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Abstract

This dissertation investigates the integration of Phase Change Materials (PCMs) into building
envelopes as a passive strategy for improving thermal coenfidrienergy efficiery under

Greek climatic conditions.The study focuses on the role of PCMs as a complementary
component of the building envelope, examinitigeir performancein comparisonwith
conventional construction materials and insulation systems.

The research begins with a theoretical investigation of the thermal behaviour of buildings and
the physical properties of PCMwith emphasis ommaterial characteristics such as phase
transition temperatures, latent heat capacity and thermal conductivity. In addition, existing
PCM integration approaches in building envelopes are reviewed in ordestabligh a
framework for their effective application.

The experimental part of the study is basedlpmamic thermal simulations conducted using
DesignBuilder. A residential case study building located in Greece is modalieetaluated

through different envelope configuratiomscluding PCMenhanced assemblies and combined
insulationrPCM solutionsThe different scenaricare examined across different Greek climate
zones in order to assess both the influence of insulation strategies and the climate dependency
of PCM performanceThe simulationsevaluate indor operative temperatures and thermal
comfort conditions, us i nandafeamalysed od an afmieVandh n d F
seasonal basis to asseBsC Ms 0 indoor temperatur e fluctu
performance undehe differentscenarios.

The study concludes by identifying the conditions under which PCMs can contribute
meaningfully to climategesponsive envelope design and by outlining their limitations within

the Greek context.

Keywords

Phase Change Materials (PCM), Building envelopeermal Comfort, Dynamic Thermal

Simulation, DesignBuildernnsulation Strategie$/editerranean Climate



Introduction

Research Aim and Objectives

The presenstudyinvestigates the integration of Phase Change Materials (PCMs) into building
envelopes as a strategy for enhancing the thermal performance and energy efficiency of
buildings.

Although modern constructions typicaltyegratehigh-performance thermal insulation, recent
studies have shown th#tteseinsulation systems are often insufficient in mitigating peak
summer temperatures, particularly in warm or Mediterranean clim@aamaGonz 81 ez C.
et al., 2023).Their performance tends to decrease significantly during periods of intense solar
radiation and prolonged heat waves, leading to considerable thermal discomfort and increased
cooling demand. This limitatiohighlightsthe need for complementary passive strategies that

can enhance the dynamic thermal behaviour of buitding

PCMs, due to their capacity to store and release latent heat during phase transitions, constitute
a promising ategoryof materials for moderating indoor temperature fluctuations, reducing
peak thermal loads, and supporting passive environmental control.

Therefore, thisstudy aims to critically examine thetegration of such materials in building
envelopes and identify they challenges associated with the selection, design integeattbn
long-term performance of PCMs neal scaléuilding applications.

Considering these aspects, the dissertation focuses on a representatstedyaseiilding

located in Kos Islandn which PCMs are introduced into tHmuilding using DesignBuilder
(EnergyPlu} as the simulation tool The analysis will examine alternative P@hanced
envelope scenarios and different climate conditions within the Greek region, in order to
investigate parameters suels operative temperature profilaad overall thermal comfort
according to established standards.

Through the synthesis of theoretical principles, literature review, material analysis, and
simulation results, the objective of this dissertation is to derive comprehensive conclusions on
the viability and performance of PCMs in the Mediterranean climatéegt. Ultimately, the
research aims to contribute to the development of hweaered, climateresponsive, and
environmentally sustainable design strategies, highlighting the role of advanced materials such
as PCMs in shaping future building enveloplest tsupport improved living conditions and

reduced energy consumption.



MethodologicalApproach

The methodology adopted in this study follows a mireethodsapproach, combining
theoreticaland experimental components to ensure a comprehensive investigation of PCM
integration in building envelopes.

The theoretical component consists of a review of scientific and technical literature related to
Phase Change Materials, their physical and thermal behawindrtheir integration in
construction system&Vithin this part of the study, PCM properties, such as phase transition
temperatures, latent heat storage capacity, and thermal conductivity are exahhised.
theoretical framework provides the basis for understanding the life cycle, application
challenges, and performance criteria of R€Mhanced buildim components.

In parallel, the quantitative analysis includes dynamic thermal simulations conducted using
DesignBuilder (EnergyPlus). A typical building, representative of residential structures in
Greeceijs used as a case study for assessing the impact of PCM integration in various envelope
assemblies. Multiple scenarios are developed, varyindottegion of the buildingand the
insulationsystem The simulations evaluate parameters such as operatiyenauresand
thermal comfort metrics. This computational apgfoallows for a comparative assessment
between PCMenhanced envelopes and conventional construction solutions.

Through the combined insights of the literature review, material analysis, and simulation
results, thestudyformulates conclusions regarding the performaaroe potential benefits of
integrating PCMsnto building envelopes.

Structural Outline of the dissertation

The structure of the study is divided inktweemain parts, each addressing a distinct component
of the research.

The first parfpresentghe theoretical framework of the studyhapter 1 examinesé thermal
behaviour of buildingswith emphasis on heat transfer mechanisms, thermal energy storage and
indoor environmental conditiong’he second chapter introduces Phase Change Materials
(PCMs) by analysing their fundamental physical principleassification, encapsulation
methods, and performance characteris#dter that, the integration of PCMs to building
applicationsis explored presentingestablishedexperinental approaches, while highlighting

the role of PCMs as part of a broader sustainable and egiéi@gnt design strategy.
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The second pafbcuses on the simulation study, through which the thermal performance of
PCM-enhanced building envelopes is quantitatively assesS&apter 4 outlines the
methodology and experimental desitpnough the DesignBuilder simulati@oftware Then,
Chapter5 defines the case study building and its climatic contgseésenting the climatic
analysis of the selected regions, the development of the simulation model and the definition of
the simulation scenario€hapter 6 presents and analysesdineulation results, comparing
thermal performance indators and overall performance differences between the examined
climatic zones.

