectors and an automatic control unit that work together.
By harnessing the power of the sun, the systems can reduce the need for electricity
25–50%. In case that the solar system cannot provide adequate space heating, an
auxiliary system provides the additional heat.
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Fig. 1.4 Electrical profile—conventional building using chillers versus TES electrical profile

Different shading devices, solar attic cooling, and façade cooling can reduce
energy demand in buildings as well. Hot attics cause the entire house to be warmer.
Attic air temperatures can reach over 70 °C. Super-hot air gets trapped and collects
in attics and causes heat to back up in the building.

Emerging technologies that improve building envelope performance have sig-
nificant potential to reduce building energy consumption. Actual savings from these
technologies will depend heavily upon their performance in diverse climate and oper-
ational conditions. Performance levels are determined to overcome existing window
technologies as well. Overall heating and cooling savings depend mostly on how
well solar heat is blocked [10].

Energy and its storage are one of the biggest technology challenges of the upcom-
ing decades. Thermal energy storage (TES) systems as responsive building elements
can contribute to reducing on-peak electricity demand. Latent heat thermal energy
storage (LHTES) is an attractive technique for accumulating energy because it pro-
vides a high-energy storage density per unit of mass at constant or near-constant tem-
perature. Thus, LHTES requires a smaller amount of phase change material (PCM)
for the same amount of stored energy. The principle of PCM is a simple endothermic
and exothermic reaction.

Referring to Fig. 1.4, the largest moveable portion of the building’s electrical
load can be shifted from high-cost “on-peak” hours to low-cost “off-peak” hours.
TES/LHTS system is charged by capturing low-cost (“off-peak”) electricity from the
power grid during the night and then using this captured energy for cooling over the
following day (“on-peak” hours). Another way is capturing solar heat over the day
and using it over the night for heating in the wintertime.

As Fig. 1.4 shows, in conventional systems, the chiller must be run only when the
building occupants want cool air. In a thermal energy storage system, the chiller can
be run at times other than only when the occupants want cooling, as much as half of
the energy consumed in a commercial building is used for cooling and heating. By
using properly designed TES solutions, often up to 30–40% of this energy use can
be saved [11]. The ability to store energy for use at peak demand is a challenge for
delivering efficient innovative technologies and solutions.

Based on the recommendations given in IEA ECBCS (International Energy
Agency, Energy Conservation in Buildings & Community Systems) Annex 44, and
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the “Kyoto Pyramid” [12], it is necessary to identify innovative energy technologies
and solutions for the medium and long term which facilitates the implementation
and integration of renewable power generation devices within the built environment
as climate-responsive building elements. Deployment of climate-responsive build-
ing elements still faces major barriers in the built environment especially in relation
to costs, building logistics, technological challenges, and lack of knowledge and
absence of requisite skills [12].

1.2 Thermal Energy Storage

Thermal energy can be stored as sensible heat, latent heat, or as chemicals energy.
Figure 1.5 shows the thermal energy storage forms with examples.

The scopeof this book is to elaborate only latent heat thermal energy storagewithin
phase change materials that have solid to liquid-phase transition. These materials
belong to organic and inorganic groups of materials, which is discussed in detail in
Chap. 2. Figure 1.6 shows comparisons of volumes of heat storage systems based on
sensible heat, latent heat, and thermochemical heat storage for a passive house.

Figure 1.6 shows that thermochemical systems have the highest heat storage den-
sity but with significantly increased temperature, which is suitable for seasonal stor-
age applications. The estimate is based on the energy demand of 6480 MJ for a
passive house [13].

Thermal energy storage form

Sensible heat

In liquids
(eg. water) 

In solids
(eg. stone, concrete, 

bricks...)

Latent heat

Solid to liquid
(fusion)

The scope of book

Liquid to gas
(evapora on) 

Thermochemical heat storage

Sorp on 
(adsorp on, absorp on)

Reac on 
(solid to gas; solid to liquid)

Fig. 1.5 Thermal energy storage
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Fig. 1.6 Volume needed to fully cover the annual storage need of a passive house

1.2.1 Sensible Heat Storage

Sensible heat storage is based on the specific heat capacity of solids and liquids
such as rocks, concrete, plasterboard, sand, water, and molten salts. The heat storage
process is based on the temperature change of the storagemedium. Sensible heat is the
most common and the oldest way of energy storage that has been used for centuries
in buildings. It is known as building thermal mass that increases thermal inertia of
buildings, which contributes to temperature variance reduction and improves thermal
comfort. Therefore, the storage capacity of the building envelope depends on the
material used and composition of the wall. In this case, the building envelope will
have better thermal storage performances if the insulation [14] is placed to the exterior
wall layer than to the interior wall layer. Storage capacity (thermal mass) of building
envelope may play a significant role in building energy consumption for heating.
Heating energy reduction in a heavy weighted building may go up to 30% due to its
increased thermal mass. Table 1.1 gives the summary of the properties of common
construction material for sensible heat storage.

Construction materials are used for thermal energy storage within a building
structure while liquids are used for heating or cooling. Water is one of the best
materials as heat transfer fluid due to its availability increased specific heat capacity
and very low cost.

1.2.2 Latent Heat Storage

Latent heat storage is based on enthalpy of solids and liquids. The advantage is
based on a very narrow or constant range of temperature change during the energy
storage/release. In most cases, solid to liquid-phase change process is used due to
low volumetric expansion, where the fusion is used to store the heat and solidification
is used to release the heat. Paraffins, fatty acids, salt hydrates, and eutectic mixtures
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Table 1.1 Common construction material for sensible heat storage [15]

Material Density (kg/m3) Thermal
conductivity
(W/mK)

Specific heat
capacity
(kJ/kgK)

Volumetric heat
capacity
(kJ/m3K)

Gypsum
(coating)

1000 0.4 1 1000

Gypsum
(plasterboard)

900 0.25 1 900

Ceramic tile 2000 1 0.8 1600

Lime mortar 1600 0.8 1 1600

Cement mortar 1800 1 1 1800

Concrete 2000 1.35 1 2000

Concrete (high
density)

2400 2 1 2400

Reinforced
concrete (2%)

2400 2.5 1 2400

Cement bonded
particleboard

1200 0.23 1.5 1800

Oriented strand
board

600 0.14 1.7 1020

Oriented strand
board

900 0.18 1.7 1530

Water (40 °C) 990 0.63 4.19 4148

Wood 450–700 0.12–0.18 1.6 720–1120

Plywood boards 500–1000 0.13–0.24 1.6 800–1600

Rock 2800–1500 3.5–0.85 1 2150

Limestone 1600–2600 0.85–2.3 1 2100

Sand and gravel 1700–2200 2 0.91–1.18 2072

Clay or silt 1200–1800 1.5 1.67–2.5 3252

are common representatives of PCMs for building applications. Table 1.2 shows the
leading global suppliers of PCMs for a building application.

The temperature range of commercial PCMs is from −10 to +120 °C. The
enthalpies of PCMs are ranging from 100 to 430 MJ/m3. For comparison, sensi-
ble heat storage in water ranges from 50 to 250 for cooling and heating, respectively.
Table 1.3 shows the comparative results between sensible heat and latent heat storage
capacities.

For sensible heat storage materials, the energy is stored in the temperature range
25–75 °C.
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Table 1.2 Leading supplier of PCMs for latent heat storage

Supplier Location Form of PCM Type of PCM

TEAP India Bulk Inorganic

Rubitherm GmbH Germany Bulk Inorganic; organic

PureTemp USA Bulk Organic

PlusICE UK Bulk Inorganic; organic

Mitsubishi Chemicals Japan Bulk Inorganic

Honey well Germany Bulk Organic

Cristopia France Bulk Inorganic

Climator Sweden Bulk Inorganic

PCM Energy India Bulk; Salt hydrates

Micronal Germany Bulk; microencapsulated Organic, slurry

PCM Products Ltd UK Bulk; macroencapsulated Sub zero eutectics, salt
hydrates and organics

savENRG™ USA Bulk; macroencapsulated Organics and inorganic

BASF—Micronal PCM Germany Bulk; macroencapsulated Powders

Table 1.3 Sensible heat storage versus latent heat storage [16]

Property Sensible heat
storage

Latent heat storage

Rock Water Paraffin wax CaCl2·6H2O

Density (kg/m3) at 24 °C 2240 1000 1802 795

Specific heat capacity [kJ/(kg K)] 0.9 4.18 – –

Enthalpy (kJ/kg) – – 174.4 266

Storage volume for storing 1 GJ (m3) 9.9 4.8 3.2 4.7

Relative volume 3.1 1.5 1.0 1.5

1.2.3 Thermochemical Heat Storage

Thermochemical energy storage operates as sorption processes and chemical reac-
tions. In sorption processes, energy is stored either through adsorption (physical
bonding) or absorption (material dissolution). In chemical reactions, energy is stored
as the heat of reaction of reversible reactions. Negligible heat losses and high-energy
density are the main advantages of thermochemical reaction heat storage.

The research in this field is in an early stage, and there are no thermochemical
heat storage commercial solutions for building applications [13]. Some problems
associated with these materials are costs and low thermal conductivity. The research
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is mainly focused on long-term storage solutions for solar energy. Currently, there
are no materials available for reliable deployment of this technology, even though it
has a high-energy density and long-term storage capacity. Therefore, a lot of research
effort has to be done to improve efficiency and optimize the system.

1.3 History of PCM Application in TES

Reducing building energy demand is challenging but achievable, for example through
better insulation of building envelope using newmaterials and approaches. Emerging
technologies based on the application of phase change materials for energy storage
[17] can enhance the thermal performances of buildings [18] but still other issues
are present such as PCM degradation due to thermal cycling [19]. These materials
use latent heat of fusion to store relatively large amounts of energy for later usage,
at narrow temperature ranges [20]. Therefore, to increase building thermal mass
and building thermal storage potential especially for lightweight structures is an
important aspect of building design. Therefore, PCMs may play a significant role in
stabilizing the interior temperature fluctuation.

Application of PCMs in buildings for thermal storage is stared in the late 1940s.
The pioneer in this was mechanical engineer Maria Talkes, an assistant at MIT’s
Department of Metallurgy. She designed a PCM-based heating system for the Dover
Sun House built about 30 km west of Boston in 1948 [21]. Phase change material,
sodium sulfate decahydrate (Glauber’s salt), was used as PCM. The PCM caused
corrosion on the containers while cracks and leakage of the PCM appeared [22].

The building is renovated and returned to a water-based heat storage system. After
a failed experiment with the Dover Sun House, she continued working on the PCM-
based heat storage systems and in 1954 claimed that the experiment was successful.
In the late 1950s, many PCM-based passive houses were built, including the one
outside of the USA, in Casablanca, Morocco in 1957, for solar cooling [22].

The Dover house PCM-based heating system technologies have been evolved
significantly over the decades, especially in the 1980s and 1990s [23–26]. Today,
PCMs are well familiar material in the building design with its application in active
heating/cooling systems [27], building structure [28], wallboards, bricks [29], plas-
ter [30], concrete [31], glazing systems [32–34] etc. The trend change in PCM
technology research is shown in Fig. 1.7.

The total number of papers found in Scopus for key words1 is 2473. About 82%
of the publications come from predominantly hot climate areas. Figure 1.7b shows
the most research-intensive countries in this field.

Emerging technologies based on integration phase change material (PCM) in
glazing and shading solutions show the potential to enhance the thermal performance
of buildings [18]. These technologies are focused on reducing interior temperature

1Obtained from Scopus for key words in TITLE-ABS-KEY (pcm AND phase AND change AND
material AND building).
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variation through storing solar energy in the form of latent heat for later usage. The
application of these technologies in building components may provide a high-energy
storage density per unit of mass at constant or nearly constant temperature [35, 36].
Heat gain to the interior can be reduced by extending the period of PCM melting,
which can be provided by adding a thicker layer of PCM.

1.4 PCM-Based Technologies for Built Environment

PCMs have been tested as a thermal mass component in buildings for the past
50 years, and most studies have found that PCMs enhance building energy per-
formance. Some problems, though, such as high initial cost, loss of phase change
capability, corrosiveness (in cases of some inorganic PCMs), and PCM leaking have
hampered widespread adoption. Paraffinic hydrocarbon PCMs generally perform
well, but they increase the flammability of the building envelope [37]. For these
reasons,more attention is paid toPCMsbased on fatty acids or inorganic salt hydrates.

A general classification of phase change material in building application can be
listed as the following:

• Passive heating/cooling strategies with PCM
• PCMs integrated into the building structure (wall, ceiling, and floor)—microen-
capsulation

• PCMs in building components (e.g., facade element, glazed systems)—macroen-
capsulation/microencapsulation
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Table 1.4 Melting
temperature and latent heat of
some commercial PCMs for
passive buildings

PCM Product Melting
temperature
(°C)

Heat of
fusion
(kJ/kg)

Astorstat
HA17

Paraffins and
waxes

21.7–22.8 –

Astorstat
HA18

Paraffins and
waxes

27.2–28.3 –

RT26 Paraffin 24–26 232

RT27 Paraffin 28 180

Climsel C23 Salt hydrate 23 148

Climsel C24 Salt hydrate 24 108

STL27 Salt hydrate 27 207

S27 Salt hydrate 29 188

– Mixture of
two salt
hydrates

22–25 –

E23 Plus ICE 23 155

• Active heating/cooling strategies with PCM
• PCMs in separate heat and cold storage devices—macroencapsula-
tion/microencapsulation.

Incorporating PCM in the building structure and components represents passive
systems that automatically release stored heat when indoor or outdoor temperatures
fall below the melting point of PCM. Only PCMs that have a phase transition tem-
perature close to thermal comfort temperature can be used in building applications
as a passive system. The temperature range for this purpose is 21–29 °C. Typical
commercial PCMs for passive building applications are presented in Table 1.4.

Separate heat and cold storage devices require active components such as control
systems, fans, and pumps to move the air and heat transfer fluid (HTF). The main
advantage of this system is the accessibility to the stored heat when it is required.
Various temperatures can be used depending on the area of application. Since the
occupant comfort temperature requires a range between 20 and 27 °C depending on
cooling/heating season, the storage temperatures of the PCM are favored in the range
of 0 and 40 °C (for cooling/heating). The exception of that is hot water and heating
water provision where the temperature range is of 50 and 60 °C.

PCM in building components is considered a glazed system for thermal energy
storage applicable for summer and winter modes. Computer simulation and experi-
mental method were applied [38]. Performances of the model were investigated for
different cases of the glazed unit orientation and environmental conditions. From the
exterior environment, the glazed system is exposed to solar radiation and convection.
The part of the radiation is reflected in the exterior, absorbed by the glazing system,
and transmitted to the interior. Absorbed component of the radiation is emitted par-
tially to the exterior and partially to the interior in the form of longwave radiation.
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Conduction through the glazing system exists from exterior to the interior and vice
versa depending on the weather condition or seasons. The interior side of the glazing
is exposed to the convection as well.

1.5 Remarks

Based on the foregoing, the significance of this book is reflected in the contribu-
tion to the development of climate-responsive building components based on the
energy storage with the aim of reducing building energy demand and so preserving
fossil fuels. This is also a contribution to the development and application of new
technologies; therefore, it is a good reference for architects, engineers, researcher,
academicians, and students.

Historical evolution of PCM-based latent heat energy storage systems and impor-
tance of its application in buildings are discussed. Thermal energy storage systems
based on renewables are notable in reducing dependency on conventional energy
sources and in contributing to a more economical way of energy use [39]. Appli-
cations of phase change materials in passive design techniques enhance the energy
storage and the functionality of the system. Since PCMs have high thermal mass, it
was a subject of interest for a number of researchers.
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Chapter 2
Phase Change Materials for Building
Envelope

2.1 Introduction

The principle of PCM is endothermic and exothermic process. As the temperature
of PCM increases, the PCM absorbs heat and changes phase from solid to liquid.
Contrary, as the temperature of the PCM decreases, the PCM changes phase from
liquid to solid and the PCM desorbs heat. The feasibility of using PCM in the latent
heat storage system is based on desirable thermo-physical, kinetic, and chemical
properties in addition to economic criteria [1]. The development of a latent heat
thermal energy storage system requires the understanding of heat transfer in the
PCMs when they undergo solid-to-liquid phase transition (and vice versa) in the
required operating temperature range, as well as the design of the PCM container
and formulation of the phase change problem [1].

Telkes and Raymond [2] were pioneers in phase change material research.
Although it started in the 1940s, it did not take much attention until the energy
crisis of the late 1970s and early 1980s. During the crisis, PCMs were extensively
researched for use in different applications, especially for solar heating systems.
Enormous work has been carried out to explore PCM usage in solar heating systems
[3–6], as well as in other applications such as air-conditioning, building envelope
[7–10], underfloor heating system [11, 12], electronics cooling [13–15], preservation
of food, milk [16], waste heat recovery [17], textiles [18], etc. [19].

To be applicable in various applications, phase change materials must be encap-
sulated in a container (heat exchanger), to assure safe phase transition from solid
to liquid and vice versa. Encapsulation means enclosing the material with an inert
coating, which is required to prevent the external environment from contaminating
the PCM. Two main approaches are used in encapsulation [20]:

• Macroencapsulation—PCMs are encapsulated in large bags, tubes, rectangular
panels, or spherical capsules; and

• Microencapsulation—microscopic amounts of PCMs are coated with inert pro-
tective shell material.

© Springer Nature Switzerland AG 2020
B. Duraković, PCM-Based Building Envelope Systems, Green Energy
and Technology, https://doi.org/10.1007/978-3-030-38335-0_2
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Due to increased surface area,microencapsulation provides improvedheat transfer
between the PCM and its surroundings but usually adds cost because it involves
more operations. Therefore, this section of the study reviews the papers on phase
change materials for different applications published and reported in the scientific
databases. Based on the analyzed papers, the major disadvantages of many PCMs
are low thermal conductivities especially for the organic materials, i.e., low charging
and discharging rates. Widespread usage of latent heat storage is limited due to the
insufficient long-term stability of storage materials: poor thermal stability of the
PCM and/or corrosion between the PCM and the container [19, 20]. The review
covers usage of the PCM in different applications such as various designs of heat
exchangers for energy storage including solar energy storage, waste heat recovery
systems, and room heating and cooling.

2.1.1 Phase Change Theory

A diagram that shows different phases of a system under equilibrium is called a
phase diagram. These diagrams represent the relationships between temperature and
compositions and quantities of phases at equilibrium. For practical use, it is enough
to consider only solid and liquid phases assuming the pressure to be constant at
1 atm. These diagrams do not indicate the dynamics when one phase transforms
into another. However, it depicts information related to the microstructure and phase
structure of a particular system. A phase diagram is actually a collection of solubil-
ity limit curves. The phase fields in equilibrium diagrams depend on the particular
systems being depicted. For practical use, the PCM can be a pure substance, a eutec-
tic mixture or a non-eutectic/binary mixture. The difference between eutectic and
non-eutectic mixture is the phase change temperature. Eutectic PCM mixture is a
special case of binary PCM mixture that has phase changes at a constant and lowest
temperature compared to binary mixtures. Non-eutectic/binary PCMmixture has the
phase changes in a temperature interval [21, 22].

Energy storage may be in the form of sensible heat (in a solid/liquid phase), latent
heat, or as chemical energy, Fig. 2.1a. The phase change between the solid phase of

Fig. 2.1 Melting/solidification process: a eutectic with subcooling, b non–eutectic with tempera-
ture range
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thematerial and its liquid phase is used to store latent heat energy. The transformation
from the solid to liquid is calledmelting or fusion, and transformation from the liquid
to solid is called solidification. The temperature at which the melting of the PCM
begins is called solidus temperature and the temperature at which the liquid phase
of the PCM begins to freeze is called liquidus temperature [22].

Referring to Fig. 2.1a, melting and cooling curves representing a pure/eutectic
PCMare depicted. Sometimes, the liquidmay cool to a temperature below its freezing
point before crystallization occurs and this is called supercooling or subcooling,
which is very important when dealing with the pure/eutectic PCM. This usually
occurs when the heat is quickly removed from the liquid phase and the molecules
have no enough time to form nucleation “seeds” that may trigger crystallization. If
the liquid is undercooled, a bump on the solid–liquid interface can grow rapidly. The
latent heat of fusion is removed by raising the temperature of the liquid back to the
freezing temperature. A liquid below its standard freezing point will crystallize in
the presence of a seed crystal or nucleus around which a crystal structure can form
creating a solid [22].

Referring to Fig. 2.1b, a multi-component solidification of the PCM is depicted.
In that case, most of the PCMs will solidify from the molten state over a range of
temperatures. Thus, the cooling curve will have a liquid–solid transition between
two different temperatures representing the beginning and end of solidification [22].

Therefore, the amount of stored energy as sensible heat can be expressed
mathematically as follows:

Q =
T2∫

T1

mCpdT = mCp(T2 − T1) (2.1)

Energy storage within PCMs is stored in the form of sensible heat in solid and
liquid phases as well as latent heat during phase transition. The amount of stored
energy can be expressed mathematically as:

Q =
Tpc∫

T1

mCpdT + mapc�hpc +
T2∫

Tpc

mCp dT (2.2)

Q = mCp
(
Tpc − T1

)+ mapc�hpc + mCp
(
Tpc − T1

)
(2.3)

where, m is mass in kg, Cp specific heat capacity of the body in J/kgK, T 1 and T 2

initial temperatures in solid state and final temperature in liquid state of PCM in
K, T pc phase transition temperature of PCM in K, �hpc enthalpy of phase change
material in J/kg, and apc is a melted PCM fraction.

In Eq. (2.2), three components are presented. The first component represents
sensible heat storage within solid phase before the temperature of the PCM reached
phase change temperature (T pc), the second one is the latent heat of phase change,
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and the third component represents the sensible heat storage within solid phase of
the PCM after the melting process is completed.

From the literature review, most of the phase change materials used in practical
purposes for heat storage have phase change temperature in the range of 20–60 °C
[6].

2.1.2 PCMs for Energy Storage, Properties,
and Classification

Most of the studies on storage materials have focused on sensible and latent heat
storage systems. Using a latent heat storage system, a significant reduction in storage
volume can be achieved using PCM compared to sensible heat storage. Thus, the
latent heat storage system can be considered as a better way of storing thermal energy
because of its high storage density. Sensible heat storage materials require typically
5–10 times higher storage mass than PCMs. For example, some study results show
that rock as sensible heat storage material requires more than seven times storage
mass than paraffin 116 wax (P116-Wax) [23–25]. Latent heat storage can be used in
a wide temperature range depending on the application. A large number of PCMs
are known to melt with a heat of fusion in any required range. The PCM to be used in
the design of thermal storage systems should accomplish desirable thermo-physical,
kinetics, and chemical properties given in Fig. 2.2 [26, 27].

Latent heat storage can be achieved through phase transformations such as solid–
liquid, liquid–gas, solid–gas, and solid–solid.Only solid–liquid and solid–solid trans-
formations are of practical interest. Phase transformations such as: solid–gas and
liquid–gas have large volume changes on phase transition and, therefore, are less
considered as thermal storage systems because it is impractical due to large changes
in volume, although they have higher latent heat.

Figure 2.3 shows PCMs with solid–liquid phase transformation. Several authors
have divided PCM into organic, inorganic, and eutectics PCMs [23].

Organic phase change materials are divided into two subgroups called paraffins
and non-paraffins. Commonly known paraffin as organic material is wax. The non-
paraffin organics are the most numerous of the phase change materials with highly
varied properties. Abhat et al. [28] have conducted an extensive survey and rec-
ognized a number of esters, fatty acids, alcohols, and glycols suitable for thermal
energy storage. These organicmaterials are subdivided into fatty acids and other non-
paraffin organics [23]. They are flammable and should not be exposed to excessive
high temperature, flames or oxidizing agents.

Inorganic phase changematerials are divided in two subgroups called salt hydrates
and metallics. Salt hydrates consist of salt and water that combine in a crystalline
matrix when the material solidifies. There are many different salt hydrates having
melting temperature ranges between 15 and 117 °C. Salt hydrates are considered as
the most important group of PCMs that have been studied for application in latent



2.1 Introduction 21

PCM proper es

Thermo-physical Proper es

Mel ng temperature in the 
desired opera ng 

temperature range

High latent heat per unit 
volume - less volume of the 

container 

High specific heat - to 
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heat storage

High thermal conduc vity 
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charging and discharging of 
energy

Congruent mel ng with
each freezing/mel ng cycle

Small volume changes on 
phase transforma on - to 
reduce the containment 

problem.
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to avoid super cooling 

of the liquid phase

High rate of crystal 
growth - so that the 

system can meet 
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recovery
from the storage 

system.

Chemical Proper es

Chemical stability

Complete reversible 
freeze / melt cycle
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freeze / melt cycles
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materials

Economic
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Cheap - to be 
economically 

feasible

Fig. 2.2 Required properties for selection of a PCM
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Salt hydrates
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Eutec c 

Inorganic - Inorganic 

Inorganic - Organic

Organic - Organic

Fig. 2.3 Classification of phase change materials



22 2 Phase Change Materials for Building Envelope

thermal energy storage systems [29].Metallics include themetals with lower melting
points andmetal eutectics.Metallics have not been strongly studied as PCM for latent
heat storage because of their heavy weights. Metallics are attractive because of their
high heat of fusion per unit volume for the applications in which weight is not an
important issue [23].

Eutectics represent a composition of twoormore componentswhich nearly always
melt and freeze congruently at constant temperature without segregation acting as a
single component. The composition is a combination of two or more compounds of
either organic, inorganic or both [19]. The main advantage of the eutectic compound
is that they can be developed almost for any desired melting point for thermal storage
applications.Costs of the eutectic compounds are upto three times higher than organic
and inorganic PCMs.

Each group of the previously mentioned PCMs with their properties, advantages,
and disadvantages have been comprehensively reported in various literatures and
shown in Table 2.1.

Intensive research work over in recent years has identified many phase change
materials that are suitable for use in latent heat storage. Referring to Fig. 2.4, each
PCM subgroup is represented in the diagram showing the range of latent heat and
melting temperature interval. They have wide melting point temperature ranges,
which allow the application of various conditions [22].

Variousmixtures ofwater and salts yield eutectic salt solutionswithmelting points
significantly below 0 °C, which have numerous applications in the areas of heating,
cooling, and air-conditioning. These materials may have high storage densities and
are relatively inexpensive. Contrary, paraffins and fatty acids as main organic mate-
rials have lower storage densities and higher costs relative to salt hydrates but it is
easier to use them in engineering applications than salt hydrates [22]. Selecting the
right material requires taking into account various material selection criteria depend-
ing upon the application. For the appropriate selection of PCM, the following main
criteria are important [30]. The PCM is supposed to possess:

• melting point in the desired operating temperature range
• high latent heat of fusion, so that a smaller amount of material stores a given
amount of energy

• high specific heat to provide additional significant sensible heat storage effects
• high thermal conductivity, so that the temperature gradients for charging and
discharging the storage material are small

• small volume changes during phase transition, so that a simple container and heat
exchanger geometry can be used

• chemical stability, no chemical decomposition, and corrosion resistance to
construction materials

• non-poisonous, non-flammable, and non-explosive elements/compounds, low cost
for large quantities.

There is no single material that has all the required properties for an ideal thermal
storage media; one has to select such PCM which will give as much performance as
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Fig. 2.4 Material classes that are being investigated and used as PCMs

possible atminimumcost. Selection of the PCMspecifically for building applications
depends on the following set of criteria [30]:

• region climate,
• electricity price,
• thermal cycling - stability,
• storing density (heat of fusion),
• costs,
• payback period.

Cost, stability, and latent heat are three key parameters that will decide the market
adoptionofPCMs.Paraffins are themostwidelyusedPCMs in thermal energy storage
applications because they are nontoxic, abundant in supply, easy to microencapsu-
late, have small subcooling, chemical inertness, and good recyclability. Paraffins are
derived from crude oil and have sensitive prices to the season and to geopolitical
scenarios. These reasons underline the need to shift the focus away from paraffins to
another class of PCM. Bio-based PCMs and salt hydrates are two alternative groups
of PCMs with great potential to substitute paraffins in the future. The selection of an
optimal material for an engineering application from among two or more alternative
materials on the basis of two or more attributes or criteria is a multiple attribute
decision-making problem, which is out of the scope of this study [19].

2.1.2.1 Organic Phase Change Materials

Organic PCMs are classified as paraffins and non-paraffins and they can be melted
and frozen repeatedly without phase segregation and without corrosiveness. From
this group, paraffins have been used for thermal energy storage due to their high
heat of fusion, varied phase change temperature, and non-toxicity. The paraffins
of type CnH2n+2 have similar properties, i.e., higher the value of n, the higher is the
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melting temperature, and latent heat of fusion. Themost commonly used heat storage
material from this group is paraffin wax with melting temperatures between 23 and
67 °C [20, 21, 30].

Laboratory tests show that changes in thermo-physical properties for paraffin
wax after a number of thermal cycle operations are negligible [31]. Performed tests
were up to 1500 thermal cycles in commercial grade paraffin wax. Most studied
paraffins have melting temperature in the range of 45–62 °C. There is no noticeable
degradation in the structure of paraffins, and changes in melting point and latent heat
are negligible [32, 33]. The life cycle of the paraffin wax can be atleast 5 years with
assumed 300 thermal cycling in a year [34]. Contrary, with the increasing number of
thermal cycles, some types of paraffin wax experience significant changes in latent
heat and melting points in the temperature range of 58–62 °C [33, 35].

Advantages of paraffin waxes

• They are chemically stable and show no tendency to segregate. They have slow
oxidationwhen exposed to oxygen; therefore, they required closed containers [36].

• They did not show regular degradation in thermal properties after repeated
melting/freezing cycles [32, 33].

• They have high enthalpies and have no tendencies to super cool, so nucleating
agents are not necessary [34].

• They are safe and non-reactive [37].
• They are compatible with all metal containers and easily incorporated into heat
storage systems [36].

• Attention should be paidwhen using plastic containers as paraffins have a tendency
to infiltrate and soften some plastics [36] (Table 2.2).

Disadvantages of paraffin waxes

• They have low thermal conductivity in their solid state. This presents a problem
when high heat transfer rates are required during the freezing cycle. This problem
can be decreased using finned containers and metallic fillers, or through a com-
bination of latent/sensible storage systems. For example, aluminum honeycombs
have been found to improve system performance [34].

• They have a high volume change between the solid and liquid stages. This causes
many problems in container design [37].

• They greatly decrease heat storage capacity. Unlike salt hydrates, commercial
paraffins generally do not have sharp, well-defined melting points [36].

• They are flammable, but this can be easily solved by using a proper container [37].

Non-paraffins include fatty acids and other non-paraffin organics like esters, alco-
hol, glycols, etc. Fatty acids are most promising PCMs because of their suitable
phase change temperature and high heat of fusion easily producible from common
vegetable and animal oils [30, 36]. Fatty acids, characterized by the chemical for-
mula CH3(CH2)2nCOOH, have much the same characteristics as paraffins. They are
mildly corrosive but their advantage of sharper phase transformations is offset by the
disadvantage of being about two or three times the cost of paraffins [37] (Table 2.3).
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Table 2.2 Thermal cycling of paraffins

PCM Melting point (°C) Latent heat (kJ/kg) Thermal cycles

Paraffins

Paraffin (70 wt%) +
Polypropylene (30 wt%)

44.77 136.16 3000

Paraffin (C22.2H44.1) (technical
grade)

47.1 166 900

Paraffin (C23.2H48.4) (technical
grade)

57.1 220 900

Paraffin wax 53 (commercial
grade)

53 184 300

Paraffin wax 53 (commercial
grade)

53 184 1500

Paraffin wax 54 53.32 184.48 1500

Paraffin wax 58–60 58.27 129.8 600

Paraffin wax 60–62 57.78 129.7 600

n-Heptadecane/polymethyl
methacrylate (C17H36)

18.4 84.7 5000

Table 2.3 Thermal cycling of non-parafins

PCM Melting point (°C) Latent heat (kJ/kg) Thermal cycles

Non-paraffins

Acetamide (CH3CONH2) 82 263 1500

Acetamide (CH3CONH2) 82.15 262.78 300

Acetanilide (C8H9NO) 113 169.4 500

Capricacid (55 wt%) + expanded
perlite (45 wt%)

31.80 98.12 5000

Erythritol 117 339 1000

Lauricacid (C11H23COOH) 43.5 169.3 120

Methylpalmitate 29 215 50

Methylstearate 37.8 270 50

Myristic acid (C13H27COOH) 50.4 189.4 450

Myristic acid (C13H27COOH) 52.99 181.0 1200

Myristic acid (C13H27COOH) 53.8 192.0 910

Palmitic acid (C15H31COOH) 61.2 196.1 120

Palmitic acid (80 wt%) +
expanded graphite (20 wt%)

60.88 148.36 3000

Stearic acid (C17H35COOH) 65.2 209.9 450

Urea 133 250 50
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The most common fatty acids for thermal storage are stearic acid, palmitic acid,
lauric acid, andmyristic acid.During freezing palmitic and lauric acids, small amount
of supercooling is observed, which hamper their potential of use as heat storage [30].
Commercial grade stearic acid is thermally stable after repeated number of cycles
[34]. Industrial-grade acids with 95% purity, (myristic, palmitic, and stearic with
transition temperature 50–54, 58–62, and 65–69 °C), have at least 10% volumetric
expansion when heated from room temperature to 80 °C and loose up to 10% of
storage capacity after 450 thermal cycles with life cycle approximately a year [38].
Industrial-grade fatty acids with 90–95% purity, (stearic, palmitic, myristic, and
lauric acidswithmelting points 53.8, 59.9, 53.8, and 42.6 °C). Industrial-grade PCMs
have a tendency to change their thermal behavior. Palmitic acids (m.p. 59.9 °C) and
myristic acids (m.p. 53.8 °C) may be considered as suitable PCMs in the long-term
solar thermal applications. Stainless steel, carbon steel, aluminum, and copper are
compatible with these acids, i.e., they are corrosion resistant [39].

2.1.2.2 Inorganic Phase Change Materials

Inorganic PCMs include salt hydrates andmetallic PCMs. Salt hydrates are attractive
for heat storage applications because of their low cost and easy availability [36]. They
are the most studied PCMs in the form of pure substance or eutectic mixture in 1980s
and 1990s [30, 36], with a sharp melting point and higher thermal conductivity than
others [20, 26], and a high heat of fusion, which decreases the needed size of the
storage system. They show a lower volume change than other PCMs, which makes
it easy to design a container to accommodate volume change [34] (Table 2.4).

Table 2.4 Thermal cycling of salt hydrates

PCM Melting point (°C) Latent heat (kJ/kg) Thermal cycles

Salt hydrates

Calcium chloride hexahydrate
(CaCl2·6H2O)

29.8 190.8 1000

Glauber’s salt (Na2SO4·10H2O) 32.4 238 320

Magnesium chloride hexahydrate
(MgCl2·6H2O)

111.5 155.11 500

Na2SO4·nH2O – – 1000

Na2SO4·1/2NaCl·10H2O 20 – 5650

NaOH·3·5H2O 15 – 5650

Sodium acetate trihydrate
(NaCH3COO·3H2O)

58 230 500

Trichlorofluoromethane
heptadecahydrate
(CCl3F·17H2O)

8.5 210 100
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As main disadvantage of salt hydrates is phase separation and supercooling, so
they have limited application. Other hydrates or dehydrated salts can be formed
during a melting process. Some of salt hydrates (such as Na2SO4·10H2) decrease
heat of fusion over 73% after 1000 thermal cycles. This problem can be eliminated
by using gelled or thickened mixtures [34].

2.1.2.3 Eutectic Phase Change Materials

Investigations carried out on some of the eutectics whose phase change temperatures
are suitable for low-temperature energy storage unit show that the thermal cycling
can go upto 5000 cycles. The latent heat of fusion of eutectics is undergoing a
phase transition within the temperature range 0–100 °C. In the thermal cycling of
the organic eutectic for solar space heating applications, at the end of 1100 thermal
cycles, the enthalpy change value was found to be 5% lower than its initial value.
The thermal cycling of most inorganic eutectics shows good stability even after 1000
thermal cycles and shown no phase separation [19] (Table 2.5).

It is observed that most of the organic and inorganic eutectics which are proposed
as PCMs are made from fatty acids and salt hydrates, respectively. The use of these
materials as PCMs is very new to thermal storage systems, so there is very limited
data available on thermo-physical properties including thermal cycling.

2.2 Properties of Commonly Used PCMs

PCM melting temperature (melting point and range), specific heat, heat fusion
(enthalpy), thermal conductivity, and density are the most important characteris-
tics of all PCMs [40]. These properties of some commonly available materials in the
market were analyzed in order to find its mutual relationship and identify the best
suited PCMs for building envelope integration as part of passive design.

2.2.1 Heat of Fusion Versus Melting Temperature

The heat of fusion is an important property of the PCMs. Higher heat of fusion is a
desirable property of PCMs applied in passive design. The relation between the heat
of fusion and melting temperature for selected common commercial PCMs is shown
in Fig. 2.5.

Figure 2.5 represents the relation between heat of fusion (enthalpy) and melt-
ing temperature for some of the most common materials used as PCMs for build-
ing applications. The range between 0 and 18 °C represents the PCMs suitable for
active cooling [41], such as: organic materials (Paraffin RT18, Butyl stearate–palmi-
tate, Glycerin, Caprylic acid, Paraffin FMC, Rubitherm RT18 HC, Rubitherm RT21,
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Table 2.5 Thermal cycling of eutectics

PCM organic eutectics Melting point (°C) Latent heat (kJ/kg) Thermal cycles

Ammonium alum
(NH4Al(SO4)2·12H2O) (15%) +
ammonium nitrate (NH4NO3)
(85%)

53 170 1100

Butyl stearate (49wt%) + Butyl
palmitate (48 wt%) + other (3
wt%)

17 138 100

Capric acid (65 mol%) + lauric
acid (35 mol%)

13 116.76 120

Capric acid (73.5 wt%) +
myristic acid (26.5 wt%)

21.4 152 5000

Capric acid (83 wt%) + stearic
acid (17 wt%)

24.68 178.64 5000

Caprylic acid (70 wt%) +
1-dodecanol (30 wt%)

6.52 171.06 120

Lauric acid (66 wt%) + myristic
acid (34 wt%)

34.2 166.8 1460

Lauric acid (69 wt%) + palmitic
acid (31 wt%)

35.2 166.3 1460

Lauric acid (75.5 wt%) + stearic
acid (24.5 wt%) +

37 182.7 360

Lauric acid (77.05 wt%) +
palmitic acid (22.95 wt%)

33.09 150.6 100

Methyl stearate (86 wt%) +
methyl palmitate (14 wt%)

23.9 220 50

Methyl stearate (91 wt%) + cetyl
palmitate (9 wt%)

28.2 189 50

Methyl stearate (91 wt%) + cetyl
stearate (9 wt%)

22.2 180 50

Myristic acid (58 wt%) +
palmitic acid (42 wt%)

42.6 169.7 360

Myristic acid (64 wt%) + stearic
acid (36 wt%)

44.1 182.4 1460

Myristic acid + glycerol 31.96 154.3 1000

Palmitic acid (64.2 wt%) +
stearic acid (35.8 wt%)

52.3 181.7 360

Palmitic acid + glycerol 58.50 185.9 1000

Stearic acid + glycerol 63.45 149.4 1000

Inorganic eutectics

CaCl2·6H2O (80 mol%) +
CaBr2·6H2O (20 mol%)

20 117 1000

(continued)
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Table 2.5 (continued)

PCM organic eutectics Melting point (°C) Latent heat (kJ/kg) Thermal cycles

CaCl2·6H2O(93wt%) +
Ca(NO3)2·4H2O(5wt%) +
Mg(NO3)2·6H2O (2 wt%)

24 125 1000

CaCl2·6H2O (96 wt%) + KNO3
(2 wt%) + KBr (2wt%)

23 138 1000

CaCl2·6H2O (96 wt%) +
NH4NO3 (2 wt%) +
NH4Br(2wt%)

20 141 1000

NaCH3COO·3H2O (90 wt%) +
NaBr·2H2O (10wt%)

51 175 1000

NaCH3COO·3H2O (85 wt%) +
NaHCOO·3H2O (15wt%)

49 170 1000

Mg(NO3)2·6H2O (93 wt%) +
MgCl2·6H2O (7wt%)

78 152.4 1000

Fig. 2.5 Heat of fusion
versus melting temperature
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Rubitherm PX15), inorganic materials (Hexadecane, Heptadecane), and eutectics
(PC14, PC17, PCM Products Ltd. S15, PCM Products Ltd. S17, PCM Products
Ltd. A15, PCM Products Ltd. A16, PCM Products Ltd. A17, Microtek Laboratories
MPCM18, Microtek Laboratories MPCM 18D, Emerest 2325). The range between
20 and 32 °C represents the PCMs suitable for passive designing [41], such as:
organic materials (Paraffin C13–C24, Paraffin C17, Micronal DS 5001, Paraffin RT
27, almost all Paraffins, Salca, Rubitherms, Capric acid, Myristic acid, Palmitic acid,
Stearic acid, and Acetamide), inorganic materials (n-Heptadecane, PlusICE PCM
Hydrated salts, Climsel Climator Hydrated salts), and eutectics: (P116 ParaffinWax,
LA). The range between 33 and 100 °C represents the PCMs suitable for active heat-
ing [41], such as: eutectics: (CA-PA-SA) and inorganic materials: (Sodium sulfate
decahydrate, Sodium thiosulfate pentahydrate).
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Fig. 2.6 Heat of fusion
versus thermal conductivity
for selected commercial
PCMs
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2.2.2 Heat of Fusion Versus Thermal Conductivity

Thermal conductivities of the PCMs are other important properties. Generally, a
higher thermal conductivity is desirable if a PCM is used in heat exchangers such
as active heating/cooling application. If the PCMs are integrated within the building
envelope (which is the case with passive design), it is expected to act as an insulator
[42]. Therefore, in this case, lower thermal conductivities of the PCMs are desirable.
Figure 2.6 shows the ranges of thermal conductivities of PCMs for passive design
with respect to the heat of fusion.

Figure 2.6 represents the relationship between the heat of fusion and thermal con-
ductivity for some of the most commonmaterials used as PCMs for building applica-
tions. PCMswith low thermal conductivity (W/mk) are best suited for passive design-
ing [43], such as: organic materials (Paraffin: RT27, Paraffin: RT18, Paraffin C18,
all paraffins), inorganic materials (n-Heptadecane, n-Octadecane, all hydrated salts),
and eutectics: (CA, CADE). Materials with higher thermal conductivity (W/Mk),
from both solids and liquids, are capable for active designing [43], such as eutectics
(CA-PA) and inorganic materials (Hydrated salt, CaCl2 6H2O, CaCl2 6H2O, L30,
PCM Latest TM 25T TEAP Hydrated salt).

2.2.3 Benefits, Trends, Issues, and Opportunities

The main fields where PCMs are integrated in the building applications are floors
and ceilings, walls, glazed systems, and air-based/free-cooling system. The benefits,
trends, issues, and opportunities are shown in Table 2.6.

The major benefit of PCMs is to store a high energy density per unit of mass at
a very near temperature range that can enhance indoor thermal comfort, improve
thermal inertia of buildings, reduce temperature fluctuation, reduce building energy
demand or reduce peak electricity demand for active cooling.
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Table 2.6 Benefits, trends, issues, and opportunities of PCMs in building applications

Benefits Trends Issues Opportunities References

Floors and
ceiling

Small
indoor
temperature
fluctuation;
Enhancing
indoor
thermal
comfort

Search for
PCMs that
can satisfy
different
climate
regions and
seasons

Does not
work
efficiently for
all seasons,
e.g., summer,
winter

High energy
storage densities;
Avoid on-peak
electric energy
demand in case
active
heating/cooling
system is used

[44]

Walls Thermal
inertia
increase of
lightweight
structures;
Enhancing
thermal
comfort;
Reducing
building
energy
demand for
heating and
cooling

PCM
integration
within
bricks,
concrete,
gypsum
boards,
mortar

No full
solidification;
No full
utilization of
its latent heat;
Low latent
heat

Storing excess
heat for later
usage;
Reducing
building energy
demand;
Wall-temperature
fluctuations
reduction

[44, 45]

Glazed
system

Energy
saving of
peak
demand;
Enhancing
thermal
comfort;
Improved
thermal
inertia

Testing in
various
climate
regions;
Conceptual
design
testing for
various
seasons
(summer,
winter, etc.)

Low
transparency;
Container
problem;
Low latent
heat;
Large amount
of energy
dissipation
through
glazed
system;
Higher
thermal
conductivity
of PCMs;
Does not
work
efficiently for
all seasons,
e.g., summer,
winter

Find a way for
storing excess
heat;
Possibility to
work as
semiconductor
for heat

[46–54]

(continued)



34 2 Phase Change Materials for Building Envelope

Table 2.6 (continued)

Benefits Trends Issues Opportunities References

Air-based,
free-cooling
system

Applying
PCMs in
free-cooling
systems
increase the
thermal
storage

Effects of
latent heat
and melting
temperature

Low latent
heat;
Low thermal
conductivity
of PCMs

High energy
storage densities;
Storing excess
heat for later
usage;
Reducing energy
demand and
air-conditioning
operational
costs;
Avoid on-peak
electric energy
demand

[44, 54, 55]

2.3 Remarks

In this research, the focus was on PCM thermal-physical properties suitable for
a building application and benefits of integrated PCMs in building. Overall, the
conclusion is that the PCM technology seems promising, but this is a relatively new
area of research for applications in buildings. There are still some fields that need
to be investigated for a large-scale application of this technology. Searching for new
PCMs and technologies could be also important, for example, the possibilities of
dynamically capable and controllable phase change temperature.

The major benefits of PCMs for buildings are high energy storage densities at
near-constant temperature, low interior temperature variance, thermal comfort, and
improved building thermal inertia of lightweight structures. Some issues associated
are: partial solidification over the night, low thermal conductivity in case of PCM
modulation, low transparency in case of glazing systems, container problem, still low
latent heat of PCMs in the interval from 20 to 32 °C, and seasonal issue—inefficiency
to operate interchangeably for heating and cooling seasons.
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Chapter 3
Passive Solar Heating/Cooling Strategies

3.1 Introduction

Global energy demand rapidly grows along with the population. Satisfying global
energy demand will be challenging in the future. Application of passive building
design techniques will play an important role in building energy demand reduction.
Passive systems are uncomplicated and require minimal maintenance. Furthermore,
it is a method of reducing the impact on the interior and exterior building environ-
ment and reduces costs. Passive design is practiced throughout the world and has
been shown to be successful. Based on the case study from India, it was estimated
that at least 35% of total building energy demand might be reduced using passive
heating/cooling strategies [1].

3.1.1 Passive Design Factors

Passive strategies are influenced by various factors such as shape, size, and orienta-
tion. The orientation of a given building, especially its transparent surfaces, influences
its energy consumption due to the different heights from which solar radiation hits.
The proper orientation and dimensions of windows are dependent on outdoor climate
and building purpose. Therefore, factors that affect energy consumption in buildings
are: climate, urban context/geometry, building design, systems efficiency, and occu-
pant behavior. Furthermore, the optimum arrangement of building structures may
result in a saving between 10 and 20% for energy load used for air conditioning
[2]. Performance of the building itself will show the impact on the design because
layout and massing of the building can generate self-shading effects and enhance the
ventilation and natural lighting. Building thermal performance can be achieved by
any additional cost in adapting design strategies in a proper way. To minimize heat
losses from building it requires minimization of the surface-to-volume ratio (build-
ing shape coefficient), which implies a reduction of the building envelope exposed
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to the exterior environment. Reduced envelope exposure to the exterior environment
reduces the availability of daylight and sunlight and increasing energy consumption
for artificial lighting and natural ventilation. These two conflicting demands require
looking for optimum solution for particular cases. Building shape coefficient may be
a good indicator of building heating load. Studies explored the connection between
shape coefficient and heating loads, which revealed that in the colder climates due
to low solar gain in the glazing the heating load was proportional to the building
shape coefficient. Therefore, to minimize heat loss from buildings, lowering value
of building shape coefficient is desirable in early stage of the building design [3].
Another important indicator of energy consumption at conceptual stage of building
design is passive volume ratio.

The following equations describe building shape coefficient and passive volume
ratio. The building shape coefficient represents the ratio of total exterior building area
to the built volume.

C f = Ae

Vb
(3.1)

MinimizingC f is desirable to achieve building energy demand reduction. Passive
volume ratio represents the ratio between passive volume and built volume. Passive
volume (passive zone) is defined as parts of a building which can be naturally lit and
ventilated. Based on empirical data, all perimeter parts of buildings lying within 6
m of the façade (or twice the ceiling height) are considered as passive, while all the
other zones are considered as non-passive.Passive volume ratio of buildings provides
an estimate of the potential to implement passive and low energy techniques in con-
ceptual design stage. However, in some cases passive zones of buildings may still be
wastefully air-conditioned or artificially lit, which may consume more energy than
non-passive zones. This may apply to excessive glazing ratios (ratio between glazing
area and gross exterior wall area) and untreated façades, which makes them par-
ticularly vulnerable to overheating during the summer and to heat losses during the
winter [4].

f p = Vp

Vb
(3.2)

whereC f is building shape coefficient in m−1, Ae is building envelope surface in m2,
Vb is built volume in m3, Vp is passive volume in m3, f p is passive volume ratio (0
< f p< 1).

Passive volume ratio is a good index at early stage of building design in assessing
the passive design technologies and energy consumption. A higher passive design
ratio is desirable, which provides an estimate of the potential to implement passive
and low energy techniques. Ideally, passive design ratio should be equal to 1 (f p =
1) [3].

In cold climates, implementation of the atrium due to bigger glazing to roof ratio
in low-rise structures is preferable while in high-rise structures it is opposite, low
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Fig. 3.1 Passive solar design strategies

glazing to roof ratio is preferable. The cube building shape is almost ideal shape for
passive buildings, suitable for practical buildings and has the lowest building shape
coefficient compared to other shapes. The shape provides good results for all climate
types as well as attached units placed in the straight layout, while the detached units,
L-shaped and U-shaped configuration, require extensive heating and cooling (the
building shape coefficient is increased). The savings go up to 30% for cooling and
50% for heating, while 1–5% of energy saving can be achieved by changing the
orientation and shape factors. Furthermore, increasing the south window size can
significantly decrease the total annual load in colder climates, which will increase in
warm conditions [2, 5] (Fig. 3.1).

Passive solar buildings refer to the use of solar energy for heating and cooling
in buildings. The advantage of these concepts is cost reduction and impact on the
environment. The system is not based on active heating/cooling systems, but usu-
ally has some movable parts that require minimal maintenance. Some concepts and
results are discussed here. The result is mainly obtained from numerical studies and
designing of experiments [6].

3.1.2 Scope of the Chapter

To select suitable passive heating/cooling technique, different factors discussed in the
previous paragraphs have to be considered. This chapter discusses the classification
and working principle of passive heating/cooling techniques as well as the summary
of latest research results achieved. Classification of solar heating/cooling concept is
shown in Fig. 3.2.
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Fig. 3.2 Classification of passive solar heating/cooling concepts

Basically, the passive solar concepts can be classified as per its purposes such as
passive concepts for solar heating, passive concepts for solar cooling, and combined
passive concepts for solar heating and cooling. PCM-based solar heating concepts
are based on thermalmasswhere the PCMacts as a heat sink and protects the building
from overheating during the day, while over the night the heat is released from the
PCM and heats the space.

Passive solar cooling concepts are categorized in three major groups such as heat
dissipation, heat modulation, and heat protection. In heat dissipation technique, the
excess heat is absorbed by environmental heat sinks such as air, water, soil, and sky.
In heat protection, the building structure is protected from direct solar heat gain. In
the heat modulation technique, the excess heat is absorbed by building thermal mass,
which acts as the heat sink. The focus of this book is the PCM-based passive solar
concepts.

3.2 Passive Solar Heating Concepts

Solar heating concept can be divided into direct solar heat gain, indirect solar heat
gain, and isolated gain.
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Fig. 3.3 Direct heat gain
over daylight hours

3.2.1 Direct Gain

The simplest and the oldest traditional way of solar heating is direct heat gain through
the south-facing glass pane. In direct solar heat gain during the day, building collects,
absorbs, and then stores the heat, while during the night it releases the heat. Therefore,
thermal heating is achieved by a glazed window in the living room which is directly
transmitted with solar radiation as depicted in Fig. 3.3. This concept can be improved
by applying the PCM to the floor. The PCMwill enhance the energy storage capacity
of the floor that will provide better heating over the night.

Studies have shown that using the south-oriented single-glazed system without
using storage mass is inefficient, whereas, in contrast, using night insulation and
soundly storage mass together with the double-glazed system is very efficient in
meeting needed heating requirements. Solar heating storage capacity of 400 kJ/m2gC
for single- and double-glazed system and systems with night insulation shows that
the percentage was about 10, 65, 80, and 90%, while being in 45° tilt that percentage
was around 87, 80, 58, and 18% for the same systems, which means that the double-
glazed system with night insulation is successful as an active system while being
tilted near the optimum angle; therefore, it should be used to reduce heat loss from
room, and during the night, windows should be covered by insulation to avoid similar
problem. Since air is a poor conductor, the air gap helps reduce the heat transfer with
conduction where reduction of heat gain is 9% and reduction of heat loss is 28%
which is achieved by the double-glazed system [2].

3.2.2 Indirect Gain

The incident solar radiation on the glazing surface is divided into three basic compo-
nents: reflected, transmitted, absorbed. Absorbed component is later emitted to the
room and outside. The heat transfer rate for the direct heat gain can be expressed as
sum of interior glass surface heat flux and transmitted radiation to the interior glass
surface [7].
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q̇ = t I +U

(
aI

hRe
+ Te − Ti

)
(3.3)

1

U
= 1

hRi
+ 1

hRe
; U = hRi · hRe

hRi + hRe
(3.4)

• U—overall heat transfer coefficient for the glass, W/m2K
• hRe—combined radiation and convection heat transfer coefficient at exterior
surface, W/m2K

• hRi—combined radiation and convection heat transfer coefficient at interior
surface, W/m2K

• I—solar intensity, W/m2

• Te, Ti—exterior and interior room temperature, °C
• t—glass transmittance
• a—glass absorptance
• r—glass reflectance.

With indirect solar heat gain, the heat is allowed to enter through glazing and it is
stored within the thermal mass that is after transferred to the area through conduction
and convection and thermal radiation. These indirect heat gain concepts are well
known as Trombe wall (Fig. 3.4). For the traditional Trombe walls, the heat storage
capacity of the wall depends on material thermal properties, surface area, and the
volume of the material. Similarly, it is worth for the PCM-based Trombe wall. Since
PCM-based Trombe wall uses latent heat storage, the storage capacity depends on
the PCM latent heat, thermal conductivity of the area, and volume on the PCM.

The heat transfer rate to the interior for the indirect heat transfer is written as:

q̇ = t I +U

(
at I

hRe
+ Te − Ti

)
(3.5)

French engineer Felix Trombe introduced the first solar heating device in 1956,
while later patents were introduced on early 1970s by Anvar Trombe and early 1980s

Fig. 3.4 Indirect heat gain
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Fig. 3.5 Trombe wall for winter heating (a) and summer cooling (b)

[8]. The passive solar wall in various building elements was promoted in the 1960s
[9]. The first house with solar wall was designed by architect Jacques Michel and
built in Odeillo, France, in 1967 [10]. The Trombe wall has two vents for the air
circulation. In winter case, both vents are opened allowing the air to enter at the
bottom vent, passing through the gap between the wall and the glass pane, to enter
the room through the upper vent, and to circulate in the room. By this way, stored heat
in the wall is transferred to the interior by convection. Thermal radiation is another
dominant mechanism of the heat transfer from the Trombe wall to the room [11].
In summer case, the upper vent above the Trombe wall facing the room is closed,
while the bottom one is opened. Another vent on the glass pane at the top is opened
allowing the hot air to leave the room due to stuck effect. On the opposite side of the
room, there is another vent for the fresh air inlet (Fig. 3.5).

Passive solar buildingswithTrombewalls are suitable formixed and cold climates.
Conventional heavy-weighted buildings with Trombe wall use thermal mass that is
based on sensible heat storage. Sensible heat storage thermal mass increases volume
and theweight of passive building. To reduce theweight and volume of the traditional
passive buildingswith Trombewall, thermalmass is replacedwith PCM. PCM-based
Trombewall stores the heat from exterior sources (solar heat) or interior sources such
as active heating/cooling systems.

To foster greenhouse effect, Trombe wall is painted in black and covered with
glazing thermal barriers. The heat is stored in PCM-based Trombe wall as latent
heat and transmitted to the interior during the night by conduction through the wall,
convection and thermal radiation.

There are several shortcomings of the Trombe wall such as uncertainty of the
solar radiation caused unpredictable heating; heat transfer during the night from the
interior to the exterior due to low resistance of the thermal mass; when the interior
temperature is high, the air enters the room through the lower vent; reduces aesthetics
due to painting the wall in black [12]. Trombe wall can be used for passive cooling
as well. PCM-based Trombe wall absorbs the heat and acts as an insulator. Some
results for building energy reductions using Trombe wall are shown in Table 3.1.
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Table 3.1 Building energy reduction using Trombe wall

Climate conditions and
location

Result type Results (%) References

Hot and humid

China Numerical 30–50 [13]

China Experimental and numerical 51 [14]

Mediterranean 63–73

Italy Experimental and numerical Single glazed 42 [15]

Italy Experimental Double glazed 48 [16]

3.2.3 Isolated Gain

In this concept, solar radiation is captured in a separate glazed solar space, which is
usually next to the living space. The most practical way is to employ greenhouse,
which can be attached later to the building for existing building or may be integrated
into buildings for newly designed buildings. The heat can be stored simply within
building, PCM-based structure, and can be distributed to the living space via ducts
and vents. Sunspaces are suitable for passive heating in colder climates. This concept
is actually a combination of direct and indirect heat gains inwhich the energy is stored
in floors and walls, and by conduction through the wall and convection, it heats the
living space. The solarium is constructed on south side of the building to catch as
much as possible solar energy (Fig. 3.6).

This type of heating with solar gains is offered through windows in case the win-
dow is of high performance and is oriented toward the equator. According to studies,
this reduces heating demand, uses natural daylight, and is environment friendly. The
aim is to maximize solar gains during cooler periods. Window quilts are used to
reduce thermal losses, as it was stated before, in the cooler periods. It consists of
three sections—sunspace with the thick mass wall on the south side, linking space,
and living space. Efficiency is achieved by the thermal wall among living space and
sunspace which collects energy through the glazing and absorbs it to the living areas.

Fig. 3.6 Insulated gain—a combined PCM-based solarium with Trombe wall, b insulated and
direct gain
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3.3 Passive Solar Cooling Concepts

3.3.1 Heat Dissipation

3.3.1.1 Convective Cooling

In convective cooling, the heat sink is air. In this process, various modes of natural
ventilation are used to remove the excess heat from the building. In the ventilation
process, the buoyancy effect or natural wind speed is used as ventilation driving
force. Buoyancy effect is used in solar wall and solar chimney, while wind-driven
ventilation is used in cross ventilation.

The quality of indoor air is very important in the rooms where people spend a
longer period of time. Poor quality of indoor air can temporarily result in discomfort,
but also contribute to a serious long-term deterioration of occupant health. In stan-
dard houses, indoor air quality is maintained by ventilation of space [2]. Ventilation
in building is required to ensure adequate air quality, to remove excess CO2 and
other harmful substances from the air, and to provide enough fresh air. In the room,
every hour is required to provide 25–35 m3 of fresh air per person. That means we
should open the window or door for 15 min every three hours. The drainage of the
extracted air from the room drains the heat, thus reduces the comfort of the room, and
increases the need for heating. The passive house standard requires an exceptionally
airtight building cladding, but in this way almost completely prevents fresh air from
entering the room. For this reason, a ventilation device is installed in the passive
house (Table 3.2).

Cross ventilation

The driving force in cross ventilation is pressure difference around the building.
Positive pressure is created on the windward side of the building, while the negative
pressure is created on the leeward side [21]. The pressure differences caused air from
the high-pressure openings to low-pressure openings, achieving the cooling effect.
Wind-induced ventilation uses pressures generated on the building by the wind, to

Table 3.2 Interior
temperature reduction using
convective cooling

Climate
conditions and
location

Result type Results References

Hot and dry

UAE Numerical and
experimental

12 °C [17]

Iran Numerical 4 °C [18]

Hot and humid

India Experimental 4 °C [19]

China Numerical 2 °C [20]
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Fig. 3.7 Cross ventilation

drive air through openings in the building, and leave on the opposite side, but can also
drive single-sided ventilation and vertical ventilation flows. The working principle
for opposite side is shown in Fig. 3.7.

Wind speed anddirection are very variable.Openingsmust be controllable to cover
the wide range of required ventilation rates and the wide range of wind speed. As
with stack ventilation, the internal flow path inside the building must be considered.
For cross ventilation, bear in mind that the leeward space will have air that has picked
up heat or pollution from the windward space and thus may limit the depth of plan for
cross ventilation. As with stack ventilation, the requirement for large openings may
present problems with noise control. Also, the need to provide flow paths within the
building may conflict with acoustic separation between internal spaces. However,
the provision of by-pass ducts can help reduce this.

Solar chimney

To enhance natural ventilation in passive buildings, solar chimneys are good solu-
tions. Solar chimney uses stack effect caused by temperature difference between
chimney cavity and the interior of the building. Figure 3.8 shows typical solar
chimneys implemented in passive building wall, roof, and combined solar chimney.

Fig. 3.8 Typical solar chimneys
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Table 3.3 Building energy
reduction using convective
cooling

Climate
conditions and
location

Result type Results References

Hot and
Humid

Energy
reduction

Thailand Experimental 30% [23]

Japan Numerical 12% [24]

Hot and dry Temperature
reduction

Iran Experimental 9–14 °C [25]

Egypt Experimental 8.5 °C [26]

Within the heated room, there is the formation of a high-pressure area in the upper
zone, with the tendency to leave the room in the direction of the area of lower pressure
of the outer space. In the lower part forms a zone of reduced pressure—depression,
with the tendency of entering the exhaled air of higher pressure. By contrast, in the
days of the day when the indoor air temperature is often lower than the outside, there
is an immediate opposite of the pressure distribution and air circulation process. To
predict performances of solar chimneys, mathematical models have been utilized.
These models are based on experimental or numerical results. More details on each
mathematical model are provided in the literature such as ref number [22] (Table 3.3).

3.3.1.2 Evaporative Cooling

Evaporative cooling technology is a promisingway to reduce building energy demand
in providing fresh air to the occupant space. The working principle of this system is
based on direct contact of hot and arid dry air with water. Hot and dry air streams
over the water spray and the water evaporates by taking the heat from the air. As
a result, the air becomes humid and cooler. In arid climates, the relative humidity
of the air is raised to the range of 60–70%. In this process, the heat from the air is
absorbed by sprayed water drops. The water drops are turned to vapor by increasing
the humidity of the air and reducing the air temperature significantly. Therefore,
evaporative cooling is suitable for hot and dry climates, but it is not suitable for
humid climates since the air in these climates is almost saturated (Table 3.4).

Infiltration/ventilation

There are two types of airflows within the building which are caused by the pres-
sure differences that lead to the natural airflow. The first one is the random openings
such as the interfaces, crack, and gaps within the building. These openings cause
infiltration, and to prevent them, we could use draft sealing, airlocks, airtight, and
high-quality doors and windows. According to Wang et al., heating/cooling perfor-
mance is effected by airtightness. Because of the hot and humid air, the cooling load
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Table 3.4 Building energy
reduction using evaporative
cooling

Climate
conditions and
location

Result type Results References

Hot and dry Energy
reduction

Iran Experimental >60% [27–29]

India Analytical 55% [30]

Oceanic

England Experimental 6–8 °C [31]

Hot and dry Temperature
reduction

India Experimental 5–8 °C [31, 32]

China Experimental 9–14 °C [33]

and the latent load were increased by 9.4–56%. Ventilation using wind towers is
the other airflow type. To provide the airflow within the building, windows are very
important for the air circulation. The optimum air movement is 0.2–0.4 m/s for every
season. Combining evaporative cooling with ventilation, it is possible to reduce tem-
perature up to 17 °C, which is one of the most economical ways of building cooling
[2].

At the top of the tower, cooler pads are placed. Water passes down through the
pads and collects in the water tank. Air goes through wet pads at the top of the
tower, and water evaporates and cools the air. The air circulation is based on wind
and buoyancy. The air circulation can be enhanced with solar chimney on the other
side. The sun heats the chimney causing heated air to go up, while on the other side
through the wind tower there is an intake of the air from the exterior, cooling the air
in the tower and entering into the living space (Fig. 3.9).

Fig. 3.9 Wind tower, a basic, b with solar chimney
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Fig. 3.10 Earth to air heat exchange

3.3.1.3 Ground Cooling

Earth to air heat exchange

In ground cooling, the soil is used as the heat sink. The earth soil is warmer in
the winter when compared with the outside (above the soil) temperature. But in the
summer the earth is cooler when compared to the outside temperature (above the
soil). The soil has average temperature of about 12 °C over whole year. Therefore,
the soil has the potential to cool in summer and to preheat the air in winter (Fig. 3.10).

This is the most common technique to use the soil as heat sink for cooling of
buildings. The system uses pipes that are buried to depth of 1–3 m underground. The
air circulates through the pipes and enters into the interior as cooled [2]. The best
example is ancient Persian architecture. Ground cooling works well in combination
with solar chimney. The air in the chimney is heated and moved upward by buoyancy
forces, at the same time sucking fresh air from the exterior through the underground
pipes and supplying to the interior.

3.3.1.4 Radiative Cooling

In radiative cooling, the heat sink is sky. Radiative cooling concepts are based on the
application of materials that have high solar reflectance and high infrared emittance.
Combining these two material properties, it is possible to reduce solar heat gain to
building and enhance heat removal from the building by longwave radiation. It is
one of the developing areas of passive cooling systems with a significant cooling
potential. The method depends on the mechanism of radiative heat exchange [34].
The system depends on the difference between the shortwave radiations coming from
sun and the longwave radiation coming from objects on earth, such as the buildings.
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During daylight hours, shortwave radiation from the sun hits the building surface and
heats the surface. But at the night-time when there is no incoming solar radiation,
the longwave radiation from the building surface toward atmosphere is sufficient to
achieve cooling. Because of this difference between the night- and daytime, radiative
cooling has been considered for the night-time only. To increase the cooling effect,
building materials which reflect solar energy are used [34].

However, scientific developments in nanotechnology made it possible to achieve
daytime cooling below the ambient temperature. Designs and microstructures based
on nanophotonic principles not only allow to reach higher solar reflection, but also
generate cooling power through IR emission within the atmospheric window [35].

Between the infrared (IR)wavelength range between 8 and 13µm, the atmosphere
has a transparent window, which means it has very low absorption of the radiation
coming from the earth, thus very low reflection back to earth. When the radiation
passes through this window, it goes to the outer space. This way, the ambient temper-
ature of the earth can be cooled via radiative emission through atmospheric window
to the outer space behind [35].

Based on this, materials specifically designed to absorb and emit radiation from
earth surface to the skybetween8 and13µmcreate a negative heat differencebetween
the coming in solar radiation and going out surface radiation. Nanotechnology today
opens the way for creating such materials aiming at emitting heat from the surface in
its extremitywithin the atmosphericwindow, transporting higher amount of heat from
the earth to the outer space, thus creating cooling day or night [34]. In addition to the
solar radiation coming from the sun, there are other factors that affect the performance
of this cooling system, such as the nonradiative (conductive and convective) heat
created by objects on the earth and the emission type of the radiator (broadband or
selective) used [35].

Mathematically speaking, the heat exchange mechanism can be calculated as the
net cooling power.

Pnet = PR − Pa − Pnonrad − Psolar (3.6)

where PR is the emitted radiative power by the radiator; Pa is the atmospheric radi-
ation absorbed by the radiator; Pnonrad nonradiative heat coefficient; Psolar is the
absorbed solar power by the radiator [35]. Figure 3.11 shows the basic principle of
a radiative cooling system.

Heat exchange at night between the radiator and the sky can be expressed
mathematically as follows:

q̇R = εσ
(
T 4
sky − T 4

radiator

)
(3.7)

where ε is emissivity, σ is Stefan–Boltzmann constant which is 5.670367 × 10−8

kg/s3K4,T sky, temperature of the sky inK,T radiator, temperature of the radiator surface
in K (Table 3.5).
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Fig. 3.11 Working principle
of radiative cooling system

Table 3.5 Building
temperature reduction using
roof radiative cooling

Climate conditions
and location

Result type Results References

Hot and humid

Norway Experimental 1–4 °C [36]

Thailand Experimental 1–6 °C 37[]

Canada Experimental 6–20 °C [38]

Warm and temperate

Greece Experimental 2.5–4 °C [39]

3.3.2 Solar and Heat Protection

Roof pond

The heat gain of a single-story building is 50%, which is gained from the roof. To
reduce this heat flux, numerous ways are used such as false ceilings, insulations [40],
increasing the roof thickness, roof shading, and roof coatings. The roof temperature
rises up to 65 °C without any special treatment. Buildings that have installed roof
pond with the depth of the pond in a range of 0.05–0.15 m, can reduce the roof
temperature to 40 °C [41]. The roof ponds are recommended for arid climates. The
working principle of a roof pond is shown in Fig. 3.12.

Working principle is based on vapor pressure difference between the vapor at the
water surface and the vapor in the surrounding air. The advantage of the roof pond
is to achieve highest cooling potential with least maintenance (Table 3.6).

Courtyard planning

To reduce building energy demand, microclimate and thermal interaction of the
exterior and interior of building may play an important role. Trees and green veg-
etation around the building are cheap solution to reducing building solar heat gain.
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Fig. 3.12 Variant of roof pond a ventilated roof pond, b open roof pond

Table 3.6 Building energy
demand reduction based on
experiments and numerical
simulation

Climate
conditions and
location

Result type Results References

Hot and dry Energy
reduction

India Numerical 35% [42]

Iran Numerical 79% [43]

Warm and
temperate

South Africa Numerical 59% [44]

Hot and dry Temperature
reduction

Israel Experimental 4 °C [45]

Iraq Experimental 6.5 °C [46]

Working principle is based on building shading and absorbing the heat by micro-
climate through the evapotranspiration process. In evapotranspiration process, the
water from the green vegetation around the building is transferred to the atmosphere
by evaporation. In this process of evaporation, the heat from the air in microclimate
is absorbed as latent heat, contributing to reducing microclimate air temperature. In
the past, water fountains were put and greeneries were planted at the courtyards,
which enhanced the humidity and evaporative cooling, and shading [2] (Fig. 3.13).

Including green vegetation in building interiors such as atria, indoor plants or
green roofs, green terrace, heat prone surfaces can have a significant impact on
reducing building energy demand [47] (Table 3.7).

Solar shading techniques

Solar shading techniques may reduce the solar heat gain, indoor temperature, and
the cost of cooling. The technique may provide interior temperature reduction of
2.5–4.5 °C. If insulation is used together with the above-mentioned technique, the
indoor temperature can be reduced to 4.4–6.8 °C [53].



3.3 Passive Solar Cooling Concepts 55

Fig. 3.13 Courtyard planning

Table 3.7 Building energy
demand reduction due to
vegetation effect

Climate
conditions and
location

Result type Result (%) References

Hot and dry

USA Numerical 20 [48]

Hot and humid

USA Numerical 6.1–14.4 [49, 50]

Malaysia Experimental 29 [51]

China Numerical 10.3 [52]

Shading devices are installed on the exterior, interior, and in some conditions
both interior and exterior. The purpose is to reduce solar heat gain in summer and
increase solar heat gain in winter. Consequently, the cooling/heating load might be
reduced, which has positive effect on operating costs. Solar shading devices are
divided into two groups: interior shading devices and exterior shading devices. The
interior shading devices limit the solar radiation that comes from the sun; they have
adjustable angles to allow or eliminate light to enter the interior. The interior shading
can be either vertical (e.g., vertical slats) or horizontal (e.g., Venetian blind) that is
installed on windows. Exterior shading devices can be vertical or horizontal and have
some advantages over interior shading devices such as functionality, no late heat gain
to the interior in summer. The horizontal shading devices prevent the excess light to
enter the interior in summer and enable the light to enter the room in the winter which
may heat the room into a warm place. The vertical shading devices are mounted on
the east and west orientation; they improve insulation and act like a windbreak.

An important element for passive solar design is overhang limits that may control
the solar energy to the place the user wants (Fig. 3.14).

The sun path is different during different seasons. During the summer, the sunlight
directly enters into the room, but in winter the sunlight enters less into the room.
Therefore, in the summer, the building is fully shaded which keeps the building’s
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Fig. 3.14 Shading devices
with an overhang

thermal mass in shade that cools the building, and in the winter, the building receives
the full sunlight. The material density effects the temperature variation, and it is
chosen accordingly to keep the room in stable temperature (Table 3.8).

Windows

Windows, shape, orientation, and scale of the windows are important in terms of
energy reduction process. Direction of the wind has to be taken into account as
well window to wall ratio (i.e., if it is close to the floor, its efficiency is poor; if it
is closer to the middle of the wall, it is more efficient). Since air is circulating in
the building, air leaks are to be taken into account due to heat loss possibility. To
reduce convection, low e-glass windows with double glaze can be installed. Heat
gain reduction is permissible with PCM integrated with glazing system [58, 59].

Convection is when the heat energy is transferred by moving fluids. Air is always
circulating in the building. Therefore, air leaks cause up to 40 percent of the building
heat loss. To reduce the convection, argon-filled (low e-glass) windows with double
glazing are a good solution. Triple glazed window could be used as well but the
problem might be the weight of glass [60] (Table 3.9).

Light shelves

Light shelves prevent excessive light and heat at the same time. The sunlight that
bounces in the room from the shelf mounted on the ceiling of the room to the window

Table 3.8 Building energy
demand reduction with
shading techniques

Climate
conditions and
location

Result type Result (%) References

Hot and humid

Taiwan Numerical 11.3 [54]

Belgium Numerical 12 [55]

Singapore Experimental 2.62–10.13 [56]

Taiwan Experimental 25 [57]
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Table 3.9 Building energy
demand reduction with
various glazing techniques
based on numerical results

Climate
conditions and
location

Glazing type Result (%) References

Hot and humid

Malaysia Triple glazed
window

5.5–8.5 [61–63]

USA Electrochromic
glazing

20 [64]

Warm

Italy Low e-double
glazing

52 [65]

Hot and cold

China Thermotropic
glazing

2.4–12.3 [66–68]

then bounces back into the room. If the room height is large, it works better. If a
corrugated reflective surface is used, the reflection at high altitude can bemaximized.
The premises operate effectively in the north and in the south (Fig. 3.15).

Interior lighting shelves split the windows between the visible part and the part
that allows additional natural light to bounce up and reflect sunlight from the ceiling
so that it can penetrate deeper into the floor panels. Exterior sun shades also direct
daylight to the interior ceiling of the building, so they are classified as a type of shelf,
but their primary purpose is to provide exterior shade for windows that generally
reduce glare, increase homogeneity, and reduce solar heat gain. The ratio of the
windows to the wall, the size and position of the windows, as well as building
orientation are very important factors in building energy demand reduction [3].

Fig. 3.15 Working principle of light shelves
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Fig. 3.16 Thermal mass working principle: a daytime heat absorption, b at night heat removal

3.3.3 Heat Modulation

In heat modulation technique, the heat sink is the thermal mass of the building
structure. The heat gain is reduced by application of material with enhanced thermal
storage capacity within building structure. Thermal mass and free cooling are two
basic principles of heat modulation.

Thermal mass

Thermal mass is an effective way to reduce interior air temperature variation by
storing the excess heat within the building structure and components and increasing
building thermal inertia [58]. There are many factors that have impact on the effi-
ciency of the building with enhanced thermal mass such as climate condition and
building orientation, and construction material properties [69]. The heat transfers
quickly to the interior and releases back to the exterior in buildings with low thermal
mass, which is not desirable (Fig. 3.16).

Building construction materials have limited storage capacity due to its sensible
heat storage. The storage capacity can be enhanced by application of phase change
materials (PCMs) within the structure to store latent heat as well. The heat is stored
and released back in a very narrow temperature interval that has a significant impact
on the interior temperature variance [70]. There are different techniques to inte-
grate PCMs within the building structure such as encapsulation, immersion, vacuum
impregnation, and shape stabilization. The PCMs can be integrated into wallboard,
brick, concrete, ceilings and roofs, and floors. In the following chapter will be pre-
sented in detail application of PCMs within building structure and components and
free cooling systems.

Free cooling with active system

Free cooling is a technique of reducing interior building air temperature using natu-
rally cool air instead of mechanical air-conditioning system (Fig. 3.17). The system
is not cost-free since it uses fans or pumps for fluid circulation and required periodic
maintenance. During the day, the heat gain of the building is stored and released
outside by circulation of colder exterior air through the building. In this ventilation



3.3 Passive Solar Cooling Concepts 59

Fig. 3.17 Working principle of free cooling system: a over daytime PCM heat bank discharging,
b overnight PCM heat bank charging

process, the building structure is cooled that helps reduce the heat gain during the
next day. In this process, cold energy during the night is accumulated in thermal
mass (a cold storage bank) to be utilized the next day [71]. Thermal mass of the
storage bank is limited by its size and material properties, while the cooling potential
is limited by the exterior air temperature [71].

3.4 Remarks

Passive techniques have potential to reduce building energy demand and help keeping
interior temperature within comfort zone.

PCM-based heating with Trombe wall is convenient for heating and cooling in
hot and cold climates in terms of energy performances and thermal comfort.

Heat control technique is efficient for avoiding direct heat gain to the interior in
hot climate areas where there is plenty of space available for construction. Factors
like aesthetics and structural aspect of a building play an important role due to extra
mass added to the building.

Heat dissipation is suitable in the areas where the heat can be removed with
presented fluid. The heat sink in this process can be air, soil, water, and sky in case
of radiative cooling. This technique is suitable in cases where the building thermal
mass is poor or in cases where it is not possible to improve it. The technique can be
enhanced using suitable heat exchangers.

The heat modulation technique is based on the PCMs, and it is more suitable for
the hot climate areas where the solar heat gain is intense. The most important factors
for this technique are stability of PCMs and sustainability of the containers to prevent
leakage of PCMs. In this technique, PCMs can be integrated into building structure,
components, or in separate modules, which is discussed in detail in the following
chapters.
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Chapter 4
PCMs in Building Structure

PCMs incorporated directly into the building structure such as walls, ceilings, and
floors are microencapsulated [1]. Commonly used building materials with microen-
capsulated PCMs are gypsum plasterboards [2], plaster [3, 4], concrete [5], brick [6,
7], façade [8], and glazing systems [9]. The basic concept for interior temperature
control using PCM integrated into the building structure and glazing is shown in
Fig. 4.1.

Referring to the figure, excess heat from the room is stored in the PCMby lowering
room temperature during a hot day. Stored heat is removed by active or passive venti-
lation at night. Microencapsulated PCMs are usually incorporated in walls structure
while macroencapsulated PCMs can be incorporated in floors and ceilings.

Different researchers employ different methods that have been conducted on
thermo-physical properties of new phase change materials. They applied theoret-
ical/analytical, experimental [10], and numerical studies on container designs and
integration of the PCM in building components. Tables 4.1 and 4.2 summarize exper-
imental and numerical studies conducted on PCM applications in buildings and
different geometries, respectively.

As it was shown in tables, different shapes of the containerwere studied (spherical,
cylindrical, rectangular, or encapsulated PCMs), and various discretization methods
were applied as well (FEM, FDM, FVM). To improve the thermal mass of the build-
ing, a number of experimental studies were conducted. Different parts of buildings
were considered as PCM containers (gypsum boards, PVC panels, fiber panels, sand-
wich panels, tubes, air-conditioning ducts, etc.), which were tested in the laboratory
or outdoor conditions.

Many studies have included the numerical analysis of PCM-integrated elements
in a building. Table 4.3 shows a brief overview among different PCM-incorporated
building elements that exhibit in some way the impact PCM has on the surrounding
environment, be it interior or exterior.
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Fig. 4.1 PCM in building structure and glazing

Table 4.1 Exp. studies on PCM containers in building applications

Commercial PCM Container Container size (m) References

RT27 Glazed system 0.3 × 0.4 × 0.02 [11, 12]

Butyl stearate Gypsum 2.88 × 2.22 × 2.24 [2, 13]

CaCl2·6H2O Tube 2.95 × 4.43 × 2 [14]

Capric–lauric non-eutectic Gypsum 5 × 3.3 × 2.8 [15]

ERMEST2325 Gypsum 2.27 × 2.29 × 2.45 [2, 16, 17]

Eutectic salt Sandwich panel 4.37 × 3.39 × 2.7 [18]

MICRONAL26 Gypsum 2.4 × 2.4 × 2.4 [5, 19]

RT20 Gypsum 0.7 × 0.7 × 0.7 [20, 21]

RT25 Fiber panel 2.4 × 2.4 × 2.4 [6]

RT27 Fiber panel 2.4 × 2.4 × 2.4 [19]

Paraffin Shape stabilized 0.575 × 0.453 × 0.463 [22, 23]

PEG600 PVC panel 0.9 × 0.9 × 0.9 [24]

PC5001; PCM5008 Aluminum foils 2.7 × 2 × 1.5 [25]

U1 Tube 1.83 × 1.83 × 1.22 [26]

U2 Steel 1.22 × 1.22 × 1.44 [27]

U3 Gypsum 2.95 × 4.43 × 2 [14]

U4 Energain 3.1 × 3.1 × 2.5 [3, 4, 28]

SP25A8 Fiber panel 2.4 m × 2.4 m × 2.4 m [6]
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Table 4.2 Computational studies on different PCM geometries

Commercial PCM Container
geometry

Dimension Discr. meth.a Validation

Gallium Rectangular 2D(X, Y ) FDM Experimental

Paraffin RT27 Rectangular 2D(X, Y ) FVM Experimental and
numerical [11, 12,
29]

Paraffin wax
RII-56

Bags in duct 3D(X, Y, Z) FDM Experimental and
numerical [30]

Paraffin RT30 Cylindrical 2D(R, X)b FVM Experimental

n-Octadecane Cylindrical 2D(R, X) FDM Experimental

4 PCM Cylindrical 2D(R, X) FDM –

RT60 Cylindrical 2D(R, U) FDM Experimental

Paraffin130/135
Type1

Cylindrical 2D(R, U) FDM Experimental

Paraffin wax Cylindrical 2D(R, U) FDM Experimental

n-Hexacosane Cylindrical 1D(R) – Experimental

4PCM Cylindrical 2D(R, X) FDM –

2PCM Cylindrical 2D(R, X) FDM [31]

5PCM Cylindrical 2D(R, X) FEM –

3PCM Cylindrical 2D(R, X) FDM [32]

Water/ice Spherical 1D(R) FDM Experimental

Water glycol
mixtures

Spherical 1D(R) FDM Experimental

aFDM—Finite difference method; FEM—Finite elements method; FVM—Finite volume method
bR, X; R, U; R—represents cylindrical coordinate system (cylindrical geometry)

Table 4.3 Comparison among studies on PCM effectiveness

Building
element

Climatic
region

Type of
experiment

Results Notes References

Wallboard Beijing,
China

Reduction in
energy
consumption
more than 10%
during winter

Study limited to
four days

[33]

Wall Madrid,
Spain

Reduction in
maximum and
amplitude of
heat flux

6 days [34]

(continued)
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Table 4.3 (continued)

Building
element

Climatic
region

Type of
experiment

Results Notes References

Building
envelope

Six
Australian
climatic
zones

Numerical 17–23% annual
energy savings

PCM can decline
the energy
consumption under
cold, mild, and
warm temperature
climates. However,
the integration of
PCM in buildings
under hot and
humid climate has
very limited impact
on the energy
consumption

[35]

LHSU Five
Chinese
climatic
zones

Numerical and
experimental

Energy-savings
potential of the
latent heat
storage unit was
50%

LHSU: a
technology that
combines phase
change materials
(PCMs) with a
natural cold source
is proposed to
reduce the space
cooling energy of
telecommunications
base stations

[36]

Building
envelope

Kut, Iraq Experimental Indoor
temperature of
reduced by
2.18 °C, cooling
load of the zone
for peak hour in
day decreased by
20.9%

PCM sheets with
1 cm thickness on
all envelopes were
used

[37]

Building
envelope

Five
climatic
regions of
Iran

Numerical Reduction in
energy demand
was 17.5% in
warm/dry
climate, 10.4%
and in
mild/semi-arid
climate. Cooling
energy
consumption
decreased
around 12.3% in
cold climate and
9.8% in
mild/humid
climate

Double PCM inner
layer. The double
layer PCM system
can significantly
decrease the
radiation heat loss
from human body
on cold days

[38]

(continued)
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Table 4.3 (continued)

Building
element

Climatic
region

Type of
experiment

Results Notes References

Night
ventilation

Hot-arid
climate

A 45.5% drop of
the annual
cooling load

With the exception
of the ground floor,
where the use of
PCMs augmented
the overall cooling
load

[39]

Facade Ventilating
facades with fins
filled with PCMs
and PCMs in
hollow core slabs
is superior than
the prevalent
usage of PCM
both for cooling
power and
storage capacity

[40]

Hybrid
cooling
system

Beijing SSPCM plates
integrated with
night ventilation
in comparison
with the case
without SSPCM
and NV could
save around 76%
of daytime
cooling load
demand

[41]

Floor Experimental Provided 89% of
daily cooling
demand.
Daytime AC was
limited to around
3 h per day from
1 p.m.

In conjunction with
night ventilation

[42]

Brick wall Flux at the
indoor space can
be reduced by
17.55% when
three brick
cylinders filled
with PCM and
placed at the
centerline of the
bricks

[43]
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4.1 Application in Walls

Application of PCM in wall structure has been studied for a longer period as interior
temperature control mechanism. The basic concept shown in Fig. 4.1a is suitable for
passive cooling/heating in which the heat from the warm air over the day is removed
by the PCM. At night, stored heat is removed to the exterior (Fig. 4.2).

4.1.1 Application in Bricks

Alawadhi [43] studied thermal analysis of a brick wall containing phase change
material by analyzing PCM’s quantity, type, and location in the brick. Results showed
that the heat flux at the indoor space can be reduced by 17.55% when three brick
cylinders are filled with PCM and placed at the centerline of the bricks.

Ning et al. [44] experimentally examined the impact of PCM application in the
building envelope on interior temperature fluctuations in a coastal city during the
summer season. The setup is shown in Fig. 4.3. Chamber is equipped with heat and
moisture load generating units. Two adjacent rooms A and B simulated different
environmental conditions [44].

The return air temperature variation within the framework of one day can be read
from Fig. 4.4. It is notable that both cases seem to almost be the same from 0:00 to
5:00, but from 7:00 to 23:00 case 2 remains lower values than the case 1 [44].

The research has also come to the conclusion that increasing the melting tem-
perature can reduce the variation of return air temperature at the period of high
temperature [44].

Implementation of light thermal mass walls in a Mediterranean climate with the
help of PCM was investigated by Faraji [45]. The aim was to check the feasibility

Fig. 4.2 PCM in building wall structure
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Fig. 4.3 Environmental chamber

Fig. 4.4 Return air temperature for PCM equipped and non-equipped case [44] [This article was
published in Energy Procedia, 142, Ning, Mao; Jingyu, Hao; Dongmei, Pan; Shengchun, Liu;
Mengjie, Song, Investigations on thermal environment in residential buildings with PCM embedded
in external wall, 1888–1895, Copyright The Authors (2017)]

of maintaining similar comfort levels throughout the year. The model of a PCM-
incorporated south wall was used in the experiment under the typical working con-
ditions. The results bear the following conclusions: The inner temperature swings
remarkably decrease with the use of PCM, the concrete/PCM composite wall per-
forms well in above-mentioned conditions, subcooling and subheating occur in cases
when solidification and melting processes are not finished and further investigation
is required, and special care should be taken in the selection of PCM [45].

The investigations have furthermore elaborated on techniques and ways in which
PCM can be utilized with the emergence of lightweight structures. Such an example
can be found in a study [46] conducted in Australia where the night ventilation,
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a common widespread technique, was tested in combination with PCM in order to
check the efficiency of such construct and their correlation to environmental factors.
The study model (Fig. 4.5) included a full-scale calorimeter with a 30 cm insulation.
In order to compare the results, the numerical model was developed as well [46].

The research focused on three climatic conditions in Australia, and the results
present the following conclusions. In the tropical climates, combining night ventila-
tion with PCMhas no effect due to the full PCM cycle limitations. Unlike the tropical

Fig. 4.5 Calorimeter scheme [46] [This article was published in Building and Environment, 147,
Solgi, Ebrahim; Hamedani, Zahra; Fernando, Ruwan; Kari, BehrouzMohammad; Skates, Henry, A
parametric study of phase change material behaviour when used with night ventilation in different
climatic zones, 327–336, Copyright Elsevier (2019)]
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climate, subtropical and hot–dry climates foster climatic opportunities to implement
this hybrid system, where the selection of cooling thermostat set points and ther-
mal insulation affect the optimal PCM temperature. However, the temperature is not
dependent on the PCM thickness. Nonetheless, thickening raises energy saving [46].

Navarro et al. studied commercially available PCMs for incorporation into a build-
ing concrete matrix. The results suggest that materials in bulk have higher thermal
conductivity and specific heat values over micro and macroencapsulated materials.
Despite their good performance, bulk materials are more difficult to impregnate into
a concrete matrix. Thus, microencapsulated PCM was chosen to be the best fit for
the purpose of this study [47].

Derradji et al. conducted a numerical study comparing office rooms with and
without PCM-incorporated walls. The study was situated in Algerian climate mea-
suring 3.5 m length, 3 m wide, and 3 m high room, with external south-facing wall
having a double-glazed window, and other walls are concrete interior walls. The roof
is 15 cm concrete complemented with 5 cm EPS [48].

Results show that without PCM, temperatures in winter vary from 16 to 21 °C,
whereas with PCM, temperatures vary from 18 to 22 °C [48] (Fig. 4.6).

In the summertime period, temperatures vary from 33 to 37 °C without PCM,
which is considerably higher than the outside temperatures between 20 and 31 °C. In
the case of PCM, incorporated office temperatures are significantly lower, between
25 and 28 °C [48].

The study did not include insulation except on the roof. The use of PCM in the
concrete ceiling and hollow brick walls affected winter temperature fluctuations by
4 °C and by 7 °C summer temperatures. Presence of 30% of PCM in gypsum panels
in the interior surfaces makes 25% savings for both cooling and heating energy
demands [48] (Fig. 4.7).

Fig. 4.6 Ambient temperatures in the period: January 25–31 [48] (This article was published in
Energy Procedia, 107, Derradji, Lotfi; Errebai, Farid Boudali; Amara, Mohamed, Effect of PCM in
Improving the Thermal Comfort in Buildings, 157–161, Copyright The Authors (2017)).
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Fig. 4.7 Ambient temperatures in the period: July 25–31 (This article was published in Energy Pro-
cedia, 107, Derradji, Lotfi; Errebai, Farid Boudali; Amara, Mohamed, Effect of PCM in Improving
the Thermal Comfort in Buildings, 157–161, Copyright The Authors (2017)). [48]

Panayiotou et al. theoretically evaluated the effects of application of PCM in a
typical dwelling unit in Cyprus. They did experiments with test cubicle dimensioned
W × L × H = 3 × 2 × 3 m, facing to east–west and north–south. The climate
condition is Mediterranean having cooling and heating demands throughout the year
[49].

Application of macroencapsulated PCM layer in combination with brick was
done in three different positions: double brick wall with a PCM interlayer (new
construction), PCM placed inside behind plaster (new and old construction), and
PCM placed outside behind plaster (new and old construction). A PCM layer was
also applied in the inner layer of the roof, behind the plaster. PCM used in the
experiment was BioPCmat™ M91 from Phase Change Energy Solutions Company,
with a melting temperature at 29 °C [49].

Results of various case simulations show that most energy savings (28.6%, 118.5
kWh/year/m2) are achieved when PCM is in the outer layer. Energy savings are
greater in cooling than heating due to the higher outside temperatures than the PCM
melting temperature which is 29 °C. This supports the melting/solidification cycle to
be complete. In the wintertime, PCM absorbed a part of the heat from heating devices
and from incident solar radiation, which PCM released later. For the summertime,
the best option is insulation [50] combined with PCM; whereas, for the wintertime
it is only the insulation. Ultimately the combined version is the best choice since
benefits of both layers are utilized in all weather conditions [49].

Life cycle cost of a typical Cypriot dwelling of total area 133 m2, with four
inhabitants, and no thermal insulation, consisted of three bedrooms, kitchen, living
room, bathroom, and dining room was calculated. The cost of optimum PCM case
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was e22,490 with payback period 14½ years. The cost of the combined case was
e23,259 with payback period 7½ years [49].

Hichem et al. made a numerical and experimental study on the optimal position
and quantity of PCM in a brick wall in Algeria, Ouargla. The wall is built with bricks
(30 × 20 × 15 cm) of 12 cavities measuring 4 × 3.667 cm [51] (Fig. 4.8).

The experimental setup is shown on Fig. 4.9. In the study, the internal temperature
was imposed to be 27 °C. All surfaces except for outer and inner were insulated. A
glasswas placed on top of the brick in order to hinder heat transfer via convectionwith
the external environment. Five types of PCMs with different melting temperatures
(29.9–52 °C) in three positions are outer, middle, and inner [51] (Figs. 4.10 and 4.11).

Fig. 4.8 a External wall of the building, b a typical hollow brick with twelve recesses set into three
columns and four rows [51] [This article was published in Energy Procedia, 36, Hichem, Necib;
Noureddine, Settou; Nadia, Saifi; Djamila, Damene, Experimental and numerical study of a usual
brick filled with PCM to improve the thermal inertia of buildings, 766–775, Copyright The Authors
(2013)]

Fig. 4.9 Experimental setup [51] [This article was published in Energy Procedia, 36, Hichem,
Necib; Noureddine, Settou; Nadia, Saifi; Djamila, Damene, Experimental and numerical study of
a usual brick filled with PCM to improve the thermal inertia of buildings, 766–775, Copyright The
Authors (2013)]
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Fig. 4.10 Materials with PCM, a glass , bEPS and glass wool insulation, c paraffin 52–54, d hollow
brick, e transparent plastic film [51] [This article was published in Energy Procedia, 36, Hichem,
Necib; Noureddine, Settou; Nadia, Saifi; Djamila, Damene, Experimental and numerical study of
a usual brick filled with PCM to improve the thermal inertia of buildings, 766–775, Copyright The
Authors (2013)]

Results suggest that the best PCM, in all three positions, is CaCl2·6H2O. The
optimal position of PCM is in the middle with the reduction in the heat flux in a 24-
hour cycle up to 82.1%, in comparison with ordinary brick. Due to the solidification
process, a study that considers a longer time frame is needed. A new brick geometry
should be invented in order to minimize PCM amount [51] (Figs. 4.11, 4.12 and
4.13).

Zastawna-Rumin and Nowak researched on benefits of double PCM layer appli-
cation in Polish weather conditions. They experimentally analyzed three PCM con-
figurations. In the first two stages of the research, individual layers were investigated
in terms of temperature and heat flux density. Based on the compliance of materials,
combinations of them were made in the third stage. Measurements were made inside
of two chambers, in between which a partition was placed with all additional layers
mounted on a frame (195 cm × 210 cm). Partition layers were a styrofoam (15 cm)
and a drywall. PCMs were chosen as such that in case of great thermal load, and the
second layer gets activated [52].

Results suggest that bio PCMmats used as the second layer are most activated but
utilized not over 50% of its potential. In the case of double layer system, the cooling
phase requires greater length and intensity. A cardboard containing PCM 23 and bio
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Fig. 4.11 Comparison between numerical and experimental data results of the average interior sur-
face temperature [51] [This article was published in Energy Procedia, 36, Hichem, Necib; Noured-
dine, Settou; Nadia, Saifi; Djamila, Damene, Experimental and numerical study of a usual brick
filled with PCM to improve the thermal inertia of buildings, 766–775, Copyright The Authors
(2013)]

Fig. 4.12 Total heat flux
reduction through the brick
[51] [This article was
published in Energy
Procedia, 36, Hichem, Necib;
Noureddine, Settou; Nadia,
Saifi; Djamila, Damene,
Experimental and numerical
study of a usual brick filled
with PCM to improve the
thermal inertia of buildings,
766–775, Copyright The
Authors (2013)]



76 4 PCMs in Building Structure

Fig. 4.13 Variation of liquid fraction and average temperature of interior brick surface [51] [This
article was published in Energy Procedia, 36, Hichem, Necib; Noureddine, Settou; Nadia, Saifi;
Djamila, Damene, Experimental and numerical study of a usual brick filled with PCM to improve
the thermal inertia of buildings, 766–775, Copyright The Authors (2013)]

PCM 35 is most efficient, but its efficiency is most noticeable in large heat loads in a
short period of time. Such example is a room with a window. Combination of PCM
26 and bio PCM 23 mat proved to perform well in smaller thermal loads and long
period of time, such as rooms without windows and/or ventilation [52].

Hasse et al. experimentally examined honeycomb panels as a means of paraffin
PCM storage. Simultaneously, they tested the same sample filled with water and air
in order to compare their thermal responses. For low-temperature conditions, best
PCMs to use are paraffins, salt and salt hydrates, and fatty acids. Such materials with
low thermal conductivity once heated can become liquid at some parts and remain
solid at other. In order to obtain the same consistency, a high conductive mate-
rial is introduced. In the study, encapsulated PCM with 27 °C melting temperature
was used in order to avoid leakage. It is a commercially available PCM, LINPAR®

1820. Aluminum honeycomb panels were chosen for its enhancement property and
containment ability [53] (Figs. 4.15 and 4.16).

Honeycomb panels, 2 cm deep, have 6 mm cells with 7 µm cell wall thickness.
Panels were covered with 1 mm thick aluminum sheets [53] (Fig. 4.16).

From Fig. 4.16, it becomes obvious that honeycomb arranged PCM is able to
store around three times more energy than the water sample. The experiment was
numerically validated. Authors stressed that fins immersed in PCM improve heat
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distribution and called for further research on this novelmethodology of heat transfer
through the building envelope [53].

Thantong and Chantawong experimentally compared the performance of two
small houses, in order to assess how solar collector in combination with PCM can
contribute to the natural ventilation. The experiment was conducted under Thailand’s
weather conditions which are humid tropical climate with average temperatures
around 20–30 °C and average humidity around 60% [54].

Fig. 4.14 Honeycomb panel
with paraffin [53] [This
article was published in
Energy and Buildings, 43,
Hasse, Colas; Grenet,
Manuel; Bontemps, André;
Dendievel, Rémy; Sallée,
Hébert, Realization, test and
modelling of honeycomb
wallboards containing a
Phase Change Material,
232–238, Copyright Elsevier
(2011)]

Fig. 4.15 Experimental setup [53] [This article was published in Energy and Buildings, 43, Hasse,
Colas; Grenet, Manuel; Bontemps, André; Dendievel, Rémy; Sallée, Hébert, Realization, test and
modelling of honeycomb wallboards containing a Phase Change Material, 232–238, Copyright
Elsevier (2011)]
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Fig. 4.16 Heat fluxes of three samples [53] [This article was published in Energy andBuildings, 43,
Hasse, Colas;Grenet,Manuel; Bontemps,André; Dendievel, Rémy; Sallée, Hébert, Realization, test
and modelling of honeycomb wallboards containing a Phase Change Material, 232–238, Copyright
Elsevier (2011)]

The solar wall collector is a double wall with an air gap that has openings on
upper and lower side. The air gets released to the outside from the upper opening,
and the interior air is discharged from the lower opening into the wall chimney [54].

The outer wall is consisted of black cement board (as an absorber), PCM which
is a paraffin wax (as an accumulator), and a zinc sheet (for transferring heat to the air
gap). The inner wall is AAC wall that has good thermal protection properties. Once
the air gap temperature gets higher than the indoor temperature, natural ventilation
occurs in the wall. The experimental house, of 4.05 m3 volume, is a single roomwith
AAC walls and red concrete tile roof with an insulated attic. House 1 had a solar
wall collector with PCM, while house 2 had a solar wall without PCM [54].

Heat flux results show that PCM-integrated house had 59.63% lower heat transfer
through the south wall. Results also suggest that PCM-integrated house had better
air circulation of the ventilation with faster velocity by around 96.62% [54].

Performance of passive cooling using microencapsulated PCM as part of wall
structure has been studied by different authors [5, 7, 13, 19, 38, 44, 45]. Results
show increased thermal performances of the wall by reducing thermal amplitude,
as well as increasing the time delay. Most of the available research work is con-
cerned with the evaluation of different kinds of wallboards [4, 15, 16, 55]. Studies
included experimental and numerical methods in assessing thermal performances
of wallboards. Results show that the board can contribute in reducing temperature
fluctuations in the interior.
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4.1.2 Application in Wallboards

Ahangari and Maerefat [38] numerically investigated the behavior of double layer
PCM wallboard system in five climatic regions of Iran. The model was composed
of a south-facing wall with a double-glazed window and a north-facing wall with
a wooden door. The simulation did not take into consideration heat transfer in the
interior surfaces [38].

The building envelope was designed according to the common local materials
where the first layer of PCM was regulating thermal comfort in cold months and
second layer of PCM regulated the hot months, since the melting temperature of the
second layer is higher [38].

The results indicate that the interior orientation of PCM layers is the best per-
forming. With such disposition, the melting points of PCM are close to average
room temperature resulting in better thermal comfort conditions.

In moderate and semi-arid climate, thermal comfort changes from 63 to 75%, and
in arid climate from 73 to 93%. When it comes to hot and cold climates of Iran,
PCM has a neglectful impact, and in moderate and humid climate PCM improves
the thermal comfort from 14 to 19%. The results support the argument that in arid
climates, temperature differences between the daytime and nighttime facilitate the
completion of the phase transition cycle. Moreover, the heating energy consumption
is reduced by 10.4% in semi-arid and by 17.5% in dry climate [38].

The simulation included five variations of PCM-incorporated exterior surfaces:

South wall,
North and south walls,
North and south walls and ceiling,
North, south, and east walls and ceiling,
All exterior surfaces except floor.

The reduction in energy consumption is between 6 and 10%. Increasing the
number of exterior double PCM layer incorporated envelopes directly contributes
to the reduction in energy consumption. The greatest efficacy can be found in the
south-oriented wall [38].

Authors concluded that the desired melting point of the first layer should be 1 °C
lower than the optimal indoor temperature in winter, and in the case of second layer
should be 2–3 °C above the summer interior temperature. Considering 22 and 24 °C
as room air temperature in winter and summer, the optimal melting points are 21
and 26–27 °C during winter and summer, respectively. The double layer system is
best suit for warm/dry climate and mild/semi-arid climate according to the results.
Findings also suggest that the double layer PCM system can significantly decrease
the radiation heat loss from human body during cold days [38].

Chhugani et al. compared two rooms equippedwith two types of PCMwallboards,
Knauf Comfortboard-23® and DuPont Energain® Board, in terms of their thermal
performance and measured them against a typical office room without PCM. The
experiment was conducted in Bayern, Germany, with moderate climate [56].
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Knauf Comfortboard-23® is 12.5 mm thick with 200 kJ/m2 heat storage capac-
ity, melting enthalpy between 18 and 23 °C, and contains 80% gypsum and 20%
microencapsulated paraffin.

DuPont Energain® Board is 5.26 mm thick with 515 kJ/m2 heat storage capacity,
melting enthalpy between 17 and 21 °C, and contains 60% paraffin. Since paraffin
is flammable, a fire-resistant coating was applied during the testing [56].

Rooms R111, R112, and R113 contained PCMswith PCM cooling ceilings, while
R110 contained no PCM with a conventional cooling ceiling and was used as a
reference room. Each PCM board was 16.90 m2. The reference room had a gypsum
board mounted on a concrete wall on the east and gypsum wall on the west. DuPont
Energain® Boards were additionally covered by gypsum boards for fire protection
[56].

The experiment was conducted with no users involved and shut blinds. Instead,
artificial heat was produced by electrical heaters that were heating from8:30 to 20:30.
Every room had five of them making 858 W in total. Before the experiment started,
wall temperature was 20 °C. The outside temperature was 26 °C. The maximum rise
of the temperature during the experiment was 26 °C [56].

Negative heat flux (passive room cooling) is a blue-colored background, and
positive heat flux (regeneration of PCM wallboards) is the red-colored background.
The red arrow shows that PCM melted and beyond that point passive cooling power
decreased [56].

Results show that PCM wallboards can store twice the heat in comparison with
conventional gypsum boards. It is stressed on the fact that proper boards should be
chosen for efficient regeneration behavior. While DuPoint board’s average regener-
ation rate was nearly 1%, Knauf Comfortboard-23 had below 20% in the summer
months [56].

4.1.3 Application in Façade Elements

The effectiveness of PCM in energy conservation has been proven by many
researchers to be efficient and suitable, provided that certain parameters are ful-
filled in accordance with the environment. In order to complete the study on PCM
application possibilities, façade as the skin of the building has to be considered. PCM
has been proven to be well performing in the wall structure, thus it is not surprising
to find out that such trends can also be recognized in the façade implementations.

Amodel of integrated double skin facade (DSF) and phase changematerial (PCM)
blind system have been developed and analyzed by Li et al. [57]. The study proposed
an integrated microencapsulated composite laminated PSM blind system [57].

The model has a blind structure consisting laminated composite PCM blades hav-
ing a multilayered blade structure. Slats are tilted at the angle of 30°. The mechanism
assumes that once the cavity temperature exceeds the melting point of PCM, it can
absorb the solar heat. Later on, the stored heat will be discharged by ventilation once



4.1 Application in Walls 81

the temperature in the cavity drops. The study was compared to the conventional
aluminum blinds [57].

Study indicated that the PCM case was reducing the cavity air temperature more
than the conventional aluminum blind. Such indications imply that PCM blind can
store more heat during the melting phase instead of releasing it into the cavity during
the highest temperature intervals. Authors concluded that PCM integration in the
façade of the building has a huge potential in the future implementations [57].

4.2 Application in Floors

Application of PCM in floor is shown in Fig. 4.17. The concept of cooling in daytime
hours is achieved by extracting the warm air from the room from the top of the room
and bringing fresh air inside under floorboards. The air is cooled bymelting the PCM
in the floorboards. At night, cold night air can be circulated under the floor space to
cool down the PCM and remove the stored heat. This concept requires active system
as well. Some experimental and numerical studies of the thermal performances of
floor-based PCM were done including floor supply air-conditioning system [1] and
floor heating [22, 23].

The case of PCM-based floor complimenting an air-conditioning system has been
simulated in software environment and measured against chilled ceiling system.
Cheng et al. took Chinese weather conditions and applied them to a typical room in
an office building.

Two building models were simulated in the most demanding months for cooling
from June to September. The first model included chilled ceiling system; whereas,
the second model in addition included a PCM layer in the floor [58].

The results indicate that PCMhas a significant effect on stabilizing the oscillations
in the heat transfer between the floor surface and the air. The PCM layer showed its

Fig. 4.17 PCM-incorporated floor
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ability to store large amounts of thermal energy during the cold periods and release
it when the air gets hotter reducing peak cooling loads during summer [58].

4.3 Application in Ceilings

Application of PCM in ceiling is based on using forced convection for storing the heat
in the suspended ceiling panels shown in Fig. 4.18. This principle can be developed
into an active system by providing a small fan to blow air over the PCM panels to
foster heat removal at night [59]. Warm air from the room is forced to move across
the PCM located in suspended ceiling channel during the day. The PCM cools the
air by absorbing the heat. At night, the stored heat is removed by circulating cool air
to the outside of the building. To speed up heat transfer process between the air and
the PCM, aluminum panels with cooling ribs have been developed [59].

Integrating PCM ceiling panels and its implications on energy consumption sav-
ings has been investigated by Yahaya and Ahmad [60]. Single space house fostered
the comparison between an ordinary ceiling and the PCM ceiling to evaluate the
effectiveness of both systems in terms of passive cooling design. The assessment
was based on indoor air temperature reduction and cooling load for the comfort
temperature of 25 °C. The PCM that could be obtained from the palm oil, produced
by the immersion process of gypsum board in a eutectic mixture of lauric-stearic
acid, was employed. This mixture is non-corrosive, non-flammable, and thus more
preferred to be adopted in building structures. Its higher melting point and latent heat
capacity make it suitable for ceiling applications in order to reduce downward heat
flow in hot weather. The numerical model was predicting the indoor temperature
taking into consideration the solar radiation. The study model was based in Subang
Jaya, on the west coast of Peninsular Malaysia, in mid-January [60].

Fig. 4.18 PCM-incorporated ceiling or roofs
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Pitched roof covered by concrete roof tiles with no insulation layer sits on top
of a building envelop coated with high reflective paint. Results prove that energy
efficiency is greatly improved by incorporating PCM panels in the ceiling [60].

Authors remind that further investigation needs to be conducted to prove the
numerical model findings correct. Nonetheless, they recommend applying PCM as a
ceiling component in order to improve single story building’s thermal performance
[60].

4.3.1 Application in Roof

Integration of PCM in all elements of the building envelope has been suggested
throughout many researches. One of the least examined areas is the implementation
of PCM into the roof structures. Until now, few studies have focused on the flat roof
[61, 62]. The PCM ceiling has been tested and proven to be energy efficient. Further
studies suggest that PCM roofs have the same contribution to the overall building
envelope.

Hanchi et al. [62] compared two flat roofs from the local tradition of Casablanca
and Ouarzazate. The study has been numerically confirmed the conventional flat roof
as a reference to the second one with a specific sectional arrangement of materials.
Similar to the wall applications, the case study roof has two PCMs to ensure thermal
stability and comfort throughout the year [62].

The results indicate that the PCMflat roof is favorable in terms of energy conserva-
tion. Due to the changing climate and building renovation policies, heat demand may
decrease, provided that a proper choice of PCM is made, coupled with an according
room temperature selection [62].

4.4 Remarks

Passive building design with PCMs is a new and as well a very active research
area. Even though a considerable amount of literature has been published on the
topic of PCM, this material is fairly new to the market and the building construction
practices. Until now, we had a chance to explore its application though selected
study cases and many are yet to emerge, inspired by the existing research that is
never fully complete in its detail and conclusions. Through this book, it can be easily
understood that PCMhas a huge potential in its application due to its reversible nature
and lightweight properties. Moreover, its adjustability and widespread application
and use will contribute to its ubiquity in future construction methods.
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Chapter 5
PCM-Based Glazing Systems
and Components

5.1 Introduction

Glazed units are usually the weak heat barriers which separate the exterior and
interior. In cold climates, window glazings are usually responsible for 10–25% of
the heat loss from heated ambient. Contrary, in hot climates the excess of solar
radiation penetrating through the glass windows usually leads to excessive cooling
load, which consumes more electricity [1]. For these reasons, many studies and
engineering developments were devoted to creating efficient and thermally effective
windows. Especially in recent decades, window technology achieved a relatively
high technological standard. Investments in research and development led to a new
generation of materials and design options which offer better thermal efficiencies
and high performance [2]. There are different advanced systems that allow better
control and reduce the heat gain or loss, depending on the design options.

The fact is that window glazing contributes to a substantial part of the heat losses
and gains in buildings. Based on the recommendations given in Annex 44 of IEA
ECBCS [3], a further investigation on the possibilities of reducing the energy demand
related to glazed and/or translucent parts of the facades is necessary.

Traditionally, window sun shading devices were designed as exterior or interior
and recently integrated between glazing panes [3]. Even if exterior sun shading sys-
tems are preferable, interior systems are installed in many buildings. The reasons
range from the sensitivity of exterior systems to surrounding conditions like strong
winds, architectural considerations, or simply costs. Conventional interior sun pro-
tection systems consist of horizontal or vertical slats, usually with high reflective
properties on the side facing the exterior [4]. Improving the thermal mass of these
sun shading devices by adding the PCM is possible to manage excessive building
heat gain/loss. New scientific discoveries are paving the path to applications of PCM
in glazing units instead of outside of them.

© Springer Nature Switzerland AG 2020
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5.1.1 Interior Solar-Shading Devices

Blinds can prevent solar radiation into the room behind the blind. To achieve this,
blinds can be installed inside the building, or outside in front of the window glaz-
ing. Internal blinds cause a thermal problem because solar radiation transmitted
through the glazing system is absorbed in the surface of internal blinds, they heat
up and release the heat into the room. To handle this issue, Mehling [5] presented
the application of the PCM in the interior horizontal blinds applying hydrated salt
CaCl2·6H2O. This system is suitable to be utilized under the hot summer climate,
especially for those areas with significant daytime and nighttime temperature fluc-
tuations. Another interior sun shading device with vertical slats was studied with
similar results. The common problem in both cases is heat gain with the delay. Both
studies suggest ventilation at night by opening the window.

Within the project “Innovative PCM technology,” funded by the German Min-
istry of Economics (BMWi), the companies WAREMA and the ZAE Bayern have
investigated the idea of reducing and delaying the temperature rise of the blinds by
integrating PCM. Figure 5.1 shows the prototype of such internal blinds with PCM,
which was developed and tested within the project. Significant daytime and night-
time temperature swing and the attenuation effect on the interior air temperature are
observed with the help of PCM sun shading system [5, 6].

Referring to Fig. 5.1, temperaturemeasurements in a test roomunder realistic con-
ditions have shown promising results: The temperature rise of the blinds decreased
by about 10 °C and was delayed by approximately 3 h. The air temperature in the
room was about 2 °C lower. Further, investigations by numerical simulation showed
a decrease in the operative temperature of the room by about 3 °C and a time shift of
the heat release from noon to evening. The thermal comfort during working hours is
therefore significantly improved. At night, the heat has to be released to the outside
by ventilation.

Fig. 5.1 Interior horizontal blind or vertical blind with PCM
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Weinlaeder et al. [4] studied another PCM interior sun protection system consist-
ing of vertical slats. Two installed systems, one in westward office rooms located in
Karlsruhe and another in southeast office rooms located in Kassel, were monitored
from winter 2008 until summer 2010. The authors claim that the system showed
a significant cooling potential in summer and even some advantages in winter. In
summer mode, the slat surface temperature of the conventional system can often
excide 40 °C. The surface temperature of PCM-filled slats hardly ever excided 28 °C
on the interior side. To enhance the discharge of the system during the night, they
recommended the use of a ventilation system in combination with tilted windows.
The left opaque upper part of the facade consists of a ventilation flap for additional
airflow during the night.

The pioneer in a sun protection system with PCM was developed by WAREMA,
the leading manufacturer of sun shading systems in Germany. The PCM used was
Delta®-Cool 28, a salt hydrate with a melting range between 26 and 30 °C and a
melting enthalpy of 188 J/g produced by the company Dörken [7, 8]. Dörken also
provided the encapsulation of the PCM, a hollow polycarbonate blind with a 12 mm
gap filled with the PCM and sealed at the ends, so each square meter of the blind
area contained about 17 kg PCM. To ensure a good sun protection performance, the
PCM-filled slats were covered with a highly reflective white fabric.

5.1.2 Exterior Solar-Shading Devices

An exterior shutter system containing PCMs is amovable shading element associated
with the window facade. In winter mode, the system is to be opened during the day to
maximize the solar heat gains indoors through the window glazing. During the night,
the system is to be closed to minimize the heat losses through the glazing and vice
versa for summer mode. The operation of the system enables the melting of the PCM
mass during the day (charging) and its solidification during the night (discharging)
by releasing the thermal energy indoors.

Alawadhi [9] in his study used a finite element model for the numerical sim-
ulations of thermal analysis of a window with a shutter containing phase change
material. Figure 5.2 represents the geometry configuration of windows with a shutter
containing PCM. The geometry consists of glass, air gap, and PCM. The outdoor
surface of the shutter is subjected to time-dependent solar radiation and forced con-
vection boundary conditions, while the indoor surface of the glass is subjected to
time-independent free convection boundary condition.

The thickness of the shutter, Lsh, is varied to assess the effect of PCM quantity
on the shutter’s thermal characteristics, while the thickness of the air gap and glass,
La and Lg, is maintained constant. Measured radiation data was used at the outdoor
surface of the shutter. The thermal effectiveness of the proposed PCM shutter is
evaluated by comparing the heat gain at the indoor space to the heat gain of foam
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Fig. 5.2 PCM-based exterior shading window shutter

(conventional) shutter during typical working hours. The results show that the mag-
nitude of PCM melting temperature and its quantity in the shutter have a significant
effect on the thermal performance of the PCM shutter.

Soares et al. [10] proposed a southward PCM shutters system for winter mode.
They used a two-dimensional numerical simulation model. A latent heat storage sys-
tem has been numerically designed and parametrically optimized to take advantage
of solar thermal energy for buildings space heating during the winter in Coimbra,
Portugal. An experimental study using full-scale window shutter with PCM also
shows the potential for the thermal regulation of indoor spaces [11].

Exterior window shading elements with PCMs were also studied by Buddhi et al.
[12]. They studied the thermal performance of a wooden box having a PCMwindow
in the south direction. Commercial grade lauric acid (melting point 42.2 °C, latent
heat of fusion 181 kJ/kg)was used as a latent heat storagematerial. Experiments were
conducted during the month of May, and the experimental results were compared
with a reference cell. From the results, it was noticed that the PCMwindow increased
the temperature of the test cell during evening and night.

5.1.3 Integral Solar-Shading Devices and Translucent PCM
Walls

Ismail and Henriquez studied the possibility of using a windowwith a movable PCM
curtain [13]. They performed numerical and experimental study for a thermally
effective window using the PCM curtain, as shown in Fig. 5.3. The window was
double-glazed with a gap between glazings and an air vent at the top corner. The
sides and bottom are sealed with the exception of two holes at the bottom, which are
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Fig. 5.3 PCM-based glazing system

connected by a plastic tube to a pump and the PCM tank. The pump is connected
in turn to the tank containing the PCM, which is in the liquid phase. The pump
operation is controlled by a temperature sensor. When the temperature difference
reaches a preset value, the pump is operated and the liquid PCM is pumped out of
the tank to fill the gap between the glass panes. Because of the lower temperature
at the outer surface, the PCM starts to solidify, forming a solid layer that increases
in thickness with time and hence prevents the temperature of the internal ambient
from decreasing. This process continues until the PCM changes to solid. The authors
claim that a well-designed window system will ensure that the external temperature
will start to increase before the complete solidification of the enclosed PCM.

Authors claim that the external temperaturewill start to increase before the process
of solidification is completed but they did not provide any information in terms of
what is “well-designed window.” Due to many components included in the window
system, it is expensive and expensive for maintenance, complicated to operate for
end user and unreliable.

Ismail et al. [1] performed an analysis of two-pane windows with a gas-filled
cavity and another with PCM-filled cavity. The double glass window filled with
PCM is more thermally effective than the same window filled with air. Similarly,
Merker et al. [14] have published more information on shading system development.
They have developed a new PCM-shading system to avoid overheating around the
window area.

GlassX [15] developed a transparent triple insulating glazing unit providing the
system with thermal insulation of a U-value, as they claim, of U = 0.48 W/m2K.
Light of the low winter sun passes the prism almost unimpeded. Above a certain
angle of incidence in the temperate zone between April and September passes the
geometry of the prism causing total reflection of the direct sunlight. Then, only the
diffuse, low-energy part of the radiation lights the interior. Solar heat is stored in
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the PCM by means of a melting process. During nighttime and the following days,
the stored heat is delivered to the interior during recrystallization. The salt hydrate is
contained in a polycarbonate box. The interior toughened glass pane could optionally
be coated with a screen printing. The whole system appears as a translucent wall.

Manz et al. [16] conducted a theoretical and experimental study on the exter-
nal wall system for solar space heating and daylighting. The wall was composed
of transparent insulation material and translucent PCM. This system enables selec-
tive optical transmittance of solar radiation. Visible light is mainly transmitted, and
invisible radiation is mainly absorbed and converted to heat, causing in particular
phase change. The storage medium is also the absorber. The concept of the system is
presented in detail together with the investigations carried out, including a brief out-
line of modeling, optical experiments on PCM samples and long-term experiments
on a prototype wall as well as numerical simulations. The main results showed the
promising thermal–optical behavior of the system for a Swiss lowland climate, even
during the month with the lowest irradiation. The parameters of the prototype wall
with a mean melting temperature of the PCM of 26.5 °C were assumed. When con-
sidering the percentage of time in which the building does not lose energy through
the south-facing wall, a maximum can be reached with a mean melting temperature
of approximately 20–21 °C. In this case, energy losses through the facade occur only
during 1% of the time.

Bontemps et al. [17] conducted an experimental and numerical simulation study
of the application of phase change materials in building a wall made of hollow
glass bricks filled with PCM. The test was carried out in real climatic conditions in
an outdoor test cell constituted of two small rooms separated with a wall containing
PCM.A specificwallmade of hollow glass bricks filledwith PCMwas studied. Three
PCMs were tested: fatty acid, paraffin, and salt hydrate whose melting temperatures
are 21 °C, 25 °C, and 27.5 °C, respectively. Indoor and outdoor temperatures were
measuredwith thermocouples, and fluxmeters were located at the center of eachwall
as well. Reasonable agreement between the simulation and the experimental results
was observed, and the authors pointed out the importance of conceiving systemswith
PCMs coupled with efficient night ventilation.

DELTA®-COOL 28 is applied in translucent polymethyl methacrylate (PMMA)
panels in a glass facade system of a zero-energy office building in Kempen, Switzer-
land. Every second window panel is equipped with the phase change material in
order to reduce solar heating of the interior office space. The solar energy that is
stored in the PCM gets release during nighttime when typically the building would
need to be heated to maintain a desirable temperature [18].

Goia et al. [19–21] performed an experimental analysis on a double-glazing sys-
tem with paraffin wax. They performed an outdoor test in a cell facility located
in a temperate subcontinental climate. Also, they developed a simplified numerical
model of PCM glazing system, and simulations were compared against experimen-
tal data on a simple PCM glazing. They concluded that the numerical tool seems to
predict pretty well the overall thermal behavior and can be used to simulate PCM
glazing systems [20]. The surface temperatures and the transmitted irradiances of the
PCM glazing prototype and of a reference fenestration, measured over a six-month
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experimental campaign, have been used to numerically evaluate the indoor thermal
conditions inside a typical office room. Different boundary conditions, ranging from
summer to winter season, including the mid-season, have been analyzed [21].

Weinläder et al. [22] studied a PCM-facade-panel for daylighting and room heat-
ing. The double-glazing facade combined with PCMs as a third layer is able to
transmit enough light and have a more equalized energy balance during the day in
comparison with a double-glazing facade without PCM. The results showed that this
system could be a good choice for lightweight construction. In winter, especially dur-
ing evenings, the PCM-facade-panel provided homogeneous illumination and fewer
heat losses improving the thermal comfort. In summer, the results showed a low heat
gain, which reduces peak cooling loads during the day.

Gowreesunker et al. [23] studied the optical and thermal properties of a small-
scale RT27 PCM-glazed unit. They studied optical and thermal performance by a
combined experimental–numerical CFD model analysis.

The impact of optical properties on the thermal performance of the PCM-filled
double-glazing system is notable, and the effect of the PCM phase is also strong
[24]. Different thermo-physical parameters of PCM such as latent heat of fusion can
enhance the thermal energy storage capacity of the glazing system [25]. Spectral
and angular solar properties of integrated double-glazed system in the range of 400–
2000 nm show highly scattering effect in the solid phase of the PCM layer, with
increasing weight of the direct-to-scattering transmission mode as the PCM layer
thickness increases [26], while radiation absorption dominates in the liquid phase
[23].

Double-glazed PCM system to be suitable for summer and winter mode inter-
changeably must use PCMs with phase transition temperature lower than the room
temperature in winter [27]. Otherwise, experimental and numerical studies show that
thermal insulation and load shifting effects will reduce energy consumption only for
typical sunny and rainy summer days [28, 29]. Relatively long periods of sun com-
bined with high exterior temperatures are required for phase transition in full-scale
PCM-filled window. Thus, the low potential of application of the window system
in the Nordic climate is presented [30, 31]. The thermal performance of the glazed
system can be increased by increasing the latent heat of fusion of a PCM and by
selecting temperature transition from the range of 25–31 °C [32].

Duraković and Torlak [3] investigated the impact of the cavity thickness on the
glazing units using both experimental [33] and numericalmethods on a double-glazed
window. In the natural setup, the exposure was done naturally having both cham-
bers represent the interior. In the laboratory environment, Chamber #1 represents
the exterior while Chamber #2 interior [34]. In the computational model represented
by the model, loses or gains heat from both ambient by conduction, convection,
and radiation [3]. The glass thickness is 4 mm, and the cavity between the glass
plates is between 6 and 30 mm. The weather conditions are taken into considera-
tion typical values holding on September 22 for Sarajevo, Bosnia, and Herzegovina
[3]. Both computed and measured temperatures seem to be approximately the same
giving legitimacy to the findings of the paper. The decrease in temperature can be
accommodated by a proper cavity thickness. It was found that a 24-mm-cavity size is
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optimum and determined by liquid volume fraction, which cannot solidify overnight.
Therefore, it is meaningless to increase cavity size over 24 mm since any amount
beyond that portion will not get a chance to solidify overnight [3]. No more than
19 mm is recommended in glazing limited to the radiation, meaning the north-facing
glazing [3]. The results of this study are also compared with the previous studies and
discussed in Table 5.1.

Table 5.1 Previous study results and comparison [35]

Author/reference Phase
transition
temperature
period (h)

Transition/peak
surface
temperature
(°C)

Comment

Interior ZAE Bayern [6] 5 27/28 Relatively shorter transition
period of 5 h at 27 °C. Since
the blind is placed in the
room, whole heat stays
trapped in interior—no
cooling outside, (causes late
heat gain)

Weinlaeder et al.
[4]

7 28/32 Relatively shorter transition
period of 7 h at 28 °C. Since
the blind is placed in the
room, whole heat stays
trapped in interior—no
cooling outside, (causes late
heat gain)

Integrated Zhong et al. [29,
32]

6 31/32 Transition temp. is 31 °C
and thus requires cooling
during the transition period
of 6 h. Partial cooling
outside is enabled

Ismail et al. [1] 5 24/30 Shorter transition period of
5 h. Partial cooling outside is
enabled

Li et al. [24, 25] 10 28/32 10 h of transition period
around 28 °C. Partial
cooling outside is enabled

Optimum PCM
thickness [35]

17 26/32 Provides the longest
transition period of 17 h at
surf. temp. of 26 °C. Partial
cooling outside is enabled

Exterior Silva et al. [11] 4 21/37 4 h of transition period
around 26 °C

This table was published in Duraković and Torlak [3]
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5.2 PCM-Based Versus Conventional Glazing System

Variation of the interior glass surface temperature is notable in preventing building
heat gain/loss. Therefore, the temperature variance in conducted experiments and
simulations is monitored and recorded with the aim of estimating its impact on the
heat gain/loss. The results are discussed separately in the following sections.

The following series of experiments have been done in natural environment. Exte-
rior variables such as air temperature and irradiance have been recorded in the state as
they had appeared. The noise presented in some period is mostly caused by the pres-
ence of clouds, which reflects on the interior surface temperature history (Fig. 5.4).
In most of the cases, the clouds were present in the afternoon when solar irradiance
had decreasing trajectory.

Referring to Fig. 5.4, two samples with different materials in the cavity (air and
PCM)hadbeen exposed to the environment simultaneously. The temperature changes
on the interior glass surfaces (T 4air-e and T 4pcm-e) caused by irradiance (In-e) and
exterior air temperature (T ex-e) from the environment had been recorded. Air sample
temperature on the interior surface (T 4air-e) is more sensible to the change of the sun
radiation flux. Compared to the PCM sample, the air sample (conventional glazing)
maintains higher temperature for a fewdegrees in the period the PCMmelting process
start to the solidification process start. This period is considered as heat gain period,
which means that the conventional glazing (with air-filled cavity) admits more solar

Fig. 5.4 Experimental results of interior surface glazing temperatures caused by solar radiation
and convection in natural setting (T4air—air-filled cavity; T4pcm—PCM-filled cavity; T ex—exterior
air temp.; In—irradiance on the exterior glass surface; subscript “e” denotes experimental results),
(This figure was published in Duraković and Torlak [3])
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irradiance to the interior than the PCM-filled glazing. Overall, the peak temperature
associated with the air sample is higher for cc 3 °C, and solar radiation affects
the interior as soon as it appears on the surface of the glass immediately with no
temperature shift. All of the above qualifies glazings in the traditional design as lower
performance products compared to the glazing using new approaches in design by
selecting the right materials and implementing them (e.g., phase change materials).
In the case of the PCM sample, there are approximately three hours of temperature
delay during the melting process caused by latent heat that absorbs the heat in the
melting process. This melting process protects the interior from overheating for a
given period. At the end of the melting process, sun rays through the liquid phase
reached surface temperature sensor easily and instantaneous temperature jump is
observed. The PCMwas able to absorb the heat and protect the interior glass surface
from overheating until the last grain of the solid phase was presented. Once the solid
phase is melted completely, the surface temperature was instantaneously raised for
couple of degrees and overheating of the interior glass surface and the interior started.
The peak temperature of the air sample compared to the PCM sample was about
three degrees (Fig. 5.4). When the exterior air temperature is above phase change
temperature, the temperature-driven heat, aswell as solar radiation, is absorbed by the
PCM keeping the interior glass surface temperature in the vicinity of phase transition
temperature for the time needed to melt the PCM. Once the PCM is completely
melted, there is the instantaneous jump of heat gain mainly due to radiation.

Visualization of phase transition process between glazings caused by solar
radiation during the experimental setup is shown in Fig. 5.5.

Fig. 5.5 PCM melting process visualization: a experiment start—translucent glazing; b melting
process is completed—transparent glazing (Original author’s photo)
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Figure 5.5a was taken right after the experimental setup and shows the start of
the phase transition where the small portion of the liquid phase is observed in the
cavity. Figure 5.5b shows the solid and liquid phases where the solid phase stays
on the bottom during the process of melting. It is caused by differences between
densities of the solid phase and liquid phase (solid density = 880 kg/m3; liquid
density= 750 kg/m3). This fact tells us that there is no uniform heat transfer through
the glazing area and the temperature distribution over the solid and liquid phases
on the glazing area varies. The liquid phase is characterized by increased thermal
conductivity compared to air (about 10 times) and therefore is noticed and sudden
temperature rise (T 4pcm-e) shown in Fig. 5.4.

5.3 Computational Results for Each Glazed Surface

Regarding the previously mentioned, a numerical simulation model has been defined
for the prediction of the interior glazing surface temperature, the exterior tempera-
ture, and irradiance for all three materials. Figure 5.6 displays experimental versus
simulation results with the aim of the validation numerical model, which is used
further for the simulation of various cavity widths.

Referring to Fig. 5.6, daily fluctuation of the solar irradiance (In-s) and exterior air
temperature (T ex-s) has been mathematically described and used for exterior bound-
ary conditions. The fluctuation of the solar radiation with its maximum daily value
of 530 W/m2 on the vertical plane is well described by Eq. (5.1) and graphically
displayed in Fig. 5.6.

In-s(t) = In-s,max sin

(
t

3600 · ω
· 2π

)
+ D (5.1)

where In-s(t) is the incident solar radiation at any given time on the vertical plane
(exterior glass surface) in W/m2, In-s,max is the maximum solar radiation per a cycle
W/m2, t is the time in s, ω is a day period in hours, D is the vertical shift of the
function (D= 80W/m2) to obtain the appropriate daylight hours typical for Sarajevo
at the beginning of June. Irradiance simulation has been carried out for the following
conditions:

In-s(t)

{
> 0, => In-s = In-s(t), dayligt hours
≤ 0, => In-s = 0, at night

(5.2)

If the noise caused by the clouds is removed from the recorded irradiance on the
exterior vertical glazing surface (In-e(t)), a good matching between the recorded and
the calculated function described by Eqs. (5.1) and (5.2) is noticed.

Referring to Fig. 5.6, exterior air temperature history (T ex-e) is recorded and
approximately described by the exterior air temperature function (T ex-s) Eq. (5.3) and
further used in the simulation. This (T ex-e) temperature causes convective component
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Fig. 5.6 Verification of numerical model with experimental results: T4—temperatures (T4air-e—
air-filled cavity experimental results; T4air-s—air-filled cavity simulation results; T4H2O-e—water-
filled cavity experimental results; T4H2O-s—water-filled cavity simulation results; T4pcm-e—PCM-
filled cavity experimental results; T4pcm-s—PCM-filled cavity simulation results; T ex-e—recorded
exterior air temp. experimental; T ex-e—exterior air temp. simulation; In-e(t)—irradiance on the
exterior glass surface experimentally recorded; In-s(t)—irradiance on the exterior glass surface by
simulation (verification on 12 mm cavity)), (This figure was published in Duraković and Torlak [3])

of the heat transfer which is slightly small [36]; thus, it is considered as acceptable
matching between these two curves for further analyses.

Tex-s(t) = 1

2

(
Tex,max − Tex,min

) · sin
(

t

3600 · ω
· 2π

)
+ 1

2

(
Tex,max + Tex,min

)
(5.3)

where T ex-s(t) is calculated value of the exterior air temperature at any given time
in °C, T ex,max and T ex,min are maximum and minimum exterior air temperature uses
in simulation in °C, ω is a day period in hours, (T ex,max − T ex,min)/2 is temperature
amplitude, (T ex,max + T ex,min)/2 is vertical shift of the T ex-s(t) function.
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Including in the simulation model previously defined solar radiation and exterior
air temperature change defined byEqs. (5.1), (5.2), and (5.3), and referring to Fig. 5.6,
the simulation temperature response on the interior glass surface for different materi-
als in the cavity (T 4air-s, T 4pcm-s) provides a similar trend as the recorded temperature
history during the experiment (T 4air-e, T 4pcm-e). Recorded temperatures have some
deviations from day to day caused by clouds and the exterior air temperature fluctu-
ation (T ex-e) but the overall computed and measured temperature history responses
on the interior glass surface have an acceptable matching trend. Thus, the computa-
tional model can be used as a good predictor of the glazing system performances for
different cavity sizes.

In further computations, regional and weather parameters have been readjusted
to fit average conditions on a typical summer day. The following parameters have
been used for the computation of the various sizes of the system performances:
T e,max = 34 °C; T e,min = 17 °C; hex = 25 W/m2K; and cavity widths from 6 mm
to 30 mm. The temperature histories have been simulated for external glass surface,
midplane of the cavity, internal glass surface, with a convective boundary condition
at the internal glass surface and presence of solar radiation along with convection
on the external glass surface. A typical representative of the results obtained by
numerical simulation for the cavity width of 26 mm for all considered materials has
been presented in Fig. 5.7.

The cavity size of 26 mm represents a specific case of the solidification process.
The heat is removed by convection only during the solidification process and due
to small temperature differences between the glass surfaces and its environment,
as result, some portion of the liquid phase remained at the end of the solidifica-
tion process. The solidification process takes a longer time to cool accumulated
heat by radiation and convection than it can be available in reality. Glazing system
performances for each material particularly are shown in Fig. 5.8.

The water temperature shift is observed, but the peak temperature is slightly
higher than the air. The water continues heating the space for a while after the sun
sets and the exterior air temperature falls below the interior temperature. This effect
is harmful to the interior thermal comfort due to increased temperature differences
between the glass surface and interior air. The PCM temperature flattening and the
peak temperature on the interior glass surface over the heating cycle are notable,
and these effects may contribute to the thermal comfort of the interior space. In the
combined effect of solar radiation and convection, the heating phase causes a shorter
period of melting than the solidification.

5.4 Material Performances for Various Environments

To analyze different materials as design components in the glazing system, three
basic aspects are considered: thermal conductivity of the material, heat gain, and the
period that the materials can contribute to relaxing of A/C system.
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Fig. 5.7 Simulation results: temperature history at three different planes of double-glazed unit
filled with air (top), and PCM (bottom), obtained with convective heat flux at the internal glass
surface and presence of solar radiation on the external glass surface for cavity width of 26 mm
(Original author’s photo)

In this study, these three materials have significantly different capabilities for
conductive heat transfer and accumulation of energy. As the insulator, the air with
its conductivity of 0.02 W/mK is the best heat transfer insulator and then follows the
PCM with its conductivity of 0.2 W/mK. The heat transfer coefficients (U-values)
of the PCM and the air glazing for various cavity widths were calculated per the
following equation:

U = 1
1
he

+ Lg

λg
+ Lcav

λcav
+ Lg

λg
+ 1

hi

(5.4)

where Lg is glass thickness inm, Lcav is cavity thickness inm, λg is glass conductivity
W/mK, λcav is conductivity of the material in the cavity (air or PCM) in W/mK, hex
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Fig. 5.8 Simulation results: T4 temperature history of double-glazed unit filled with air T4air, water
T4H2O, and PCM T4pcm, obtained with convective heat flux at the internal glass surface and presence
of solar radiation In on the external glass surface for cavity width of 26mm (Original author’s photo)

and hin are the convective coefficients on the exterior and interior glass surface. The
results of the calculation are displayed in Fig. 5.9.

Material conductivity is not the only assessing parameter, specific heat capacity
must be considered as well. Referring to Fig. 5.9, it is obvious that PCM has higher
U-values but the heat storage capability of each material is notably different. The
material stores the heat and later releases to the environment reducing the temperature
variability which has a positive impact on the A/C load. The heat gain depends on
U-value, temperature, the time period exposed to the heat source, as well as of the
stored heat in the material. Total heat energy gain over a day cycle per a square meter
area under-considered conditions is calculated as:

Fig. 5.9 U-value for
different materials in the
cavity (Original author’s
photo)
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Fig. 5.10 Total heat energy
gain caused by
convection/radiation and
convection (Original author’s
photo)
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q = αi

24∫
0
(T4(t) − Tin)dt (5.5)

The results are shown in Fig. 5.10 for all materials with different cavity widths.
The figure displays compared results of the heat energy gain due to solar radiation and
convection (solid lines) and the case when the convection is presented only (dashed
lines).

It was observed from the figure that the heat gain to the interior is the highest in
the case of the PCM, and at the end comes the air for both heat transfer modes. If
only judged by the amount of heat energy that enters the space, then it could be said
that the air is the better material for both heat transfer modes.

On the other hand, taking into account the time period during which the heat is
transferred, it is not possible to make the same conclusion. The length of the heat
gain period in a day cycle varies from material to material. If the heat gain period
is shorter, it may cause fast overheating otherwise the longer period means less heat
per unit of the time. Figure 5.11 shows the heat gain curves per unit of time for the
variousmaterials and cavitywidths over the heat gain period. The curves are obtained
by dividing the total heat energy gain from Fig. 5.10 by the heat gain period. The heat
gain period is determined as the period in which interior glass surface temperature
(T 4) stays above T in = 24 °C. This period varies depending on the material between
glazings. Due to its latent heat, the PCM has the longest period that keeps interior
glass surface temperature above interior air temperature. Therefore, heat gain per unit
of time through the PCM glazing will be notably reduced compared to the air-filled
glazing [37].

In convection mode only (dashed lines), the air provides a lower amount of heat
gain. In the presence of solar radiation together with the convection (solid lines), the
PCM provides the smallest portion of the heat gain per unit of time for cavity widths
over 12 mm and has a trend of decreasing the heat gain with the increase of the
cavity. This can be explained by the latent heat of the PCM that provides longer heat
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Fig. 5.11 Heat gain per unit
of time for various cavity
widths caused by
convection/radiation and
convection (Original author’s
photo)
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gain to the interior reducing the temperature swing. It is obvious that temperature-
driven heat transfer mode is not dominant in case of glazing systems. The radiative
component is about four times higher than the temperature-driven component for
each material and thus must be considered first in glazing system design.

The other aspect of the design is the time period that the materials used in design
may contribute to relaxing of air conditioning (A/C) load (called A/C unload time).
It is assumed that A/C system turns on/off in a temperature interval up to 3 °C, which
depends on the A/C device. A/C unload time is defined as the time needed to increase
interior glass surface temperature from 23 to 26 °C, while the interior air temperature
remains 24 °C. This is the temperature interval that may contribute to the A/C system
in reducing the load period. The A/C unload period for each material in the cavity is
determined as:

tunl = t(T4) for

{
T4 > 23 ◦C
T4 < 26 ◦C

(5.6)

Figure 5.12 represents hours in case there is a contribution from the glazing system
to A/C unload for radiative and temperature-driven heat transfer modes.

In the absence of solar radiation, there is an interaction between the air and the
PCM. The air performs better with a smaller cavity width while the PCM performs
better with the higher cavity widths. The slope of the air curve changes in the vicinity
of a 15 mm cavity, which is caused by air convection between the glazings. Con-
vection fosters the heat transfer between plates causing a reduction in unload time
by changing the slope of the curve. The slope of the PCM curve changes in the
vicinity of a 16 mm cavity, which is caused by the remaining solid volume fraction
for the cavity over 16 mm. The remaining solid volume fraction of the PCM causes
a reduction in heat storage trend and consequently reduces unload time. Since the
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Fig. 5.12 Air-conditioning
unload hours (Original
author’s photo)
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convection mode is rare and not dominant in real life, the sun radiation component
plays the main role.

In cases, the radiation component of the heat transfer is presented, and the PCM
notably has the longest time period during which the A/C can be off, qualifying the
PCM as better material in the glazing system design. This is caused by the higher
heat storage capacity of the PCM in the form of the latent heat. The slope of the PCM
curve changes in the vicinity of 25 mm causing a reduction in unload time. The slope
change is caused by the remaining liquid volume fraction during the solidification
process. The slope of the air trajectory is low below the PCM trajectory. Thus, the
air is regarded as lower performance material than the PCM in the presence of the
radiation, which is a general case in reality.

The recommendations and trends of the curves from the previous diagrams are
discussed in detail in the following section.

5.5 Design and Decision Criteria

Here are in detail described design and decision criteria of environmentally respon-
sive glazings based on the PCM, which may contribute to the attenuation of the tem-
perature fluctuation and preventing a building from overheating. Since design and
decision criteria depend on the direction glazing as well, two main groups regarding
the direction were studied and recommended:

North-facing glazings where the impact of the solar radiation is negligible (convection and
conduction heat transfer modes are dominant).

Glazings facing the sunny sides—they are oriented on the sunny side of the building from
the east over the south to the west.
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5.5.1 Sunny-Side Orientation Glazed Unit

Glazing orientation affects the building’s thermal state by transmitting solar radiation
directly into the conditioned interior space. The heat is trapped inside the space and
heats the interior surfaces causing the “greenhouse effect,” which is beneficial during
winter time but undesirable during summer when it can overheat the space, putting
more load on the air conditioning system and wasting the energy as well.

It is the summer mode with the peak of the solar radiation on the exterior ver-
tical glass surface of 500 W/m2, combined with the temperature-driven heat gain.
The exterior temperature changes from 17 to 34 °C in a period of 24 h, which rep-
resents typical summer day conditions for Bosnia. The indoor temperature is kept
constant at 24 °C the whole period. To carry out this analysis, the linear multivariate
regression model is applied to describe the relationship between cavity width and
the temperature oscillation, which is defined by the following equations:

Average temperature

T4,ave = −0.094x + 28.74 (5.7)

Temperature variation

T4,StDev = −0.211x + 8.503 (5.8)

Remaining liquid ratio after solidification process

fL/S = 0.026x − 0.651 (5.9)

where x is cavity width in mm.

T4,ave = -0.094x + 28.74
R² = 0.994

T4,stDev = -0.211x + 8.503
R² = 0.996

fL/S = 0.026x - 0.651
p=0.064*
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Fig. 5.13 Radiation and temperature-driven heat transfer: standardized temperature deviation as
design criterion (Original author’s photo)



108 5 PCM-Based Glazing Systems and Components

Figure 5.13 shows significance of the temperature swing, average temperature,
melting/solidification ratio for various cavities.

There is a strong negative relationship between the cavity and average tempera-
ture as well as temperature variation and the cavity. The functions are approximated
with linear functions with high coefficients of determination (R2 = 0.994 and R2

= 0.996, respectively). The melting process is fostered by the sun radiation on the
exterior glass surface, which completely turns the solid phase to the liquid phase for
each cavity size during the solidification period. On the other hand, the solidification
processes were not completed for some cavities. The heat transfer mechanism in the
solidification process was convection only which takes longer time to cool accumu-
lated heat by radiation and convection from the outside. Longwave radiation during
the solidification phase is neglected due to small temperature differences. Thus, the
remaining liquid phase after the solidification period is locally linear after a 25 mm
cavity, and the relationship is not significant at the significance level of 5% but it is
significant at the significance level of 10%.

Heat gain and the A/C load/unload time are considered as other criteria for the
design of the responsive glazing system. The times and the radiation heat gain can
be described good enough by linear functions. Figures 5.14 and 5.15 show the
relationship between the cavity and the design criteria.

There is a significant positive effect of the cavity size on the unload time and the
charging time, which is characterized by a linear relationship with the high value of
the coefficient of determination (R2 > 0.9). This is beneficial for the thermal comfort
because the phase transition temperature, which is close to the comfort temperature,
stays for a longer time on the interior surface of the glass. Also, more charging time
the more heat is accumulated for later usage during the solidification phase, which
keeps the temperature at the interior glass surface for a longer time as well. On the

tunl = 0.622x + 1.059
R² = 0.994

tload = -0.622x + 22.94
R² = 0.994

tHG = 0.315x + 13.12
R² = 0.964

tHL = -0.312x + 10.41
R² = 0.961
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Fig. 5.14 Load versus unload time; charging versus discharging time (Original author’s photo)
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qHG,r = -3.457x + 155.2
R² = 0.996qHG,c = -23.1ln(x) + 90.56

R² = 0.990

qHL,r = 13.98ln(x) - 51.36
R² = 0.963

qHL,c = 14.18ln(x) - 47.46
R² = 0.970

fL/S = 0.026x - 0.654
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Fig. 5.15 Convective and radiative Heat gain (HG) versus heat loss (HL) (Original author’s photo)

other hand, there is a negative effect of the cavity size on the load time and heat loss
time with R2 > 0.9. The benefit of this can be utilized for the cavity widths less than
25 mm.

The heat gain time and heat loss time have locally linear relationship for all cavity
sizes less than 25mm, after which the function changes the slope. The slope changing
is caused due to remaining of a liquid-phase portion after solidification period. The
solidification period ends before the solidification process is completed. This is the
point at which designers can identify the cost-effective design. Again, going over
25 mm with the cavity increases the cost and makes the design heavier, and the
benefit of the discharging heat will not be utilized completely. These relationships
have been described by Eqs. (5.10), (5.11), (5.12), and (5.13).

Unload time

tunl = 0.622x + 1.059 (5.10)

Load time

tload = −0.622x + 22.94 (5.11)

Heat gain time

tHG = 0.315x + 13.12 (5.12)

Heat loss time

tHL = −0.312x + 10.41 (5.13)
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Heat gain/loss analyses for the PCM glazing exposed to the average summer
environmental conditions are an important aspect of the design. The relationship
between the size of the cavity and the heat gain/loss is described in Fig. 5.15.

Radiative heat gain is described the best by linear function while the convective
components have nonlinear characteristics. Expectation functions of the convective
components of the heat gain/loss are the best describedwith the logarithmic functions
and indicate significant effects of the cavity size on the heat gain/loss with high R2-
values. Functions are distinctly curved in the vicinity of 25-mm-cavity widths, which
again leads to the conclusion that the cavity width greater than 25 mm significantly
differ per this criterion as well.

Radiative heat gain

qHG,r = −3.457x + 155.2 (5.14)

Convective heat gain

qHG,c = −23.1 ln(x) + 90.56 (5.15)

Heat loss with the presence of the radiative component during the charging period

qHL,r = 13.98 ln(x) − 51.36 (5.16)

Heat loss with the absence of the radiative component during the charging period

qHL,c = 14.18 ln(x) − 47.46 (5.17)

As mentioned earlier, the reason lies in the rest of the liquid phase that has failed
to complete the process of the solidification, which takes place during the convective
heat transfer mechanism. This happens due to the shortness of the solidification
period required amount of the PCM contained in the cavity over 25 mm and leads to
the conclusion that a 25 mm cavity is recommended for the design.

5.5.2 North-Facing Glazed Unit

As design criteria and decision criteria here are studied the following: glazing surface
temperature, the time that has no contribution to A/C load, solid/liquid fraction of the
PCM. For the north-facing glazings, in this case, temperature-driven heat transfer is
counted only. Diffuse radiation is neglected due to the low contribution to the heat
gain. The temperature swing for the various cavity widths is shown in Fig. 5.16.

Outside temperature changes per sine functionwhile the indoor temperature is kept
constant for 24 °C.Melting and solidification curves represent the temperature on the
interior glass surface for various cavity widths. The curves are fitted for each cavity
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Fig. 5.16 Simulation results: temperature swing on the indoor glass surface for various cavity
widths in 24-h period based on average hex = 25 W/m2K (due to temperature differences only)
(Original author’s photo)

width regarding the temperature swing, average temperature, melting/solidification
ratio and shown in Fig. 5.17.

A low p-value (p < 0.05) suggests that the slope is not zero, which in turn suggests
that changes in the cavity width are associated with changes in the response variable.
Also, there is a significant negative change in the average temperature (with p= 0.01)

T4,StDev = -2.27ln(x) + 7.519
R² = 0.971

T4,ave = -0.025x + 25.23
R² = 0.584
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Fig. 5.17 Standardized temperature deviation as design criterion (Original author’s photo)
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and there is a significant reduction of the temperature variation (p= 0.02) with cavity
with growth. It is obvious that the cavity widths above 16 mm keep some portion
of the solid phase while the liquid phase completely solidifies for each cavity. Thus,
as a recommended design criterion for the north-facing glazings and the condition
with no sun radiation can be 16 mm cavity. The average temperature, temperature
variation, and remaining solid phase for various cavity sizes have been described
with a good fit by Eqs. (5.18), (5.19), and (5.20).

Average temperature

T4,ave = −0.025x + 25.23 (5.18)

Temperature variation

T4,StDev = −2.27ln(x) + 7.519 (5.19)

Remaining volume fraction of the solid phase after solidification process

fS/L = 0.036x − 0.557 (5.20)

where x is cavity width in mm.
Considering the other design criteria such as heat gain and the time that has

little/no effect on the A/C load, similarly, the same conclusion can be drawn as it is
depicted in Fig. 5.18.

Total unload time in a day increaseswith the increase of cavitywidth. The increase
of the unload time can be well approximated by a logarithmic function with a pretty
high coefficient of determination of R2 = 0.981, which gives a very good fit for the

tunl = 10.34ln(x) - 9.563
R² = 0.981

tload = -10.3ln(x) + 33.56
R² = 0.981

fS = 0.036x - 0.557
R² = 0.991
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photo)
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function. The unload time is growing fast with the increase of glazing gap up to
16 mm, and then the slope of the function is slightly reducing after 16 mm for each
next cavity width. Conversely, the load time period decreases with the increase of
cavity width per negative logarithmic function. The function has a very good fit as
well with a high coefficient of determination of R2 = 0.981. The decrease of the
function is decreasing quickly for the cavity widths up to 16 mm, after which the
slope of the function is slightly reducing for each next cavity width. Equations (5.21)
and (5.22) are used to describe the relationship between cavity width and the hours
reducing the stress on the A/C system.

Unload time

tunl = 10.34 ln(x) − 9.563 (5.21)

Load time

tload = −10.3 ln(x) + 33.56 (5.22)

The function slops suggest that a 16 mm cavity can be a threshold for the design
of north-facing PCMglazings. Taking a closer look at what is going on with the PCM
at 16 mm, it is noticeable that the remaining solid-phase ratio is increasing with the
increase of the cavity width per a polynomial function with a high coefficient of
determination (R2 = 0.99). The relationship for the observed data is locally linear
after 16 mm. Therefore, it is not reasonable to go with greater thicknesses because
it will not be utilized all potentials the PCM in terms of accumulation of latent heat,
i.e., melting of the complete amount of materials. Also, the increase of the thickness
will linearly increase the material cost, weight and decrease the efficiency of glazing
system design. As a recommendation for the glazings facing north per load/unload
time criterion, again one can take a 16 mm gap as a recommended value to design a
PCM-filled glazing (Fig. 5.19).

Latent heat (LH) charging time is increasing in with the cavity width per a poly-
nomial until it reached a 16 mm gap. After this point, the component of the LH is
rapidly decreasing with the cavity growth while the component of the sensible heat
continues to increase. This phenomenon is caused by the increase of the solid-phase
rate of the material between the glazings. Since the LH depends on the liquid-phase
ratio, which is decreasing, the LH is decreasing as well per a linear function. On
the other hand, SH charging time is linearly increased per linear function for all
gap thicknesses. Again, this is caused by the increase in solid ratio, which stores
sensible heat, in the PCM mixture between glazing panes. LH discharging time is
increasing per linear function for all glazing gap widths. This phenomenon is caused
by accumulated heat in the solid and liquid phases as sensible heat or latent heat.
Since the temperature of the exterior environment is slowly decreasing below the
liquidus temperature, the stored heat in the PCM as LH or SH is releasing to the
environment at a constant rate for all thicknesses of the glazing gap. All these three
components contribute to the energy saving in the buildings and therefore contribute
to the occupant thermal comfort for certain periods of the day. A way of extending
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Fig. 5.19 Components of unload (noncontributing) hours (Original author’s graph)

A/C unload time and contributing to energy-saving is the selection and use of the
PCM with higher enthalpies and lower conductivities.

5.5.2.1 Impact of Convective Heat Transfer Coefficient to the Unload
Time

Since the exterior glass surface is exposed to the different wind speed values, con-
vective heat transfer coefficient on the surface is changing. Winds peed can vary
from less than 0.2 m/s for calm weather, free convection conditions, to over 30 m/s
for storm conditions. Accordingly, a nominal value of 29 W/m2K (corresponding
to a 6.7 m/s wind) is often used for glazing design [38]. The effect of convective
heat transfer coefficient on the melting and solidification time is shown in Fig. 5.20.
Three different convective coefficient values (15, 25, and 35W/m2K) were simulated
for all cavity thicknesses with the aim of assessing the time needed for melting and
solidification of the PCM as well as energy storage.

Variation of this parameter produces three nonlinear curves over cavity width
represented by Eqs. (5.23), (5.24), and (5.25). Since the convective coefficient has
a significant impact on the heat transfer to the exterior glazing, it is reflected on the
melting of the PCM in the cavity as well. The remaining solid phase can be described
by three linear functions corresponding to their coefficients, respectively. The more
wind on the exterior surface the more heat transferred to the PCM and consequently
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tunl,15 = 6.436ln(x) - 4.392
R² = 0.992;  h = 15 W/m2K

tunl,25 = 5.639ln(x) - 4.459
R² = 0.978;  h = 25 W/m2K

tunl,35 = 5.314ln(x) - 4.594
R² = 0.976;  h = 35 W/m2K

fS/L,15 = 0.0423x - 0.6537
R² = 0.9926

fS/L,25 = 0.0357x - 0.6695
R² = 0.9991

fS/L,35 = 0.0295x - 0.5995
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Fig. 5.20 Melting and solidification time with respect to the convective heat transfer coefficients
(hex = 15, 25 and 35 W/m2K) (Original author’s photo)

the less solid phase per unit of time for the same cavity width and vice versa. The
recommended cavity width is changeable and varies from 16 to 21 mm, which is
described by Eqs. (5.26), (5.27), and (5.28). Finally, interdependences between the
exterior convective coefficient and the remaining solid volume fraction were defined
by exudation (5.29).

Unload time in case the convective heat transfer coefficient on the exterior side is
15 W/m2

tunl,15 = 6.436 ln(x) − 4.392 (5.23)

Unload time in case the convective heat transfer coefficient on the exterior side is
25 W/m2

tunl,25 = 5.639 ln(x) − 4.459 (5.24)

Unload time in case the convective heat transfer coefficient on the exterior side is
35 W/m2

tunl,35 = 5.314 ln(x) − 4.594 (5.25)

Remaining solid phase if hex = 15 W/m2
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fS/L,15 = 0.0423x − 0.6537 (5.26)

Remaining solid phase if hex = 25 W/m2

fS/L,25 = 0.0357x − 0.6695 (5.27)

Remaining solid phase if hex = 35 W/m2

fS/L,35 = 0.0295x − 0.5995 (5.28)

where x is cavity width in mm.
Finally, the recommended cavity width as function of the convective heat transfer

coefficient on the exterior glass surface can be described as follows:

x(hex) = 5.824 ln(hex) − 0.238 (5.29)

where hex is the convective heat transfer coefficient on the exterior glass surface, in
W/m2K. Due to the radiation after the melting phase, an instantaneous jump occurs.
The processes of solidification and melting are extending by the increase of cavity
thickness. The authors do not recommend thickness beyond 24 mm of the cavity for
the windows exposed to radiation. The increase of the cavity thickness is beneficial
but limited by solid-/liquid-phase volume fraction. Thus, no more than 24 mm cavity
is recommended for the PCM-filled window exposed to the radiation, meaning the
south-oriented glazing. No more than 19 mm is recommended in glazing limited to
the radiation, meaning the north-facing glazing [3].

5.6 Remarks

PCM-based glazing has the capacity to reduce interior temperature variance. The
drawback is reduced transparency when the PCM is in solid-state, which qualifies
the systems for building with reduced demand for light. Double-glazed system to
be suitable for operating interchangeably in summer and winter modes, the PCM
transition temperature has to be lower than the winter room temperature. Energy-
efficient design of a PCM-based glazing system depends on used materials, solar
radiation intensity, cavity size between glazing, wind speed on the exterior surface
and building orientation.

Heat gain and temperature reduction to the interior can be achieved by a proper
cavity thickness. Based on research results, it was observed that the increase of
cavity size between glazing panes the radiative component of heat gain has a negative
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nonlinear relationship, while the temperature reduction on the interior surface has a
negative linear relationship. This has a positive effect on A/C energy consumption
reduction through its inactivity time increment as it was shown in Figs. 5.12 and
5.14. It was found that a 24-mm-cavity size is optimum for PCM glazings exposed
to direct solar radiation, and it is limited by liquid volume fraction, which cannot
solidify overnight. Increasing the cavity size over 24 mm will not contribute to the
energy reduction since any amount beyond that portion will not get a chance to
solidify overnight. For PCM glazings exposed to convection and diffuse radiation
such as north-facing glazing, a maximum of 19 mm is recommended for spacing
between glass panes [3].
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Chapter 6
PCMs in Separate Heat Storage Modules

Heat storage in separate storage modules requires active components such as control
system, fans, and pumps to move the air and heat transfer fluid (HTF). The main
advantage of this system is the accessibility to the stored heat when it is required.
Various temperatures can be used depending on the area of application. Since the
occupant comfort temperature requires a range between 20 and 27 °C depending on
cooling/heating season, the storage temperatures of the PCM are favored in the range
of 0 and 40 °C (for cooling/heating) [1]. The exception of that is hot water and heating
water provision where the temperature range is in-between 50 and 60 °C. Therefore,
PCM in separate heat storage modules is a concept combined with building services
technology. For example, the heat from the sun is absorbed by solar collector and
transferred by HTF to the storage tank filled with the PCM. Another HTF circulating
loop transfers the heat from the tank to the heated room on the demand (see Fig. 6.1).
Also, Fig. 6.1 at the same timeprovides a rough classification of research published on
PCMs in separate heat storage modules for building applications. It can be classified
into three classes: PCM-basedheat collectors, PCM-basedheat bank, andPCM-based
heaters.

The heat transfer fluid (HTF) enters the heat collector at the bottom and absorbs
incoming solar radiation over the collector by increasing its temperature. Increased
temperature fluid enters the heat bank with the PCM, and the heat from the HTF is
stored in the bank by melting the PCM. Another water loop circulates between the
room and the storage tank by taking the heat from the tank and heating the interior.
Storagemodules for building application are basedmainly on three different concepts
(see Fig. 6.2) [2].

• The PCM is placed in a storage tank, and the HTF flows through channels into a
heat exchanger.

• The PCM is macroencapsulated in PCM modules that are located in the storage
container—the HTF flows around the capsules.

• The PCM is a component of the HTF and increases its capacity to store the heat—
called “PCM slurry.” Thus, it can be pumped to any given location in the system
in order to release or absorb heat directly.

© Springer Nature Switzerland AG 2020
B. Duraković, PCM-Based Building Envelope Systems, Green Energy
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Fig. 6.1 Classification of PCMs in separate heat storage modules in a typical heating/cooling
system

Fig. 6.2 Storage concepts for PCM integration in heat modules: a PCM in storage tank with
channels; b PCM in modules; c PCM slurry

The HTFs in the first two concepts can be used as air, water, or other fluids,
whereas the third concept is only suitable for liquids [3].

Basically, a number of studies have been done on the integration of PCMs in solar
collectors, heat banks, as well as indoor heat exchanger. Heat modulation based on
PCMs has been tested and installed in different parts of the building as well as outside
of building over decades.Wide usage of PCMshas been decelerated due to high initial
cost, corrosiveness that is present in some inorganic PCMs, and loss of phase change
capability. Paraffinwaxes are low-priced but have low thermal conductivity, and their
application demand bigger surface area [4]. Furthermore, paraffinic hydrocarbons
have highflammability factors and put the building on danger [5].As a result, research
is now focused on fatty acids or inorganic salt hydrates PCMs that have larger energy
storage. The integration of hydrated salts demands the usage of thickening agents
and nucleating, due to supercooling and phase segregation [4]. PCM in separate heat
storage modules can be divided in three major groups (Fig. 6.3).
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PCM in separate heat storage modules

PCM based heat collectors
(solar, various sources)

Flat plate

Evacuated tube

Photovoltaic/th
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(energy storage)
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Bulk storage

PCM-based interior heaters
(heat transfer to users)

Ceiling and roof

Floor

Wall

Fig. 6.3 Classification of PCMs in separate heat storage modules

6.1 PCM-Based Solar Collectors

Solar collector, as an integral part of the solar thermal system, absorbs the solar
radiation and further via heat transfer fluid (HTF) transport to the heat storage bank
or users. Various types of solar collectors are used such as flat plate, evacuated tube,
and photovoltaic/thermal collectors.

In order to improve the thermal performances of solar collectors, various enhance-
ments have been made. In recent times, new technological advancements allowed
integration of the phase change materials into solar collectors using different meth-
ods. Many numerical and experimental studies have been conducted in order to
explore the integration of PCMs in solar collectors.

PCM can be considered as a separate entity for latent heat energy storage and
can be placed between the source of energy and user. However, PCM can also be
integrated into a solar flat plate, evacuated tube, and photovoltaic/thermal collectors.

6.2 Flat Plate Solar Collector

The most common technology for converting solar energy into heat in building
technology is flat plate solar collector. The flat plate solar collector by a greenhouse
effect collects solar energy and delivers necessary hotwater into buildings, at low cost
and relatively easy installation. Due to the possibilities to operate in low-temperature
ranges, flat plate collectors are commonly applied in industrial and domestic spaces.
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Fig. 6.4 Conceptual design of PCM-based flat plate solar collector

Easy installation, cleanliness, and easy manufacturing resulted in wide use of flat
plate solar collectors [6].

With the usage of PCM that possesses the ability to stabilize temperatures and
extends operating hours [6], novel approaches to increase the quality and further
enhance flat plate solar collectors were introduced. Integration of PCM in domestic
flat plate solar heating systems can be achieved under the collector absorber plate,
concentric to the flow line, or as a separate thermal energy storage unit [6].

Due to low cost, easy manufacturing and satisfactory improvements of thermal
conditions, flat plate collectors are mostly investigated solar heating collectors. The
integration of PCM into this type of solar collectors is represented in Fig. 6.4.

PCMs improved thermal stability and operation hours [7] of solar collectors.
Insulation material [8] is used to reduce energy dissipation to environment from the
collector. The results of various studies of the integration of PCM into flat plate
collectors showed that backup time is mostly proportional to the thermal efficiency
[9, 10]. It is also reported that discharging takes place faster than charging. Mostly
utilized PCM was paraffin that increased thermal stability and heat transfer. The key
results of different integration of PCMs into solar collectors are shown in Table 6.1.

6.3 Evacuated Tube Solar Collectors

Evacuated tube collectors are converting sun energy into heat in a solar water heating
system. They are constructed of one or several rows of tubes connected to the mani-
fold. Each tube has an outer thick glass tube with a thinner inside glass tube coated
with solar energy absorbent material. Due to the effect of vacuum inside the tubes,
evacuated tube collectors more efficiently obstruct heat loss compared to flat plate
collectors. The single-walled glass and the Dewar tube are two major groups into
which evacuated solar tubes are divided, while there are many more categorizations
inside these two [14]. Energy converted by evacuated tube collectors can be used for
both domestic and commercial heating and air-conditioning.

In the inner part of each glass tube, there is an aluminum or copper fin absorber
fastened to an inner tube copper heat pipe. The absorber is coated with the layer that
absorbs and transmits the heat to the fluid inside the pipe. From the internal heat
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Table 6.1 Experimental and numerical results for flat plate efficiencies

Type of solar
collector

PCM Type of study Thermal
efficiency
improvements

References

Flat
plate/alcohol

Tricosane (paraffin
wax 116), water,
and sodium acetate

Experimental Charge
efficiency of
73%, discharge
efficiency of
81%

[11]

Experimental Paraffin wax Experimental Ranges around
from 45 to 54%
for a clear day in
January and
February and
partially cloudy
day in March

[12]

Flat plate/water Paraffin wax Experimental PCM provides
thermal
efficiency of
around 52% and
38 °C water
temperature

[10]

Flat plate/water Microencapsulated
PCM (n-eicosane)

Numerical Instantaneous
efficiency in the
range 5–10%;
converted heat
by the slurry
PCM-based
system in
wintertime is
20–40% higher
than of a
conventional
water-based
solar collector

[13]

Flat plate/water Paraffin/water Experimental
and numerical

Energy
efficiency
between 25–35%

[9]

transfer fluid, the copper pipe transfers heat via convection. In later process, the heat
is transferred to a copper manifold and the header tank.

• Evacuated tube—absorbs solar energy that is later converted toheat.An insulation
from heat loss is created by the vacuum between the two layers of glass.

• Heat transfer fin—improves the heat transfer to heat pipe.
• Heat pipe—heat transfer from evacuated tube to the manifold.
• Manifold—insulated frame containing the header pipe. The header consists of a
pair of copper pipes with sockets for connecting heat pipes.

• Mounting frame—a frame for installing evacuated tube collector.
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Fig. 6.5 Conceptual design of heat piper. a evaporating tube; b U-tube

Due to the vacuum insulation and surface coating, evacuated tube solar collectors
(ETSCs) had a lower heat loss compared to a flat plate collector, while the outlet
temperature of fluid is higher [6].

The first example of integration of PCM into evacuated tube collector was pub-
lished in 2006 by Riffat et al. [15]. This experimental study reported integration of
energy storage materials, paraffin wax and water, into cylindrical evacuated solar
collector, and investigated the possibilities of providing continuous hot water. Sub-
sequently, the integration of PCMs into evacuated tube collector wasmore examined.
M. M. A. Khan et al. divided evacuated tube collectors with PCMs into two cate-
gories [6]. PCM integrated into manifold in direct contact with part of the heat pipe
is the first group.

This PCM application is possible in heat pipe evacuated tube collector type. The
theoretical study by Naghavi et al. from 2015, for charging and discharging, used
water as the collector fluid [16]. The process of transferring thermal energy from the
condenser section of heat pipe to PCM and fluid that flows in the transverse direction
with the heat pipe is represented in Fig. 6.5.

In an experimental investigation study by Mehla and Yadav from 2015 [17], the
latent thermal energy storage was integrated into solar collector manifold while the
working fluid that was transferring solar gain to heat was used water.

Integration of PCM into ETSC can be achieved in the tube structure of the collec-
tor, while the application can have many arrangements. Some of the numerical and
experimental studies of integration of PCM into ETSL are summarized in Table 6.2.

Contrary to flat plate collectors, there are no significant breakthrough studies of
the integration of PCM into ETSC collectors in the literature [6]. This can be due
to the complexity of ETSC collectors. Different methods of integration of PCM into
ETSC are represented in Fig. 6.6.
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Table 6.2 Research results based on numerical and experimental studies for evacuated tube

PCM Type of study Result References

Paraffin wax Numerical Improved performance
compared to the conventional
system (water flow rate higher
than 55 lph);
The proposed system sensitivity
of the efficiency to the draw-off
water flow rate less than the
baseline system

[16]

Acetamide Experimental With different configuration
PCM efficiency ranges from
14.43 to 17.65%

[17]

Tritriacontane, Erythritol Experimental When compared to standard
solar water heaters, efficiency
improved by 26% for the
normal operation and 66% for
the stagnation mode

[18]

Paraffin wax Experimental Useful heat gain from the
paraffin-integrated ETC/S
system increased by 45–79%, in
accordance with the heating
medium mass flow rate during
the discharge cycle

[19]

Fig. 6.6 Conceptual design of PCM-based heat piper
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6.4 Photovoltaic/Thermal Collectors

The solar spectrum consists of about 50% infrared light, 40% visible light, and
10% ultraviolet light. In the photovoltaic module (PV), the ultraviolet and visible
solar energy components are converted to electricity, while infrared components
are transformed into heat. This process increases the cell temperature and reduces
electrical efficiency [20]. Extraction of accumulated excessive heat in PV modules
up to 80 °C [21] was done applying a photovoltaic/thermal (PV/T) concept. This
concept utilizes the usage of the thermal collector with PV panel as it is shown in
Fig. 6.7.

The integration of PCM into a PV system in buildingswas firstly examined in 2003
by Huang et al. [22] that used PCM to moderate temperature rise by experiments
and numerical simulations. The results and key data for some of the studies are
represented in Table 6.3.

Active heat removal technique within PV performance combined with organic
PCM and some of the inorganic PCMs such as fatty acids gave the best results
compared to many other methods, such as natural convective ways [6]. Different
concepts of integrating PCMs in flat plate solar collectors and combined with PV
cells are shown in Figs. 6.4 and 6.7.

Fig. 6.7 PCM-based plate collector used with for PV cooling
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Table 6.3 Experimental and numerical results for photovoltaic/thermal collectors

PCM Type of study Result References

Paraffin wax Numerical 9% increase in PV
performance and an
average water
temperature rise of 20 °C

[23]

Paraffin wax Numerical 10.7% increase in
overall efficiency when
compared to “no phase
change material” mode

[24]

Pure salt hydrate
(CaCl2·6H2O) and
eutectic mixture of fatty
acids (capric–palmitic
acid)

Experimental and
numerical

Lower PV temperatures
and higher power are
achieved with
CaCl2·6H2O; effective
only in warm and stable
climates

[25]

6.5 Heat Bank

The development of renewable energy sources provided numerous studies on the
integration of solar energy into existing energy systems. To effectively utilize solar
energy and solve the problems of the intermittent nature of solar energy, storage
systems must be developed. In the development of more effective storage systems,
PCMs have shown promising results.

The thermal energy can be accumulated into heat banks, devices that can be
sensible or latent heat storage or combination of both. The stored materials increase
in temperature while the energy is stored in sensible heat storage, whereas in the
case of latent heat storage systems the energy becomes useful when the substance
changes its phases.

The latent heat thermal storages consist of three main components:

• Phase change material
• Container for the PCM encapsulation
• Heat exchange surface that transfers the heat from heat source to PCM and to the
heat sink [26].

The incorporation of PCM into storage tanks was examined by analyzing the
influence of PCMs integrated solar storage tanks on the domestic hot water system
performance [27]. In a typical solar heating system, the heat bank can be a tank
completely filled with PCM that contains channel for HTF (or bulk storage) [28] or
has integrated PCM capsules or modules inside the tank for heat storage [29, 30] as
it is shown in Fig. 6.8.

The advantages of these storage systems are the possibility of storing a high
amount of excess solar energy and releasing it for long period water heating and
reducing heat loss from the system. Disadvantages of PCM solar tanks within are
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Fig. 6.8 Configuration of PCMmodules in heat bank: a flat plate; b shell and tube with cross-flow;
c sphere packed bed; d bulk storage in tank with tubes; e slurry

the high fluctuation of the temperature of hot water and high cost and thermal strat-
ification [31]. Referring to Fig. 6.8, the way of encapsulation of PCMs in the heat
bank can be categorized in three major groups: macroencapsulation, bulk storage,
and microencapsulation.

6.5.1 Macroencapsulation

Macroencapsulation represents the most common type for the containment of PCM.
One of the advantages of this system is the possible applicability to liquid and air
as heat transfer fluids. Macrocapsules can have different shapes, from rectangular to
sphere. Some of the advantages of microencapsulation are increasing the rate of heat
transfer and providing a self-supporting structure for PCM [26].

Common PCM macroencapsulated container geometry

The most important factor that has a direct influence on the heat transfer character-
istics in the PCM and ultimately affects the melting time is PCM heat bank. This is
especially important for macroencapsulated modules for modular storage concepts.
The following factors to be considered are:

• PCM container geometry
• The container thermal and geometric parameters required for a given amount of
PCM.

Most published papers dealing with latent heat thermal storage reveals that PCM
containers are typically designed as long thin heat pipes [32], cylindrical containers
[33, 34], shell-and-tube model, or rectangular containers [30, 35, 36]. Figure 6.9
shows the most commonly used container geometries.
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Fig. 6.9 PCMcontainers: a shell and tube—pipemodule; b and c shell and tube—cylindermodule;
d flat plate module

The literature survey revealed that the shell-and-tube system is the most analyzed
system. The fact is that pipes are most in use in engineering and that heat loss from
shell-and-tube system is minimal.

PCM sphere packed bed heat bank

PCM beds are designed in accordance with operating temperature limits, PCMmelt-
ing temperature, thermal load, the configuration of the bed and PCM latent heat. PCM
beds can consist of microencapsulated PCM, together with the container and heat
transfer fluid that transfers heat through the bed voids [26]. As the hot heat transfer
fluid circulates during the charging mode, the capsulated PCM absorbs latent heat
and melts. When cool heat transfer fluid circulates inside the tanks during the dis-
charging mode, it freezes the PCM. In order to have efficient heat transfer between
the fluid and packed bed, size, shape, material elements, and the geometry of the con-
tainer must be carefully determined. Heat transfer is also affected by fluid properties,
thermal state of the bed, inlet temperature of the fluid, and convective coefficient of
heat transfer. An example of an LHTS unit with PCM capsules is shown in Fig. 6.10.

Hydrated salts as PCMs have phase change temperature that is lower and are
applied into buildings and as part of solar water heating, while metals and molten
salts have high phase change temperature and are mostly integrated into solar power
generation and as an industrial heat waste recovery [37]. Molten salts as inorganic
PCMs can also be incorporated into TES bank; however, due to low thermal con-
ductivity and leakage, molten salts need additional modifications prior to use. Wu
et al. [38] examined thermal properties of storage with molten-salt packed bed and
concluded that effective heat release efficiency can be improved by the increase of
the phase change temperature, reduction of entrance velocity of molten salt, and
reduction of PCM capsules diameter.

PCMs as the energy storage materials possess high heat storage capacity and
absorb or release energy at a constant temperature during phase change. This is
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Fig. 6.10 Packed bed
macroencapsulated heat bank

why they are considered the best solution in storing energy for heating and cooling
systems. In accordance with the physical and chemical characteristics of PCM, the
design of the storage unit is decided. If the energy density of PCM is higher, then
the smaller storage volume is necessary [26]. The use of PCM as material for heat
storage is decided on their thermal, chemical, and economic properties.

6.5.2 Bulk Storage

Due to similar design to existing tanks for energy storage, bulk storage is usually
referred to as the “tank heat exchanger” for PCMs [39] (see Fig. 6.8d). It requires
a more extensive heat transfer due to the fact that PCMs have a high heat storage
density and lower PCM thermal conductivity in comparison to micro- and macroen-
capsulation [26]. However, with the integration of fins, direct contact with the heat
exchanger surface, and improving PCM by the addition of particles, PCM can have
higher conductivity properties [40].

6.5.3 Microencapsulation

Microencapsulation of a phase change material represents a method in which PCM
can change phase without affecting the environment where used. In this case, a
large number of PCM particles are contained in a matrix that needs to have high
thermal conductivity. The heat transfer can be decreased due to the system that
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forces conduction instead of convection. Microencapsulation is rarely used due to
increased costs.

6.6 Thermal Conductivity Enhancement Techniques

Although phase change materials have high heat storage capacity and during phase
change maintain a constant temperature, they also have a low thermal conductivity
that causes low heat transfer and low heat storage and release rate. However, these
disadvantages can be improved by various enhancement techniques, such as the intro-
duction of thermally conductive metallic and carbon-based nanoparticles, encapsu-
lation of PCM, and expanded graphite [41]. The classification is shown graphically
in Fig. 6.11.

Carbon-based and metallic nanoparticles have high thermal conductivity and are
usually integrated into PCMs to improve thermal conductivity. However, carbon-
based nanoparticles such as carbon fiber, carbon nanotubes, and graphene nanopar-
ticles have better stability and dispersion in PCM than metal-based nanoparticles.
Due to its high thermal conductivity and stable thermal and physical characteristics,
metallic foam is also used as a means to enhance PCMs.

Thermal conductivity improvement can be achieved by the integration of
expanded graphite, as it has high thermal conductivity, low density, and excellent
chemical and physical properties. Oxidation of graphite in the presence of nitric and

Thermal conductivity enhancement techniques
(by adding the following)

Encaptulation

Finned module wiht 
longitudinal fins 

Finned module with 
circular fins

Finned rectangular 
module

Multi tubes in shell 
and tube

Multi tubes with 
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Coper foam

Nickel foam

Graphite foam

Steel matrix

Copper matrix

Nanoparticles
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Carbon 
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Graphite

Graphite flakes

Graphite 
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Graphite 
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Carbon fiber

Carbon fiber 
chips

Fig. 6.11 PCM thermal conductivity enhancement techniques
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sulfuric acid is the process of preparing expanded graphite [42]. After drying in vac-
uum oven and heating in a furnace, it gets expanded. Molten PCMs are later mixed
with the expanded graphite, and composite PCMs are created.

Another method for improving PCM thermal conductivity is by encapsulation in
the shell of organic material with high thermal conductivity. Encapsulation is mostly
achieved using polyurea, urea-formaldehyde, and melamine-formaldehyde resin as
shells [41].

6.6.1 Finned Tubes Enhancement of PCM

Low thermal conductivity leads to slow down charging and discharging rates of
LHTES units. Since most PCMs have low thermal conductivity, heat transfer
enhancement techniques are required. Studies on heat transfer enhancement tech-
niques in PCMs include finned tubes of different configurations (circular and longi-
tudinal) embedded in the phase change material to extend the heat transfer surface.
It is a simple solution, easy to fabricate, and less expensive than improving the
thermal conductivity of the PCM by high conductive materials or using intermedi-
ate heat transfer medium and employing multiple PCMs. Some of the heat transfer
enhancement techniques for PCMs are shown in Fig. 6.12.

Due to high storage capacity and maintaining a constant temperature during a
phase change, PCMs are widely used in heat and cooling systems. However, due
to low thermal conductivity, the practical application represents a challenging pro-
cess. The addition of high thermal conductivity materials, such as metallic foams

Fig. 6.12 Heat transfer enhancement techniques for macroencapsulated PCMs
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and expanded graphite, results in improved thermal conductivity of PCMs. On the
other side, the integration of different additives can have some negative impacts as
well. Metal-based materials can lead to poor stability, while nanoparticles have non-
uniform dispersion. Metallic foams have low density and good stability, and their
performance is better than nanoparticles. Encapsulation of PCMs results with high
thermal conductivity, and due to the obstruction of direct contact between PCM and
surroundings, it prolongs usage and solves leakage.

Different methods of enhancing PCMs can also result in disadvantages that leave
the space for future exploration and further enhancements of PCMs.

6.6.2 Nano-composite Enhanced PCM-Based Solar
Collectors

In order to improve the low thermal conductivity of PCM nanotechnology is applied.
The first combination of PCMwith nanoparticles to improve the thermal storage per-
formance was examined in 2005 by Ceng et al. [43]. The further step was examining
the possibilities of integrating nanoparticles into solar thermal applications in 2009
by Shin and Banerjee [44]. After this, various studies to test further enhancements
of nanocomposite PCM-based solar collectors were conducted.

Figure 6.13 shows the scheme of a flat plate collector with PCM elaborated in the
experimental investigation by Saw et al. in 2013 [45]. The experiment was obtained
using a 1.44-m2-flat plate collector with nanocomposite PCM forwater heating. PCM
was paraffin wax with 20–nm-copper nanoparticles. The result indicated that the flat
plate efficiency was improved by 6.9 and 8.4% with PCM and nanocomposite PCM.

The study conducted by Ma et al. [46] showed the difference in using PCM and
nano-enhanced PCM integrated into the ceiling ventilation system. Within the air
heating, PVT and ceiling were considered PCM layers with air gap between them
as shown in Fig. 6.7. PCM RT24 was used as the base fluid while the PCM was
mixed with 10% copper nanoparticles. The effect of nanoparticles was investigated
analytically. It was concluded that the 8.3% more heat charged and 25.1% more heat
discharged with PCM with nanoparticles compared to PCM without the addition.
Above mentioned and many other studies showed that adding nanoparticles into

Fig. 6.13 PCM-based plate
collector enhanced with
nanoparticles and fins



136 6 PCMs in Separate Heat Storage Modules

PCM increases the thermal conductivity by directly enhancing the efficiency of the
solar collector [6].

6.7 Interior PCM-Based Heat Exchangers

PCM-based heat exchangers within interior environment can be combined with a
passive or active system. Depending on the system, it can be integrated into ceil-
ings/roofs, floors, walls, or ventilation channels. As discussed earlier, passive sys-
tems do not use additional energy or mechanical devices to run PCM-based heating
or cooling system. The system is regulated by temperature and air density fluctu-
ations. Active systems need mechanical equipment to help achieve charging and
discharging of the PCM thermal energy storage module. In active systems, PCM can
be integrated into different parts of building units, such as storages, HVAC systems;
or in case of solar cooling, it can be used as a heat/cold storage tank.

6.7.1 PCM Packed Bed in Ceiling Plenum and Walls

The free cooling system is dependent on the accumulated ambient cold that is later
used during daytime. There are three systems for storing thermal energy for free
cooling: sensible heat storage of heat accumulated by changing the internal energy,
latent heat storage achieved by changing phases of the stored thermal energy, or
the combination of these two principles [47, 48]. In regards to high-energy storage
density and isothermal storage process, latent heat thermal energy storage (LHTES)
is preferred.

One of the characteristics of free cooling is that mechanical equipment, such as
fans, is used in order to charge or discharge the heat from the storage unit [49]. It
is based on the principle of storing cold in the cases when the ambient temperature
is lower than the indoor temperature. Once stored, it can be released in the room on
demand, using electric fans [50].

Integration of PCM in free cooling has two operation modes shown in Fig. 6.14:

• Charging process—solidification of PCM:When the ambient temperature is lower
than the interior temperature, the exterior temperature flows due to fans and
absorbs heat from PCM. This starts the solidification process, until near thermal
equilibrium between interior and exterior temperatures is achieved.

• Discharging process—PCM melting: This process is occurring when the interior
temperature is above the comfort range. In this case, hot air is flowing next to
the storage unit causing absorption of heat by the solid PCM that starts melting.
Following this, the interior temperature becomes lower, and cooler air is delivered
in the interior [51].
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Fig. 6.14 PCM packed bed in ceiling plenum for free cooling: a Discharging to cool interior
during the day—interior excess heat storage within thermal mass; b charging during the night—heat
removal from thermal mass by ventilation to the exterior

Fig. 6.15 PCM container in
building wall

Melting and solidification of PCM are affected by parameters such as airflow
rate, interior and exterior temperature, PCM melting temperature, thermo-physical,
and encapsulation properties of PCM. An example of integration of a PCM module
within building wall is shown in Fig. 6.15.

The PCM is encapsulated in thin polymer bags configured in sheets laminated
with aluminum foils. The containers are placed between the wall and wallboard on
the interior side of the wall [52].

Free cooling was examined in many studies, and some of the keynotes and results
are presented in Table 6.4.

6.7.2 PCM Packed Bed in Floors and Ventilation Channel

In the last decades, the use of solar energy was widely examined; however, it was
not until the last few years that the solar cooling systems based on adsorption and
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Table 6.4 Research results for packed bed

Location PCM Heat exchanger Results References

Slovenia Paraffin RT22HC 30 plates filled
with PCM and
plates with air gap
(0.8 cm)

Annual energy
consumption
reduction for
approximately
142 kWh

[53]

China 2000 capsules
containing fatty
acid

PCM packed bed
storage (NVP)

NVP system
effective in
reducing room
temperature, and
increase thermal
comfort level

[54]

Japan Granules
containing paraffin

PCM packed bed
storage

Each night, 89%
of daily cooling
load is stored in
30-mm-thick
packed bed of
granular PCM

[55]

Japan (8 cities) PCM granules
(65% ceramic and
35% paraffinic
hydrocarbon)

Vertically packed
PCM bed fixed in
a supply air duct

Reduction in
ventilation load in
all cities,
significant
reduction in Kyoto
(about 62.8%)

[56]

Sweden Commercially
available salt
based PCM

Bulk PCM tank
with a finned pipe

75% of the cooling
demands covered
by half of the
electricity
consumption

[57]

absorption cooling were explored. Solar cooling systems are known to reduce the
need for cooling in building units in regions with hot climate and achieve conditions
comfortable in summer at low primary consumption of energy [58]. By this, they are
decreasing the need for electricity which can help decrease pollution. The enhance-
ments of solar cooling system with PCM enable cooling even when the solar energy
is not present. Results of some studies are presented in Table 6.5.

Naganao [62] proposed an innovative floor integrated air-conditioning system that
shares cooling load over the daytime with active air conditioner. The working princi-
ple of the system is shown in Fig. 6.16. A commercially available microencapsulated
PCM was used and packed under the floor. The room temperature was at 28 °C. The
heat was stored during the night in microencapsulated PCM under the floor and next
day reduced cooling load up to 92%.

In addition to thermo-physical properties of PCMs and encapsulation thickness,
other factors that affect the efficiency of the free cooling system are inlet and outlet
temperature of storage module. The temperature of the air that leaves PCM unit
should be in thermal comfort range, 20–27 °C; therefore, recommended melting
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Table 6.5 Research bases on climate condition for solar cooling

Location PCM solar system Results References

European climatic
conditions

PCM with dry re-cooled
sorption chiller—LHS
module with inner heat
exchanger with 1 m3 of
PCM

Positive effect on
seasonal energy
efficiency ratio for
cooling by 11.4 (in situ
measurement), efficiency
up to 64% compared to
the system without PCM
(simulation result)

[59]

Lleida and Seville, Spain PCM storage tank with
absorption chiller and
fresnel collectors,
hydroquinone as PCM

Tank with fins: shorter
melting/solidification
time, energy stored faster
Fins: money and time
investment, rejection of
using fins in real
applications

[60]

52 provinces of Spain PCM in the heat
rejection loops of
absorption chillers

Alternative system with
TESpcm of 1 m3 can
enhance the system
performance coefficient
(for locations with
humid summers by
almost one unit),
reduction of total
cooling energy in the
evaporator (21–38%)

[61]

Fig. 6.16 PCM packed bed in floor for free cooling

temperature for free cooling system is from 19 to 24 °C. Published research revealed
that commercially available PCMs between 20 and 27 °C were most frequently used
in passive building heating/cooling systems. Among these, paraffins are the most
used PCMs, since they do not react with encapsulation and as that the system is safe
from leakage. Free cooling systems are technically and economically beneficial with
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Fig. 6.17 PCM packed bed in building ventilation system

a potential to increase the efficiency by applying some of the heat transfer techniques
[57].

Packed bed modules are applicable for building ventilation systems and have
the capacity to reduce ventilation load up to 62% [63]. The integration of RT20
paraffin capsules in building ventilation system is investigated by Arkar andMedved
[64]. Graphical representation and system operation over a day cycle are shown in
Fig. 6.17.

The authors kept phase change temperature within the operating range of±2 °C of
the operating temperature. To ensuremaximumcooling degree hours, they concluded
that optimal mass of PCM is about 6.4 kg/m2 of floor area with specific air follow
rate of 0.7 m3/h kg of PCM.

6.8 Interior Module Encapsulation

Design of heat exchangers for free cooling is more important than enhancing ther-
mal conductivity of PCMs [65]. The potential of free cooling has been investigated
through various capsule shapes and arrangements [66] integrated into building inte-
rior. Different geometries of macroencapsulated PCM for interior applications have
been investigated such as rectangular tubes [67], flat plate [68, 69], packed bed [65],
tube in tube [70], PCM in tube with water flow in air channel [71], and bulk PCM
tank with finned heat exchanger [72]. Air is used as a HTF for interior applications.
Some of these basic solutions are shown in Figs. 6.18 and 6.19.

Figures 6.18 and 6.19 show several solutions for encapsulation of PCM in inte-
rior. In each case, forced ventilation is used to enhance convection between PCM
module and surrounding air. Heat transfer enhancement techniques may be applied
to this basic solution that includes longitudinal or ring fins, nanoparticles, or other
enhancements. This will reduce the amount of the PCM applied in the module and
increase heat transfer between the module and the air.
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Fig. 6.18 PCM capsulation used for interior applications: a rectangular tubes filled with PCM;
b tube in tube; c flat plate exchanger

Fig. 6.19 PCM capsulation used for interior applications: a packed bed; b tube in tube; c PCM
tube in channel with water flow

6.8.1 PCM Active System Applications in Building Envelope

Active PCM-based systems are developed by the integration of mechanical equip-
ment and turning convection from its free to forced mode. With the minimum energy
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needed to solidify PCM actively, a better heat transfer coefficient can be achieved.
Again, these modules can be integrated into ceiling, wall, and floor.

The integration of active system heat transfer into the ceiling is achieved by
installing an electric fan to discharge the absorbed heat into suspended ceilings. In
this case, the PCM integrated in the system is a heat storage. During nighttime, the
cold air that is cooling down the PCM discharges the accumulated heat outside the
building. During daytime, indoor warm air is moving through the PCM and provided
to the room after being cooled down.

The integration of PCM in the wall is similar to that of ceiling. PCM-filled bags
are stored in the wall construction. The air is transferred by fans, while the air intake
and exit are regulated through openings at the lower and upper parts of the wall.

In the case of applying active cooling system into the floor, the PCM is usually
placed under the floorboards. The general concept for active system is integrated into
the floor.

Similar to other concepts of integrating active system, during nighttimewhen cold
air is circulating under the floorboards, it cools down the PCM and discharges the
stored heat.

6.9 Remarks

Recent advances in the field of integration of PCMs into heat storage modules such
as solar collectors, heat banks, and interior devices have been in focus of discussion
in this chapter. It provides examples and discussion on work principles, advantages,
and disadvantages. The flat plate solar collectors evacuated tube solar collectors
and photovoltaic/thermal collectors have certain advantages, such as they utilize
solar energy and deliver hot water into needed spaces. The flat plate solar collectors
operate at low cost and have relatively easymanufacturingwhile being able to achieve
satisfactory improvements in thermal conditions. Although possess great thermal
characteristics, evacuated tube collectors with PCM still did not have breakthrough
studies, which leaves the space for future research.

PCMs are widely used due to their high storage capacities and the possibility to
maintain a constant temperature during a phase change.However, they also have a low
thermal conductivity that causes low heat transfer, low heat storage, and release rates.
This can be improved by using different enhancement techniques. Studies mentioned
in this chapter conclude that the encapsulation of PCMs results with high thermal
conductivity prolongs usage and solves leakage. Furthermore, the results indicated
that the thermal efficiency of heat banks can be improved by adding high thermal
conductivity materials such as metallic foams and expanded graphite. However, the
addition of different elements can also have negative impacts, as for example, metal-
based materials can lead to poor stability. The different methods of enhancing PCMs
can also have disadvantages that leave the space for future exploration and further
enhancements of PCMs.
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Chapter 7
Heat Transfer Mechanisms
in PCM-Based Building Envelope
Systems

Nomenclature

C Coefficient
g Gravity acceleration, m/s2

U Overall heat transfer coefficient/U-factor, W/m2 K
H Height, m
A Area, m2

cp Specific heat, J/kg °C
T Temperature, °C
h Convective heat transfer coefficient, W/m2 K
β Fraction of melted PCM
m Mass, kg
q̇ Heat flux in positive direction, W/m2

Q̇ Heat flow, W
q̇ Heat flux, W/m2

I Solar irradiance, W/m2

E Energy, J
σ Stefan–Boltzmann constant (σ = 5.67 × 10−8 W/m2 K4)
ε Surface emissivity
λ Thermal conductivity of material, W/m K
Ė Rate of heat, W
ė Rate of heat, W/m3

α Thermal diffusivity, m2/s
ρ Density, kg/m3

L Thickness/length, m
u Velocity in x-direction, m/s
v Velocity in y-direction, m/s
w Velocity in z-direction, m/s
F Force
τ Shear stress tensor, Pa

© Springer Nature Switzerland AG 2020
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τ̂ Transmissivity of the surface
t Time, s
μ Dynamic viscosity of the liquid phase, Pa s
ψ j Linear heat transfer coefficient, W/m K
χ k Dotted heat transfer coefficient, W/m K
p Number of dotted connections.

Abbreviations

PCM Phase change material
LHES Latent heat energy storage
SHES Sensible heat energy storage.

Subscripts

i Interior
e Exterior
s Surface
surr Surrounding
in Inlet
out Outlet
is Interior side
d Discharge
sc Solar chimney
pc Phase change
cond Conduction
conv Convection
R Radiation
c Convection
T Total
cv Control volume
gen Generated
stored Stored
tot Total.

Heat is a form of energy that can be transferred from one system to another due
to temperature differences. The heat flow takes place from the higher-temperature
body to lower-temperature body. The process of transferring the heat stops once
the body reaches the temperature equilibrium. The energy at the molecular level of
activity is called internal energy and can be in one of two forms: sensible or latent.
Sensible energy is associated with the kinetic energy of the particles and their degree
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of activities. Latent energy is the energy absorbed or released from a body due to its
phase change [1, 2]. If sufficient energy is added to a solid body, the intermolecular
forces become weak turning the body to liquid (or liquid system to gas as well). This
transformation does not cause a change in the chemical composition of a body.

The amount of energy stored as sensible heat in a body and changing the body
temperature from T1 to T2 can be expressed as [3]:

Q =
T2∫

T1

mCpdT = mCp(T2 − T1) (7.1)

The amount of energy absorbed as latent heat during phase transition of PCM can
be expressed mathematically as:

Q = mβpc�hpc (7.2)

where m is mass in kg, Cp specific heat capacity of the body in J/kg K, T 1 and
T 2 temperatures of the body before and after heating in K, �hpc enthalpy of phase
change material in J/kg, and βpc a melted PCM fraction.

Heat transfer rate is the amount of heat transfer per unit of time, and it is denoted
by Q̇. The dot over means per unit of time and has the unit J/s, which is equivalent
to watt (W). Heat transfer rate per unit area is called heat flux and expressed as:

q̇ = Q̇

A
in
(
W/m2

)
(7.3)

where A is heat transfer area in m2, and q̇ is heat flux in positive direction (W/m2).
The total amount of heat transfer during a time period �t can be calculated as

Q =
�t∫

0

Q̇dt in (J) (7.4)

Heat transfer can be steady or transient (unsteady). In steady state, there is no heat
flux change over time, while in transient state there is heat flux change over time
through the wall. In practice, most of the heat transfer problems through the building
envelope are transient in nature, but they are analyzed as steady-state problems for
some extreme cases.

Heat transfers can appear in one of three modes: conduction, convection, and
radiation, which is discussed in detail in the following pages.
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7.1 Airflow Modeling Through Solar Chimneys

Various mathematical models for solar chimney were developed bases on numerical
and experimental results and discussed in the literature. These models can be utilized
for the solar chimney performance prediction. Working principle and volumetric
flows through solar chimneys are shown in Table 7.1.

Nomenclature in the previous formula is defined as: V is the flow rate in m3/s;
A is the area in m2; Ci is interior configuration coefficient; Cp is the specific heat
capacity in J/kg °C; α is the thermal expansion coefficient in 1/K; g is the acceleration
of gravity in m/s2; k is the coefficient of pressure loss; f is the coefficient of wall
friction; H is the solar chimney height in m; d is solar chimney gap thickness, m;
T is the temperature in K; θ is the inclination angle; ρ is air density in kg/m3; h is
the convective heat transfer coefficient in W/m K. Subscripts: sc—solar chimney;
d—discharge; in—inlet; out—outlet.

Table 7.1 Solar chimney mathematical models

Type Mathematical model References

V = Aout
√
2αgH(Tsc−Tin)√

kin
(

Aout
Ain

)2+kout+ f H
d

[4]

V = CdA
√

gH(Tout−Tin)
Tout+Tin

[5]

V = Cd sin θ
ρsc
ρin

Ain

√
gH(Tsc−Tin)

Tin
[6]

(continued)
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Table 7.1 (continued)

Type Mathematical model References

V = 23.37AinAout

√
gH(Tsc−Tin)(

kinA2
out+koutA2

in

)
TscTin

[7]

V = CdAin

√
2gH(Tout−Tin)

Tout
[8]

V = Ci
3
√
hH(Tsc − Tin)Asc [9]

Table 7.1 shows a summary of mathematical models that can be used for solar
chimney performance evaluation. Generally, three groups of solar chimneys are rep-
resented: roof solar chimney, wall solar chimney, and combined solar chimneys.
According to the literature, four groups of influencing factors are important for
the performance of solar chimney: environment, materials used, configuration, and
installation conditions.

The influence of environment depends on climate conditions such as solar radia-
tion intensity; building orientation and internal heat absorption; external wind speed
has a significant impact on ventilation rate through a solar chimney. Influence ofmate-
rials used on the solar chimney performances depends on glazing type, the material
of solar absorber and thermal mass (latent or sensible heat), insulation of thermal
mass to prevent heat loss to exterior by thermal radiation and convection. The con-
figuration depends on height, cavity gap, and inlet and outlet cross-sectional areas.
Installation conditions depend on the inclination angle, which is the angle between
solar chimney and the horizontal plane (e.g., for wall solar chimney, it is 90°). An
optimum angle is one of the most important influencing factors on the performance.
The other configuration factors are opening of the room which allows inlet of fresh
air and different styles of solar collectors (vertical/horizontal/inclined).
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7.2 Heat Conduction Through Building Envelope

Thermal conduction is the heat transfer by the interaction of particles (atoms,
molecules, etc.) of a material. The heat is being transferred from higher energy
particles to adjacent lover energy particles. Conduction takes place in solids, liquids,
or gasses. Conduction in solids is due to the vibration of molecules, while in liq-
uids and gasses it is due to collision and diffusion of molecules during their random
motion. Transferring the heat by this mode from one body to another, they have to
be in contact.

Conduction takes place in all forms of matter: solids, liquids, gases, and plasmas.
In solids, heat conduction is due to the combination of vibrations of the molecules
in a lattice and diffusion of free electrons. In fluids, molecules are free to move in
space, and heat is transferred by direct molecular interactions. Conduction is greater
in solids because of the relatively close fixed spatial relationships between atoms,
whereas fluids and gases are less conductive due to the large distance between atoms.

Steady heat conduction rate Q̇cond through a wall of surface area A and thickness
�x = L that has the temperature difference across the wall �T = T 2 − T 1 is shown
in Fig. 7.1b.

Heat conduction through the wall is proportional to the temperature difference
across the wall �T, wall surface area A, average thermal conductivity of the wall
material, and inversely proportional to the wall thickness �x. It can be expressed as
follows:

Q̇cond = −λA
�T

�x
= −λA

T2 − T1
L

(7.5)

where

Q̇cond heat conduction rate in positive direction, in W

Fig. 7.1 Heat transfer through building envelope
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λ thermal conductivity of the wall material, W/m K
A wall surface area, m2.

Negative sign in Eq. (7.5) ensures that heat transfer in positive x-direction has a
positive quantity.

7.2.1 Fourier Law of Heat Conduction

Fourier developed the fundamental laws of heat conduction from experimental obser-
vations on steady-state systems. Assuming that there is no heat generation in thewall,
steady-state energy balance equation can be written as

Q̇in = Q̇out (7.6)

This means that the rate of heat transfer that enters the wall is equal to the rate of
heat transfer that leaves the wall.

The temperature change from the exterior surface to the interior surface (from T 1

to T 2) usually has nonlinear characteristics. Thus, the differential form of the heat
transfer is a good approximation of the temperature characteristic (Fig. 7.2).

Temperature gradient dT
dx (K/m), at any point across the wall thickness, is given

by the slope of the tangent at that point, which is the rate of change of temperature
T with length x in T–x diagram (Fig. 7.2).

Q̇cond = −λA
dT

dx
(7.7)

Fig. 7.2 Temperature
gradient
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Multiplying Eq. (7.7) by dx and then integrating from x = 0 to x = L, and from
T (0) = T 1 to T (L) = T 2, the following is obtained

L∫

x=0

Q̇conddx = −
T2∫

T=T1

λAdT (7.8)

After integration of Eq. (7.8), and dividing by L

Q̇cond = λA
(T1 − T2)

L
(W) (7.9)

Heat flux

q̇ = −λ
dT

dx
(7.10)

Temperature gradient has negative value when temperature decreases with an
increase of x, and heat flow takes place in the direction of decreasing temperature.
The same analogy is for heat fluxes in positive x-, y-, z-directions.

q̇x = −λ
∂T

∂x
; q̇y = −λ

∂T

∂y
; q̇z = −λ

∂T

∂z
(7.11)

Energy conservation concept is applied to very small region of elemental control
volume (dx, dy, dz) (Fig. 7.3).

Energy balance equation for the control volume during a very small time interval
�t is

Q̇in − Q̇out + Ėgen,cv = �Ėstored,cv

�t

Fig. 7.3 A small control volume in Cartesian coordinate system
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where Q̇in is heat transfer rate that enter control volume in W, Q̇out is heat transfer
rate that leaves the control volume, Ėgen,cv is rate of heat generated inside the control
volume, �Ėstored,cv is rate of heat change in the control volume, and �t is a small
time interval during which the heat change takes place.

One-dimensional energy balance equations in a differential form through each
side of the control volume are defined as follows:

Heat flow in x-direction
Heat passing through the dy · dz surface of the control volume is

q̇xdy · dz −
[
q̇x + ∂

∂x
(q̇x )dx

]
dy · dz + ėgen dx · dy · dz = ρcp

∂T

∂t
dx · dy · dz

(7.12)

Heat flow in y-direction
Heat passing through the dx · dz surface of the control volume is

q̇ydx · dz −
[
q̇y + ∂

∂y

(
q̇y
)
dy

]
dx · dz + ėgen dx · dy · dz = ρcp

∂T

∂t
dy · dx · dz

(7.13)

Heat flow in z-direction
Heat passing through the dx · dy surface of the control volume is

q̇zdx · dy −
[
q̇z + ∂

∂z
(q̇z)dz

]
dx · dy + ėgen dx · dy · dz = ρcp

∂T

∂t
dz · dx · dy

(7.14)

Adding (7.12), (7.13), and (7.14), and dividing by dx · dy · dz, a general heat
conduction equation in three dimensions is expressed as

−
[

∂

∂x
(q̇x ) + ∂

∂y

(
q̇y
)+ ∂

∂z
(q̇z)

]
+ ėgen = ρcp

∂T

∂t
(7.15)

where ėgen is generated energy inside the element such as electrical resistance ele-
ments, heating coils in an electric oven, absorption solar radiation by water, chem-
ical reaction, nuclear reaction. Heat generation is a volumetric phenomenon and
expressed per unit volume (W/m3). ρ is material density in kg/m3. cp is the specific
heat of the material in J/kg K. Specific heat is defined as energy required to raise the
temperature of a unit mass of a substance by one degree. The product ρcp is called
material heat capacity in J/m3 K and represents the capability of the material to store
the heat per unit of volume.

By replacing q̇ in Eq. (7.15) with Eq. (7.10), the following form is obtained

[
∂

∂x

(
λ

∂T

∂x

)
+ ∂

∂y

(
λ

∂T

∂y

)
+ ∂

∂z

(
λ

∂T

∂z

)]
+ ėgen = ρcp

∂T

∂t
(7.16)



156 7 Heat Transfer Mechanisms in PCM-Based Building …

or

λ
∂2T

∂x2
+ λ

∂2T

∂y2
+ λ

∂2T

∂z2︸ ︷︷ ︸
Conduction in
x, y, z directions

+ ėgen︸︷︷︸
Internal
heat
generation

= ρcp
∂T

∂t︸ ︷︷ ︸
Thermal
inertia

(7.17)

If it is assumed that material properties are independent of temperature, than
material conductivity can be taken outside the derivative:

λ

[
∂2T

∂x2
+ ∂2T

∂y2
+ ∂2T

∂z2

]
+ ėgen = ρcp

∂T

∂t
(7.18)

or

∂2T

∂x2
+ ∂2T

∂y2
+ ∂2T

∂z2
+ ėgen

λ
= ρcp

λ

∂T

∂t
(7.19)

where α = λ
ρcp

is thermal diffusivity of a material and represents how fast heat
diffuses through the material. Materials with high thermal conductivity and low heat
capacity will have a high thermal diffusivity, which leads to faster diffusion of
the heat through the body. The low value of thermal diffusivity means that heat is
mainly absorbed by a material as a small portion of the heat is conducted through
the body.

Transient heat transfer—no heat generation (diffusion equation)
By plugging thermal diffusivity in (7.19) and assuming that there is no heat gen-

eration inside the wall
(
ėgen = 0

)
, a new form of transient heat transfer equation is

obtained

∂2T

∂x2
+ ∂2T

∂y2
+ ∂2T

∂z2
= 1

α

∂T

∂t
(7.20)

Steady-state heat conduction (Poisson and Laplace equations)
For steady-state conduction process, the time in the denominator tends to infinity

(t → ∞), and thus, transient components of the heat transfer equation tend to be
zero

(
ρcp

∂T
∂t → 0

)
. Therefore, Eq. (7.17) becomes

∂2T

∂x2
+ ∂2T

∂y2
+ ∂2T

∂z2
+ ėgen

λ
= 0 (7.21)

Equation (7.21) is called Poisson equation.
For building physics purposes, internal heat generation component is usually

neglected
(
ėgen = 0

)
, and Eq. (7.21) becomes
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∂2T

∂x2
+ ∂2T

∂y2
+ ∂2T

∂z2
= 0 (7.22)

Equation (7.22) is called Laplace equation and describes steady state of heat
conduction through a wall with no heat generation.

Three-dimensional heat transfer equations above can be reduced to one dimen-
sional in cases when the temperature changes in one dimension only.

7.2.2 Thermal Conductivity

Thermal conductivity λ is a measure of the ability of a material to conduct heat,
and it is measured in W/m K. High value of thermal conductivity indicates that the
material is good conductor. Low value of thermal conductivity indicates that the
material is a good insulator and poor conductor [10]. The thermal conductivity is not
always constant. It increases with the increase of ambient temperature, the moisture
of material, and the density of a material.

The inner structure of a material highly affects thermal conductivity. For example,
light porous materials with large proportions of void in the structure (gas or air
bubbles, not large enough to carry heat by convection) have the lowest thermal
conductivities and act as good insulators. Dense solid materials usually have high
levels of thermal conductivities and act as good conductors. Therefore, pure crystals
have the highest thermal conductivities. Thermal conductivities of some building
materials are given in Table 7.2.

There are many ways to measure the thermal conductivity of material which are
basedon thehotwire, guardedhot plate,modifiedhotwire, etc. Each is usually limited
with the type of material. There are two basic techniques of thermal conductivity
measurement such as in steady-state and unsteady state.

• The steady-state technique measures thermal conductivity at thermal equilibrium,
which takes a long time. In this way, a constant heat source has to be assured.

• The unsteady state techniques are a faster way of thermal conductivity measure-
ment. The measurement takes place during the heating up process.

In a guarded hot plate, a solid sample of material is placed between two plates,
“hot plate” and “cold plate.” “Hot plate” is heated, and “cold plate” is cooled. The
temperatures (T 1 and T 2) on each side of the sample are monitored until they reach
steady state and are used in the calculation of thermal conductivity along with the
thickness of the sample and heat input. The scheme of guarded hot place is in Fig. 7.4.

Thermal conductivity λ in steady state is given by formula:

λ = Q̇ · L
A(T1 − T2)

[W/m K] (7.23)

where Q̇ is heat conduction rate passing through the sample area in unit time [W]
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Table 7.2 Thermal
conductivity of selected
building materials (at about
20 °C)

Material Thermal conductivity—λ

(W/m K)

Air (dry and quiet) 0.023

Aluminum and light alloys 125–200

Brick 0.65–0.80

Cellular glass 0.035–0.06

Concrete 1.2–1.75

Copper 401

Expanded polystyrene 0.035–0.045

Glass 0.6–1.38

Granite 2.80

Lightweight concrete 0.11–0.25

Limestone 1.50

Mineral or glass wool 0.04–0.08

Particleboard 0.1–0.13

PUR rigid foam 0.02–0.04

Steel 43–58

Timber (pine) 0.14

Water 0.60

Fig. 7.4 Scheme of guarded hot plate

A area of the sample [m2]
L thickness of the sample [m]
T 1 temperature on “hot side” of the sample [K]
T 2 temperature on the “cold side” of the sample [K].
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7.3 Heat Convection

Convective heat transfer is the transfer of thermal energy between a solid surface and
adjacent liquid/gas in motion. The nature of the process is highly dependent on the
nature of the fluid motion adjacent to the surface where the boundary layer develops.
Convective heat transfer to or from a solid requires the transfer of heat by the motion
of the fluid and the transfer of heat by diffusion. The contribution due to random
molecular motion dominates near the surface where the fluid velocity is low. At the
interface between the surface and the fluid, the fluid velocity is zero (i.e., there is
no relative motion between the fluid and surface) and heat transfer is transferred by
diffusion only.

Convection is usually described as being either natural (“free”) or forced. Natural
convection occurs when the airflow is induced by buoyancy forces arising from the
differences in density caused by temperature variations in the fluid in close proximity
to the surface. Forced convection occurs when the flow over the transfer surface is
assisted by fans, atmospheric winds, or pumps.

7.3.1 Newton’s Law of Cooling

Newton’s law of cooling is used to express the rate of convection heat transfer,
which is proportional to the convective heat transfer coefficient hi, surface area A,
temperature difference between the surface T s and surroundings T i. The schematic
representation of the heat convection by a wall is shown in Fig. 7.5, where he and hi
are exterior and interior wall surface heat transfer coefficients.

This can be described by the following expression

Q̇conv = hiA(Ts − Ti) [W] (7.24)

or per unit area

Fig. 7.5 Scheme of
convection heat transfer
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q̇conv = hi(Ts − Ti)
[
W/m2

]
(7.25)

where

A surface area through which convective heat exchange takes place, m2

T s Surface temperature, °C
T i interior air temperature far away from the surface, °C
h convective heat transfer coefficient of the process, W/m2 K.

From the unit of convective heat transfer coefficient it can be observed that,
convective heat transfer coefficient h represents a rate of heat transfer between solid
surface and gas (or liquids) per unit area and temperature difference.

7.3.2 Convective Heat Transfer Coefficient

Convective heat transfer coefficient is not property of the fluid; it is experimentally
determined parameter whose values depend on the:

• surface geometry,
• the type of media (gas or liquid)
• properties of the fluid in motion such as velocity, viscosity
• the nature of the motion, and
• temperature-dependent properties.

The value range for free and forced convection of h is given in Table 7.3. The
values of convective heat transfer coefficient for rectangular buildings at exterior
wall and roof as function of wind speed are given in Table 7.4.

Table 7.3 In general, the
convective heat transfer
coefficient for some common
fluids

Fluid Free convection (W/m2

K)
Forced convection
(W/m2 K)

Air 5–25 10–200

Water 20–100 50–10,000

Table 7.4 Exterior
convective heat transfer
coefficient for rectangular
building [11]

Wind speed
(m/s)

Exterior wall
0°

Exterior wall
90°

Roof 0°

0.3 6 6 6

3 7.2 10 12

6 9 17 21

9 9.6 23 28.4

12 10 27.8 35.5

15 11.7 33 42
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7.3.3 Conservation Laws in Differential Form

Heat transfer and fluid flow in the boundary layer are described by conservation
equations of continuum mechanics, governing balance of mass, momentum, and
energy.

7.3.3.1 Conservation of Mass

The conservation ofmass states that themass cannot be created or destroyed; thus, the
mass within the control volume shown in Fig. 7.6 remains unchanged. Conservation
of the mass is often called the continuity equation.

Therefore, the differential equation of the mass conservation can be expressed as
the mass that enters the control volume is equal to the mass that leaves the control
volume.

Mass flow rate is the product of the density, velocity, and area normal to the flow.
If this is applied to the control volume in Fig. 7.6, then in it can be expressed as [12]:

ρu(dy · dz) + ρv(dx · dz) + ρw(dx · dy)︸ ︷︷ ︸
Rate ofmass in flow to the
control volume

=ρ

(
u + ∂u

∂x
dx

)
(dy · dz)

+ ρ

(
v + ∂v

∂y
dy

)
(dx · dz)

+ρ

(
w + ∂w

∂z
dz

)
(dx · dy) + ∂ρ

∂t
dx · dy · dz

︸ ︷︷ ︸
Rate ofmass outflow from the
control volume for transient state

(7.26)

where ρ is fluid density in kg/m3, u is velocity in x-direction in m/s, and v is velocity
in y-direction in m/s.

Fig. 7.6 Control volume from the boundary layer
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Dividing Eq. (7.26) by dx · dy · dz and subtracting the equation, a new simplified
form is obtained as follows:

∂ρ

∂t
+ ρ

∂u

∂x
+ ρ

∂v

∂y
+ ρ

∂w

∂z
= 0 (7.27)

7.3.3.2 Conservation of Momentum

The differential forms of the equations of motion in the velocity boundary layer
are obtained by applying Newton’s second law of motion to a differential control
volume element (Fig. 7.7), and the differential form of the momentum equation can
be obtained. The net force acting on the control volume represents the product of
the mass and the acceleration of the fluid element within the control volume. Body
forces and surface forces act on the control volume. Body forces act on the entire
body of the control volume such as gravity, while surface forces act on the control
surface such as the pressure forces. Therefore, the net body and surface force acting
in a certain direction can be expressed as the product of the mass and the acceleration
in that direction [12].

Fbody,x + Fsurf,x = ρ(dx · dy · 1) · ax (7.28)

The surface forces acting in the x-direction become

Fsurf,x =
(

τ + ∂τ

∂y
dy

)
dx · 1 − τ · dx · 1 + P · dy · 1 −

(
P + ∂P

∂x
dx

)
dy · 1

=
(

∂τ

∂y
dy

)
dx · 1 −

(
∂P

∂x
dx

)
dy · 1

=
(

∂τ

∂y
− ∂P

∂x

)
(dx · dy · 1) (7.29)

Fig. 7.7 Control volume
from the boundary layer



7.3 Heat Convection 163

Replacing τ = μ∂u
∂y in Eq. (7.29), it is obtained

Fsurf,x =
(

μ
∂2u

∂y2
− ∂P

∂x

)
(dx · dy · 1) (7.30)

For two-dimensional steady-state flow, the velocity is

du = ∂u

∂x
dx + ∂u

∂y
dy (7.31)

And acceleration is

ax = du

dt
= ∂u

∂x

dx

dt
+ ∂u

∂y

dy

dt
= u

∂u

∂x
+ v

∂u

∂y
(7.32)

Substituting all inEq. (7.30) anddividingby (dx · dy · 1), thefinal form is obtained

ρ

(
u

∂u

∂x
+ v

∂u

∂y

)
= μ

∂2u

∂y2
− ∂P

∂x
. (7.33)

7.3.3.3 Conservation of Energy

The change of energy content of a system can be expressed as the difference between
energy inflow and energy outflow.

�Esys = Ein − Eout (7.34)

Applying this rule to a small control volume for a steady-state flow, the total energy
content will remain constant; thus, no energy change of the system

(
�Esys = 0

)
.

Referring to Fig. 7.8, the rate of energy transfer to the control volume by mass in
the x-direction is [12]:

(Ein − Eout)mass,x = ṁcpT −
(
ṁcpT + ∂

(
ṁcpT

)
∂x

dx

)

= −∂
(
ṁcpT

)
∂x

dx (7.35)

where cp is specific heat in J/kg K. Replacing ṁ = ρu(dy · 1) in the previous
equation, it is obtained
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Fig. 7.8 Control volume for the energy transfers by heat and mass flow

(Ein − Eout)mass,x = −
∂
[
ρu
( .

dy ·1
)
cpT
]

∂x
dx = −ρcp

(
u

∂T

∂x
+ T

∂u

∂x

)
dxdy

(7.36)

Repeating the same procedure for any other direction and adding the results, the
net rate of energy transfer to the control volume is obtained as follows:

(Ein − Eout)mass,y = − ρcp

(
u

∂T

∂x
+ T

∂u

∂x

)
dxdy − ρcp

(
v
∂T

∂y
+ T

∂v

∂y

)
dxdy

= − ρcp

(
u

∂T

∂x
+ v

∂T

∂y

)
dxdy (7.37)

The net rate of energy transfer to the control volume by heat conduction in steady
state is defined byEq. (7.22). Therefore, combining Eqs. (7.22) and (7.37), the energy
equation for the steady-state flow of a fluid with constant properties is defined as
follows:

ρCp

(
u

∂T

∂x
+ v

∂T

∂y

)
= λ

(
∂2T

∂x2
+ ∂2T

∂y2

)
. (7.38)
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7.4 Heat Radiation

Heat transfer by thermal radiation does not require the presence of an intervening
medium like convection and conduction. It takes place in the form of electromag-
netic waves. All matter that has a temperature greater than absolute zero can emit
electromagnetic waves. The higher the temperature of the matter, the higher the mag-
nitude of the radiation. All solids, liquids, and gasses have the ability to absorb, emit,
or transmit radiation. A surface that absorbs all incident radiation is called a black
surface and emits energy at the maximum possible rate at a given temperature.

Stefan–Boltzmann law

The Stefan–Boltzmann law gives the maximum rate of radiation that is emitted from
a surface [13]:

I = εσT 4; Q̇R = I · A (7.39)

where is

• I—solar irradiance (W/m2)
• Q̇R—radiative heat transfer (W)
• σ—Stefan–Boltzmann constant (σ = 5.67 × 10−8 W/m2 K4)
• T—temperature of the surface that emits radiation (K)
• A—area of the surface (m2)
• ε—radiative property of the surface called the emissivity (0≤ ε ≤ 1; for blackbody

ε = 1, for gray body ε < 1).

Spectral radiation of the sun at the sea level and extraterrestrial radiation spectra
is shown in Fig. 7.9.

Fig. 7.9 Spectral irradiance
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Nonblack surfaces do not absorb all incident radiation. When incident radiation
reaches a surface, one part is absorbed; another is reflected or transmitted through
the material as it is shown in Fig. 7.10.

Sum of all radiation components received by a glazed system is equal to incident
radiation. In other words, sum of all fractions of incident radiation is equal to one.

Incident irradiation = absorbed + reflected + transmitted

I = aI + r I + τ̂ I (7.40)

a + r + τ̂ = 1 (7.41)

where

• a—absorptivity of the surface (fraction of incident radiant energy absorbed)
• r—reflectivity of the surface (fraction of incident radiant energy reflected)
• τ̂—transmissivity of the surface (fraction of incident radiant energy transmitted).

There are also special values in this case:

• For an opaque surface, τ̂ = 0 and a + r = l.
• For an absolute black surface, a = l, ρ and τ̂ = 0.
• For a gray surface a = ε.

If a surface area is completely enclosed by a much larger surface, e.g., a building
under the sky, and separated by a gas such as air, the net heat exchange rate by the
radiation can be calculated as

Q̇net = Q̇s − Q̇surr = εσ AT 4
s − ασ AT 4

surr

α=ε︷︸︸︷= εσ A
(
T 4
s − T 4

surr

)
(7.42)

where

• T s—Temperature of the surface, (K)
• T surr—Temperature of the surroundings, (K)

Fig. 7.10 Components of radiation
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• a = ε for the gray surface. If T s > T surr, the expression for Q̇net is the same with
the sign reversed, and Q̇net is the net gain by A.

The previous formula is applicable only when the radiation is being considered.
If there is a presence of convection between the surface and the gas, the contribu-
tion of the convection must be added to the previous equation. Note, convection is
described by a driving potential based on the difference in the first power of the
temperatures, whereas radiation is described by the difference in the fourth power of
the temperatures, so it is useful to express net radiation as:

Q̇net = hRA(Ts − Tsurr) = Ts − Tsurr
1

hRA

hR = εσ
(
T 2
s + T 2

surr

)
(Ts + Tsurr)

In this form, hR depends on T s which is often the desired result of the calculation.
Thus, combined heat transfer composed of radiation and convection can be written
as:

Q̇ = Q̇R + Q̇conv = hRA(Ts − Tsurr) + hcA(Ts − Tsurr)

Q̇ = A(hR + hc)(Ts − Tsurr)

where

• hR—radiation heat transfer coefficient
• hc—convective heat transfer coefficient.

The temperature difference Ts − Tsurr is either Kelvin or °C, but the absolute
temperatures must be used to calculate hR. Coefficients hR and hc are always positive,
but the heat transfer rate Q̇ is determined by (Ts − Tsurr) temperature difference sign.

7.5 Boundary Conditions

The boundary condition is obtained from energy balance at the surface. Therefore,
heat energy transferred to the surface is equal to the heat energy transferred from the
surface.

q̇in = q̇out (7.43)

For conduction heat transfer mode, heat flux in positive x-direction can be
expressed as

q̇cond = −λ
∂T (x, t)

∂x



168 7 Heat Transfer Mechanisms in PCM-Based Building …

Note, the sign of heat flux is negative if it is in the opposite direction of the
coordinate axis and vice versa.

For convection, the boundary condition is based on surface energy balance. Heat
conduction at the surface is equal to the heat convection at the surface in a certain
direction. This is the most common case in practice. For a simple heat transfer in one
dimension through the wall, it can be expressed as

−λ
∂T (x, t)

∂x
= h(Ts(x, t) − T∞) (7.44)

A combined boundary condition on a surface can be represented by the surface
energy balance. Surface energy balance represents the heat transfer to the surface is
equal to the heat transfer from the surface in all modes. For example, the boundary
condition at the exterior wall surface of a building exposed to the natural environment
consists of the balance of heat conduction at the surface that is equal to the sum of
heat convection, thermal radiation, and solar irradiance in a certain direction as it is
shown in Fig. 7.11 and expressed as

q̇in = aI − he[Tes(0, t) − Te] − εeσ
[
Tes(0, t)

4 − T 4
e

] = −λ
∂T (0, t)

∂x
(7.45)

Fig. 7.11 Boundary condition at wall surface
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where he is convective heat transfer coefficient in W/m2 K, ε is emissivity, σ Stefan–
Boltzmann constant is approximately 5.67 × 10−8 W/m2 K4, a absorptivity of the
wall surface, I irradiance (incident solar radiation) in W/m2.

Boundary condition at interior side of thewall canbe expressed as the heat received
by

q̇out = hi[Tis(L , t) − Ti] + εiσ
[
Tis(L , t)4 − T 4

i

]

= −λ
∂T (L , t)

∂x

. (7.46)

7.6 Thermal Resistance

Heat conduction through a wall expressed in Eq. (7.9) is divided by area A and
rearranged as follows:

q̇cond = (T1 − T2)
L
λ

(
W/m2

)
(7.47)

where L
λ
represents thermal resistance of a single-layer wall against heat conduction

or just the thermal conduction resistance in m2 K
W .

Rcond = L

λ

(
m2 K/W

)
(7.48)

Figure 7.12 is a graphical explanation of thermal resistance due to conduction,
convection, and radiation.

Thermal convection resistance
Heat convection from a wall expressed in Eq. (7.25) is rearranged as follows:

q̇conv = (Ts − T∞)
1
h

(
W/m2

)
(7.49)

where 1
h represents thermal resistance of a square meter air layer next to the wall

surface against convection or just the convection resistance in m2 K
W .

Rconv = 1

h

(
m2 K/W

)
(7.50)

Figure 7.12 right shows graphically thermal radiation resistance between a wall
surface at temperature T s and the surroundings at temperature T∞ and can be written
as follows:
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Fig. 7.12 Resistance due to conduction, convection, and radiation

q̇net = εσ
(
T 4
s − T 4

∞
) = hR(Ts − T∞) = Ts − T∞

1
hR

= Ts − T∞
RR

(7.51)

hR = εσ
(
T 2
s + T 2

surr

)
(Ts + Tsurr) (7.52)

The previous equation can valid only for the radiation component. In cases, the
convection and radiation are present at a wall surfacewhich is adjusted for convective
component. Thus, combined heat transfer composed of radiation and convection can
be written as:

Q̇ = Q̇R + Q̇conv = hRA(Ts − Tsurr) + hcA(Ts − Tsurr)

Q̇ = A(hR + hr)(Ts − Tsurr)

where

• hR—radiation heat transfer coefficient.
• hc—convective heat transfer coefficient (Fig. 7.13).

In this case, total resistance through thewall can be calculated by adding resistance
on the exterior side of the wall with resistance due to conduction and total resistance
for the parallel component on the interior side of the wall due to convection and
radiation.

Rtot = Re,conv + Rcon + Ri,convRR

Rconv + RR
(7.53)

Thermal resistance of multilayer wall
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Fig. 7.13 Combination of series and parallel resistance (conduction, convection, and radiation)

Building walls are constructed of multiple layers. Usually, each layer has a dif-
ferent material that causes different thermal resistance. Consider the resistance of a
two-layer wall that separates the exterior and the interior environment as it is shown
in Fig. 7.14.

Heat flux for the wall is described as follows:

q̇ = (Te − Ti)
1
he

+ L1
λ1

+ L2
λ2

+ 1
hi

= (Te − Ti)

Re + R1 + R2 + Ri

(
W

m2

)
(7.54)

Fig. 7.14 Thermal resistance in series for two-layer wall
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Fig. 7.15 Thermal resistance in parallel

where he and hi are exterior and interior convection heat transfer coefficients, respec-
tively, in W/m2 K; λ1 and λ2 are material thermal conductivities of layer number one
and layer number two, respectively; T e and T i are exterior and interior air tempera-
tures, respectively; Re and Ri are resistances due to convection at exterior and interior
wall surfaces, respectively; R1 and R2 are thermal resistances of wall layers number
one and number two, respectively.

Rtot = Re + R1 + R2 + Ri = 1

he
+ L1

λ1
+ L2

λ2
+ 1

hi

(
m2 K

W

)
(7.55)

Thermal resistance of two parallel layers shown in Fig. 7.15 can be defined from
heat transfer equation for each layer separately.

q̇ = q̇1 + q̇2 = (T1 − T2)

R1
+ (T1 − T2)

R2
= (T1 − T2)

(
1

R1
+ 1

R2

) (
W/m2

)
(7.56)

Or

1

Rtot
= 1

R1
+ 1

R2
→ Rtot = R1R1

R1 + R2
(7.57)

7.7 Heat Transfer Coefficient

The heat transfer coefficient is the amount of heat, which is transferred in 1 s through
1 m2 wall provided that temperature difference on both sides of the wall is 1 K, and
heat flux is in steady state.

Overall heat transfer coefficient

U = 1

Rtot
= 1

1
he

+ L1
λ1

+ L2
λ2

+ · · · + Ln
λn

+ 1
hi

(
W

m2 K

)
(7.58)
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Fig. 7.16 Wall of simple heterogeneity

Overall heat transfer coefficient for a wall of simple heterogeneity (such as in
Fig. 7.16a) is defined as follows:

Utot =
∑n

i=1Ui Ai

Atot
= U1A1 +U2A2 + · · · +Un An

A1 + A2 + · · · + An

(
W

m2 K

)
(7.59)

Overall heat transfer coefficient for a wall of complex heterogeneity (such as in
Fig. 7.16b) is defined as follows:

Utot = 1

Atot

⎛
⎝ n∑

i=1

Ui Ai +
m∑
j=1

ψ j L j +
p∑

k=1

χk p

⎞
⎠
(

W

m2 K

)
(7.60)

whereψ j is linear heat transfer coefficient in
(

W
m K

)
, L is length relevant toψ j inm,χ k

is dotted heat transfer coefficient in
(
W
K

)
, and p is number of dotted connections (see

Fig. 7.17).
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Fig. 7.17 Wall of complex heterogeneity (heat bridges)

7.8 Building Envelope System Modeling and Simulation
Methods

Numerical research methods for the analysis of the process of the heat transfer
through the building envelope and components as well as phase change are intro-
duced. The most frequently used numerical techniques are the finite volume method
(FVM) and the finite element method (FEM).

7.8.1 Finite Volume Method

The finite volume method (FVM) is a discretization method for approximation of
the system of partial differential equations. A brief introduction of the mathematical
model and finite volume discretization method is given in this subsection. Heat trans-
fer and fluid flow are described by conservation equations of continuum mechanics,
governing the balance of mass, momentum, and energy [14]:

∂

∂t

∫

V

ρdV +
∮

S

ρ�vd�S = 0 (7.61)
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∂

∂t

∫

V

ρ�vdV +
∮

S

ρ�v ⊗ �vd�S = −
∮

S

pd�S +
∮

S

τd�S (7.62)

∂

∂t

∫

V

ρhdV +
∮

S

ρh�vd�S =
∮

S

λgradT d�S +
∫

V

qdV +
∮

S

�qSd�S (7.63)

Themass andmomentumEqs. (7.61) and (7.62) are solved in liquid-phase regions
only, while the energy equation is solved both in the liquid and the solid phases of
PCM.

In the equations given above, V is the control volume bounded by the closed
control surface �S, t is the time, ρ is the density of the material, �v is the velocity
vector of the liquid phase of PCM, p is the pressure of the liquid phase of PCM, τ is
the shear stress tensor, h is the specific enthalpy, T is the temperature, λ is the thermal
conductivity, q is the volume-based heat source or sink, and qS is the surface-based
heat source or sink.

Non-spherical part of the shear stress tensor τ is related to the shear rate γ̇ using
linear relation for Newtonian, incompressible, viscous fluids: τ = 2μγ̇ , where μ is
the dynamic viscosity of the liquid phase.

The specific enthalpy arising in Eq. (7.63) is defined as:

h =
T∫

T0

cpdT + (1 − fS)H (7.64)

where cp is the specific heat capacity of the PCM,H is its latent heat of phase change,
and f S is the volume fraction of the solid phase. In this work, the volume fraction
variation with temperature is adopted to be linear from 1 to 0 between solidus and
liquidus states.

The material properties, density, specific heat capacity, and thermal conductivity,
are assumed to have constant, but different values depending on the phase of PCM.

Substituting h in Eq. (7.64) into Eq. (7.63), the latent heat contribution is added to
the volume-based heat source term q. The surface-based heat source qS may include
the contribution of solar radiation in the cases where this is taken into account.

Resistance to the liquid-phase flow in the mushy region, caused by the solid
fraction, is modeled analogously to the resistance of an isotropic porous medium.
Following the Carman–Kozeny relation [15], the permeabilityK of the mushy region
(in m2) is given as a function of the solid volume fraction:

K = (1 − fS)
3

f 2S

1

kφ
(7.65)

where k is a suitable model constant in m−2, and φ is a smooth, non-dimensional
switching functionwith the values from the range (0, 1], enabling de-/activation of the
permeability model for low or high values of the solid volume fraction, respectively.
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The integral conservation Eq. (7.63) applies to the solution domain as a whole,
as well as to each cell in the grid. The equation discretization allows the use of
unstructured grids consisting of arbitrary polyhedral, contiguous, non-overlapping
cells and follows the finite volume approach by Demirdžić and Muzaferija [16] and
Teskeredžić et al. [17].

The radiative heat transfer is calculated using surface-to-surface model. The net
radiant flux on each surface in the domain is calculated demanding the equilibrium
of radiative transfer over the entire closed set of surfaces, which depends on how
each surface exchanges radiation with all other surfaces. This is accomplished by
having the surfaces subdivided into patches and calculating the view factors for all
patch pairs [18]. The irradiation I f at each face f is equal to the irradiation on the
associated patch I, while the face radiosity J f is a summation of local face emitted
energy Ef and the reflected irradiation ρ̃f If over individual spectra or bands:

If =
∑

If,i (7.66)

Jf =
∑

Ef + ρ̃f If,i (7.67)

Radiative heat transfer equation and energy equation are linked on the glazing
boundaries [19] via the surface-based heat source qS = qb,rad, so that the net radiative
flux (absorption minus emission) is added to the exterior boundary heat flux caused
by convection and conduction:

qb,tot = qb + qb, rad (7.68)

qb,rad =
∑

[(1 − τf)If − Jf] (7.69)

where τ̃f is transmissivity of patch face, I f irradiation at each patch face, and J f is
radiosity of the patch face and represents reflected and emitted radiation. When the
incoming radiation component is to be neglected, for example, in the case of cloud
weather, night time or north-facing glazing, qb,rad is set to zero.

Boundary conditions on the exterior glass surface:

q̇b,ex = αex(T1 − Tex) + In (7.70)

Boundary conditions on the interior glass surface:

q̇b,in = αin(Tin − T4). (7.71)
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7.8.2 Finite Element Method

FEM is a numerical technique that describes a problemwith partial differential equa-
tions. A domain is determined by a finite number of finite elements. The approximat-
ing function is determined in terms of nodal values. A continuous physical problem
is discredited in a number of finite elements with unknown nodal values. The basic
idea in the finite element analysis is to find a solution to a complex problem with
simplifying the problem. The first step in FE analysis is to discretize the continuum
into number of discretized finite elements. A general example for heat conduction is
provided as follows [20]:

where
Element temperature

T = [N (x, y, z)] × {T } (7.72)

Interpolation Function

[N (x, y, z)] = {Ni N j Nk Nm
}

(7.73)

Nodal temperature vector

[T ] = {Ti Tj Tk Tm
}T

(7.74)

Temperature gradient in the element can be obtained by differentiation of the
temperature interpolation equation:

⎧⎪⎨
⎪⎩

∂T
∂x
∂T
∂y
∂T
∂z

⎫⎪⎬
⎪⎭ =

⎡
⎢⎣

∂Ni
∂x

∂N j

∂x
∂Ni
∂y

∂N j

∂y
∂Ni
∂z

∂N j

∂z

∂Nk
∂x

∂Nm
∂x

∂Nk
∂y

∂Nm
∂x

∂Nk
∂z

∂Nm
∂x

⎤
⎥⎦{T } = [B]{T } (7.75)

The matrix [B] is a temperature gradients’ interpolation.

[B] =
⎡
⎢⎣

∂Ni
∂x

∂N j

∂x
∂Ni
∂y

∂N j

∂y
∂Ni
∂z

∂N j

∂z

∂Nk
∂x

∂Nm
∂x

∂Nk
∂y

∂Nm
∂x

∂Nk
∂z

∂Nm
∂x

⎤
⎥⎦ (7.76)

Galerkin method [20] is used to derive the element equation and to write the heat
transfer equation as follows:

∫

V

(
∂

∂x
(q̇x ) + ∂

∂y

(
q̇y
)+ ∂

∂z
(q̇z) − ėgen + ρcp

∂T

∂t

)
NidV = 0 (7.77)
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where ėgen is generated energy inside the element.
By applying the boundary conditions in the above equation, the element equation

will be obtained as follows:

∫

V

(
∂

∂x
(q̇x ) + ∂

∂y

(
q̇y
)+ ∂

∂z
(q̇z) − ėgen + ρcp

∂T

∂t

)
NidV = 0 (7.78)

∫

V

ρcp
∂T

∂t
NidV−

∫

V

[
∂Ni
∂x

∂Ni
∂y

∂Ni
∂z

]
{q̇}dV

=
∫

V

ėgenNidV −
∫

S

{q̇}T{n}NidS +
∫

S

q̇NidS −
∫

S

h(T − Te)NidS

−
∫

S

(
σεT 4 − aq̇R

)
NidS (7.79)

where {q̇}T is heat flux across boundary, and {n}T is the direction cosine to outward
normal.

{q̇}T =[ q̇x q̇y q̇z
]

{n}T =[ nx ny nz
]

(7.80)

Note, it is

{q̇} = −λ[B]{T } (7.81)

The heat balanceEq. (7.79) can be broken down in the following discrete elements:

[C]
{
Ṫ
}+ ([Kc] + [Kh] + [KR]){T } = {Rė} + {RT} + {Rq̇

}+ {Rh} + {RR}
(7.82)

where [C] is heat capacitance matrix; [Kc] is conductivity matrix; [Kh] convective
matrix; {Rė} is the heat generation matrix; {RT} is the heat flux across the boundary
S1;
{
Rq̇
}
is the heat flux across the boundary S2; {Rh} is the convective heat flux

across the boundary S3; {Rh} is radiative heat flux across the boundary S4.

[C] =
∫

V

ρcp[N ]T[N ]dV (7.83)

[Kc] =
∫

V

λ[B]T[B]dV (7.84)
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[Kh] =
∫

S3

h[N ]T[N ]dS (7.85)

[Kr]{T } =
∫

S4

σεT 4[N ]dS (7.86)

[Rė] =
∫

V

ėgen[N ]TdV (7.87)

[RT] = −
∫

S1

{q̇}T{n}[N ]TdS (7.88)

[
Rq̇
] = −

∫

S2

q̇s[N ]TdS (7.89)

[Rh] = −
∫

S3

hTe[N ]TdS (7.90)

[RR] = −
∫

S4

aq̇R[N ]TdS. (7.91)

7.9 Selected Software Packages for PCM Simulation

There are different commercial and open-source simulation programs for full-scale
building simulation and building components but only a few of them have the capa-
bility to analyze the phase change process. Some of them are TRNSYS, DOE-2,
PCM Express, Energy 10, BLAST, EnergyPlus, TRNSYS, ESP-r, RadCool, IDA-
ICE3, HVACSim, CLIM2000, WUFI, DÄMMWERK, etc. Numerical simulation
tools that capable to model and simulate phase change in buildings are listed in
Table 7.5.

StarCCM+, ANSYS Fluent, and MATLAB are not intentionally developed for
building simulation, but they are very useful engineering tools that have integrated
modules for phase transition simulation. The other simulation tools are intentionally
developed for full-scale building simulation with the capability of simulating PCM
along with the heat transfer.
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Table 7.5 Some computer programs with capability to simulate PCM along with heat transfer tools

Computer program References

TRNSYS http://www.trnsys.com/

RadCool

PCM Express https://www.pcm-express.com/

EnergyPlus https://energyplus.net/

ESP-r http://www.esru.strath.ac.uk/Programs/ESP-r.htm

WUFI https://wufi.de/en/

DOE-2 http://www.doe2.com/

StarCCM+ https://www.plm.automation.siemens.com/global/en/products/simcenter/
STAR-CCM.html

ANSYS Fluent https://www.ansys.com/products/fluids/ansys-fluent

MATLAB https://www.mathworks.com/products/matlab.html

DÄMMWERK https://www.bauphysik-software.de/de-de/

7.10 Remarks

To estimate the performance of passive design concept, the basics of mathematical
models of physical processes were introduced. The models were developed based
on numerical and experimental results. Three major areas of physical processes
were discussed: heat transfer through the building envelope, heat flow through solar
chimney, and energy storage within PCM. For solar chimney, optimum inclination
angle is 45–60° for roof solar chimneys. Optimum openings size is required bigger
with bigger height and cross section of the solar chimney. Environmental conditions
such as wind speed and solar radiation as well as the orientation of the building are
major influencing factors for passive design of buildings. Mathematical models for
heat transfer through the building envelope and from the building envelope to the
interior, as well as energy storage within PCM, are introduced in one place and are
a good reference for the professionals, researches, academicians, and students.
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Chapter 8
Conclusion

Phase change materials (PCMs) for thermal energy storage in buildings have been
known for more than half of the century. The first experiment with PCM in building
application is done by Maria Talkes, Assistant at MIT’s Department of Metallurgy
in 1948. At the time, it did not grab the attention of researchers, but sporadic study
results were appeared in scientific publications until two decades ago. In the past
fifteen years, application PCMs in buildings became a very active research area
grabbing the attention of many researches over the world. A rapidly growing number
of published papers are based on experimental and numerical studies. Most of the
studies come from predominantly hot climate areas, placing China at the top of the
list with a share of about 30%.

PCM-based technologies for building application have the potential to be inte-
grated within walls, floors and ceilings, glazed systems, and air-based/free cooling
systems.All these categories have different benefits, trends, issues, and opportunities,
but they can still be one category as a part of new researches and experimentations.
The challenges related to new technologies are to utilize opportunities, improve all
benefits, and address the issues. Some issues are as high initial cost, loss of phase
change capability, corrosiveness (in cases of some inorganic PCMs), and issues asso-
ciated with the optimal design of containers have hampered widespread adoption.
Paraffins generally perform well but due to their flammability property, they are able
to catch fire easily; thus, more attention is paid to PCMs based on fatty acids or
inorganic salt hydrates [1].

8.1 Trends

Fighting greenhouse gases became a global trend and driver for various technologies.
Efforts of different regulatory bodies to control greenhouse gas emission resulted in
deploying various environment-friendly technologies that reduce greenhouse emis-
sion and save energy. PCM-based technologies fit this scope and became a hot topic
for the researchwith significantmarket growth. Recent trends are reflected in demand
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for application of PCM in heating and cooling applications such as passive building
heating and cooling systems, HVAC systems, textiles’ cloth, packaging and elec-
tronic cooling. Using these materials in these applications will result in reducing
energy demand for heating/cooling and consequently will reduce greenhouse gases.
This global trend caused a significant expansion in the PCM market as well.

Energy saving and sustainable development became a global trend that is mostly
reflected in the buildings and construction industry. PCM-based solutions play a
major role in this gamewith the fastest growing regional market and research activity
in Asia-Pacific. Based on the Global Market Insights, Inc. report, it is expected that
the global market of PCM will reach a worth of 4 billion dollars by 2024.

But few things should be taken into consideration when choosing this material
in any shape or form in order to improve the thermal comfort of the interior. As it
has been recommended and concluded by several authors [2–5] that PCM should
be carefully chosen since every sort of PCM reacts differently in contact with other
materials due to its different origins. The life span of PCM should be investigated
before implementing it in order to ensure financial feasibility and reduction in the
cost of energy expenditure. The climatic region should be thoroughly investigated
in order to decide whether PCM will make any impact if implemented since its
melting–solidifying cycle needs to complete in a 24-h frame in order to be efficient
and utilize its potential. The positioning of the PCM integrated element is of crucial
importance for its performance since not all climatic environments are the same nor
does PCM perform at its best in any given position. Lastly, the thicknesses of layers
in the building envelope are of important significance since PCM can withhold a
certain amount of energy. Other layers need to be in their optimal thickness in order
to accommodate the ultimate energy absorption and release via the PCM medium.
Current and future trends are reflected in the development of more efficient PCMs,
more efficient design solutions of building components and modules, and looking
for cheaper manufacturing process of PCMs.

8.1.1 Trends with Glazing Systems

The glazing system design requirements such as heating, cooling, cost, daylight-
ing, and aesthetics are often in conflict. Since the energy-efficient design of a glaz-
ing depends as well on used materials and orientation, the design recommendation
and decision criteria are considered below. Part of the overall thermal resistance of
a building fenestration system derives from convective and radiative heat transfer
between the exposed surfaces and the environment and in the cavity between glazing
panes. Surface heat transfer coefficients he, hi, at the exterior and interior glazing
surfaces, respectively, combine the effects of radiation and convection. Wind speed
and building orientation are important in determining the impact of he on the heat
transfer.

The purpose of this is fulfilled by finding significant differences in overall perfor-
mances among various materials applied in the responsive glazing systems studied
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in the literature recently. Also, impacts of different environmental conditions on the
performance of various glazing systems have been studied. The relationship between
the environmental conditions and design parameters such as heat gain and comfort
time has been found. Therefore, the objectives of the research have been fulfilled as
follows:

Experimental investigation of the glazing model

An experimental study on PCM-filled glazing samples exposed to the environment
with and without radiation is studied. The results are compared to the conventional
air-filled glazing. The experiments were conducted in a laboratory environment for
convective–conductive tests. The natural environment is used for sample testing in
the presence of radiation. Themain purpose of the laboratory experiments and natural
environment experiments is the validation of the numerical model results.

The PCM sample has less temperature fluctuation for about three degrees and is
able to accumulate the heat from convective and radiative components in form of
latent heat by keeping the lower interior surface temperature in the vicinity of the
phase transition temperature. The result is delaying overheating of the interior for the
period needed to melt the material. Once the PCM is completely melted, there is an
instantaneous jump of heat gain mainly due to radiation. Melting and solidification
periods can be extended by increasing the thickness of the cavity [6].

Computational models

The computational models for the glazing system have been validated using experi-
mental results. Thermal energy storage system computation models exposed to con-
vective–conductive heat transfer and radiative heat transfer are formulated separately
and experimentally validated. It was shown very good matching between experi-
mental and numerical results. The results have been assessed as correct and reliable
for predicting of glazing system performance under different environmental condi-
tions. The model is adjusted to the local climate parameters and used as a predictor
of the glazing system performances under different conditions. The impact of the
exterior convective heat transfer coefficient and the cavity thickness on the glazing
performance such as heat gain, inactivity time of air conditioning system, and its
relationships are investigated in which maximum layer thicknesses of 24 mm are
recommended.

Charging/discharging and unload time analysis

It has been found that the linear dependences are associated with models exposed to
the natural setup and with the presence of solar radiation. Nonlinear dependences are
associated with the model exposed to the controlled environment and the presence
of convective–conductive heat transfer only. Both of these models have high values
of the coefficient of determination (R2 > 0.9), which makes a good fit for functions.

In the case of the model with the presence of solar radiation, the phase transition
temperature periods are longer in the solidification process. In addition to the convec-
tive component of the heat transfer, solar heat flux fosters themelting process making
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it shorter. The melting process represents the charging hours while the solidification
process represents discharging hours. In the case of models with the presence of
convective–conductive heat transfer, transition periods (melting and solidification)
are almost the same. Longer phase transition periods are beneficial to the A/C load.

Unload hours per day growth with the increase of cavity width for all models. In
the case of convective–conductive heat transfer, unload time per day is formulated
using a nonlinear function. There is rapid nonlinear growth of the function slope up
to the cavity of 16 mm, and then the slop is slightly getting reduced, which is caused
by solid volume fraction. In case of the presence of the radiation component, the
unload time per day is described by two hours. The slope of the PCM curve gets
reduced in the vicinity of 24 mm cavity, which is caused by remaining liquid volume
fraction. Remaining solid and liquid volume fractions of the PCM cause a reduction
in heat storage trend and consequently reduce unload time.

Performances analysis for different external heat transfer coefficients

The impact of the exterior convective heat transfer coefficient on the glazing system
performances is significant. The coefficient is changeable with the wind speed over
the glass surface, which varies from less than 0.2 m/s for calm weather, free con-
vection conditions, to over 30 m/s for storm conditions. Accordingly, three different
values (15, 25, and 35 W/m2K) of the coefficient have been studied. The relation-
ship between the coefficient values and unload time over various cavity widths is
described with mathematical equations.

It was found that the convective heat transfer coefficient has a significant impact
on the remaining solid/liquid volume fraction during the melting/solidification pro-
cess. The nonlinear relationship between the exterior convective coefficient and the
remaining solid volume fraction exists. Depending on the exterior convective coeffi-
cient, it was found that the recommended cavity width varies from 16 to 21 mm for
he = 35 W/m2K.

Recommended cavity width identification

Recommended cavity widths have been identified per different design criteria such
as load/unload time, charging/discharging time, heat gain, average temperature, and
temperature variation. Simulation results show that the increase of PCM cavity thick-
ness increases the benefit to theA/Cunload hours. The increase of the cavity thickness
is beneficial but limited by solid–liquid phase volume fraction. Thus, no more than
a 24 mm cavity is recommended for the PCM-filled glazing exposed to the radia-
tion; otherwise, no more than a 16 mm cavity is recommended in the absence of the
radiation [6].
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8.2 Issues to Be Addressed

8.2.1 PCM in Building Structure Issues

Incorporating PCM in building structure increases thermal inertia of building and
helps to reduce interior temperature variance providing thermal comfort. Combining
PCMs with thermal insulation materials may provide better results [7]. There are
still some issues associated with the current state of PCM’s technologies that have
to be addressed.

The phase transition temperature is an important parameter in selecting the right
material for PCM applied in building envelope structure and components. The higher
phase transition temperature is more suitable for hot climates while the lower phase
transition temperature is more suitable for colder climates. The most efficient values
of phase transition temperature for passive systems would be those from the thermal
comfort range. It is difficult to meet these two requirements in areas with significant
temperature shift from summer average temperature to winter average temperature.
Simply the efficiency of selected material will be reduced in one of the seasons. This
issue can be addressed by suitable design of building envelope structure and compo-
nents, or application of different PCMs with different phase transition temperatures,
which will be an important and intensive research area in the future.

The amount of the material and the layer thickness is not investigated enough.
Some research shows more building energy reduction with the decrease of PCM
layer thickness and the increase of surface up to certain dimensions for the same
amount of PCM. Also, PCM with lower thermal conductivity in some instances
might be desirable, for PCMs integrated into the building envelope and some building
components. This may reduce heat transfer between the interior and exterior before
the phase transition starts.

8.2.2 PCM in Glazed Systems Issues

The thermal and optical characteristics of the glazing usually determine its applica-
tions. The thermal characteristics are the insulation including the type of the material
in the cavity and its conductivities, overall glazing area, and the amount of framing
and its material. The optical characteristics of the glazing system are defined by the
material of the glass and cavity content.

The current state of the commercially available PCMdoes not provide goodoptical
properties. Due to the opacity of the PCM in solid state, there are some limitations
of the PCM-filled glazing systems application to some commercial and industrial
buildings, which are significant energy consumers. This is an issue that has to be
addressed in future work. Thus, it has limited application to the buildings with a
lower requirement for the light.
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Future work may be focused on high-performance glazing that can be efficiently
used in summer and winter in combination with self-natural ventilation strategies.
Basically, two main research directions on this subject at this time are essential
including the research of new more efficient PCMs and design research.

Material research may include

• Higher enthalpy.
• Phase transition range 21 °C to maintain both winter and summer modes.
• Improve optical performances to be more suitable for glazing systems.

Design research

• Look for optimumdesign suitable to operate interchangeably in summer andwinter
modes.

• Continue numerical research for analysis of the impact different environmental
factors on the design, using existing commercially available PCMs.

• Design testing in real condition in building and mechanical design issues.

Mechanical design issues that have to be addressed include opening and closing
the flaps in summer andwintermode, weight issue, and condensation thatmay appear
in the exterior cavity.

The flaps may be operated from the interior via a handle connected to the flaps
through a mechanism allowing the users switching them from summer to winter
mode and vice versa. This feature may add cost to the system as well. Once the
technology is defined completely and finds application in the market, the cost of this
feature in mass production will be negligible.

The application of the PCM in glazing systems adds some extra weight to the
system (between 16 and 21 kg/m2). This requires stronger (and heavier) glazing
frames as well. The weight issue may be reduced using modular window wings.

8.2.3 PCM in Separate Heat Storage Module Issues

Latent heat thermal energy storage systems (LHTESs) in modules have the potential
to decrease electrical energy demand on space cooling by shifting the on-peak load
to off-peak load, reduce temperature variance and provide thermal comfort. In this
case, LHTES acts as a cold storage unit during off-peak hours (low electricity rate
hours) and during on-peak load the LHTES discharges by providing cooled air to
living space.

Some issues that have to be addressed in modular LHTES systems are associated
with incomplete solidification of liquid phase during the night, a very limited contact
area between PCM and the air and inability to use a significant portion of PCMdue to
low thermal conductivity of PCM and due to low convective heat transfer coefficient.
Some proposed solutions are to use forced ventilation in case of increasing convective
heat transfer coefficient and heatmodule design optimization.Different enhancement
techniques were introduced including shape redesign of the PCMmodule by adding
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fins, spheres or cylinders. For example, free cooling modular systems are suitable
for climates with daily temperatures less than 15 °C.

The high cost of the manufacturing process may hinder market growth. Material
research is based on developing a high-performance PCM with low cost. This is a
major enabler for the widespread application of the PCMs for energy storage. The
issues are associated to achieve this goal, such as low thermal conductivity of PCMs,
which reduces the efficiency of the PCMmodule. PCMswith higher thermal conduc-
tivities are desirable for PCMs integrated into modules. This way it will enhance the
heat transfer rate through the PCM and consequently enhance charging and discharg-
ing of the LHTES module which maximizes the efficiency of the module. Various
enhancement techniques have been introduced such as application of metallic foams,
application of nanoparticles with high thermal conductivity, expanded graphite, and
encapsulations.

Metallic foams perform better than nanoparticle in terms of thermal conductivity
enhancement since they have no problems associated with nanoparticles. Nanoparti-
cles have a significant impact on conductivity, but non-uniform dispersion and collec-
tion on a certain place are the issues associated. Thermal conductivity enhancement
based on expanded graphite depends on packaging density, surface area, mass frac-
tion, and thickness of the expanded graphite. PCM encapsulation is very promising
for interior and exterior applications due to direct contact with the environment and
increased thermal conductivity.

Issues discussed here represent obstacles formore efficient PCM systems in build-
ing application. Solving these will lead to better thermal performances, which will
become a significant enabler for market growth. Different methods, better materials
and techniques, and lower cost of the manufacturing process are major areas for
research, development, and innovation.
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