Concluding, the thirghartsummarizes the overall study, discusses its limitations and proposes
directions for future research. The final part reflects on the effectiveness of PCMs in improving
thermal comfort, providing recommendations farther research in order to achieR€M

integration into sustainabndclimate responsivarchitectural design strategies.
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Part|l 7 Theoretical Framework

Chapterl : Thermal Behaviour of Buildings and Indoor Environmental Conditions

1.1 Introduction

With the rapid economic growth worldwidde demand for energy has increased significantly,
placing growing pressure on overall supply systems. In the European Union alone, the final
energy consumption that reached e3¢ sectors was a total of 954.907 kilotonnes of oil

equivalent(ktoe) in 2024(Figure 11) (European Commission, 2025)

Legend (top-down)

© soiid fuels

@ Gil and petroleum products
0 Gas

@ Renewable energies

Non-renewable waste
@ Nuclear heat
@ Heat
@ Electricity

Figure 11: Energy Balance Flow Diagram , Europa.eu, 2025

Of this total around 40% of the energy consumed was used in buildings and approximately
80% of that was for heating, cooling and hot water, according to the Eurostat balarypes

and the EEA Greenhouse Gas Inventdityis high energy intensity is largely attributed to the
characteristics of the existing building stock, as almost 85% of buildirigs European Union

were constructed before the year 2000 and 75% of them have poor energy performance
(European Commission, 2025).

From an energy systems perspective, buildings can be understood as dynamic entities in which
energy flows continuously between the outdoor environment, the building envelope and the
internal spacedefining its thermal behaviodn particular, he thermal behaviour of a building
describes its ability to maintain comfortable indoor living conditions despite variations in

external climatic factors such as temperature, humidity and air veldbitybehaviouresults
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from the combined interaction between external climabaditions, the thermophysical
properties of building components, and the internal heat gains generated by occupants,
equipment and lightindE. Natarajan et al., 2006)

Improving the efficiency of this system is therefore essential for reducing overall energy
consumption and associated emissi@iseapproach to achieving this goal is the integration

of energy storage solutionBhe use of energy storaget only reduces the mismatch between
energy supply and demand, but atswables the excess energy to be captured, stored and
released when required, improving overall system efficiency and relig@dili§oibam, 2017).

In this context, latent heat energy storage technologies, such as Phase Change Materials
(PCMs), offer significant potential by enhancing thermal inertia and mooigratdoor
temperature fluctuationslowever, in order to fully understand how systems such as PCMs
contribute to improved energy performanites necessary to firstxamine the fundamental
thermal behaviour of buildingencluding heat transfer mechanisms, the principles of Iskensi

and latent heat storage and their implications for indoar@mmental conditions and occupant
thermal comfort. This chaptg@rovides the theoretical background required for this analysis,
establishing the bases for the subsequent discussion of PCM materials and their integration in

building applications.

1.2 Heat Transfer

fiHeat transfer is d@ned as theprocess of transferringhermal energy between objects at
different temperaturesin the process of reachinghermodynamic equilibrium, heat is
transferred from the warmer object to the cooler objéttthermodynamic equilibrium heat

transfer is zero (Nasa.gov)

Heat transfer through the building envelope occurs thi@e fundamental mechanisms:

conduction, convection and radiation.
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HEAT TRANSFER PROCESSES

SUN

RADIATION

CONVECTION

CONDUCTION

Figure 1.2 : Heat transfer mechanispifarstinarchitectureco.uk

Thermal Conductiomefers to the mechanism of internal energy transfer within a body or
between bodies that are in direct physical contacBugiatioti, 2006)In building materials,
conduction represents the dominant mode of heat transfer through opaque envelope components

such as walls, roofs and floors.

Thermal Convectiorefers to the mechanism of heat transfer that occurs between a solid surface
and a fluid (liquid or gas) in motion, as a result of combined effects of molecular diffusion and
bulk fluid movement (F. Bougiatioti, 2006). In buildings, convective heat wamsfmarily

takes place at the interfaces between the building envelope and the surrounding air. Convection
can be classified as natural, driven by buoyancy forces due to temperature differences, or forced
convection, caused by externaleans such as winds or mechanical ventilation systems.
(DesigningBuildings, 2024)

Thermal Radiatiomefers to the transfer of energy through electromagnetic waves emitted by a
body as a consequence of its temperature, without the need for a material medium (F.
Bougiatioti, 2006). In the built environment, radiative heat transfer plays a significarm role
energy exchange between building surfaces and buildings and their surroundings, through solar
radiation and longvave thermal emissionthereby affecting indoor thermal conditions
(DesigningBuildings, 2024).
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1.3Thermal Energy Storage

While heat transfer mechanismascribe how thermal energy is exchanged between materials,
surfaces and the surrounding environment, they do not addredhib@mergy can be retained
and utilized later.

To address thaifThermal Energy Storag@ ES) systems are employed, enabling heat or cold
to be stored when available and released when ne@@d€dbeza et al., 2016)

In general TES refers to the capacitf a material to absorb heat when energy is available,
retain it and release it when conditions charfigd®incer et al., 2010)

In the context of buildingsthermal storage plays a key role in moderating temperature
fluctuations, improvinghermal comfort and energy performance.

Basedon the underlying storage mechanjsikS can be classified into sensible heat storage,
latent heat storage and thermochemical heat stoaageesented in the figure beldR. Abass

et al.,2025)

Thermal Energy Storage Systems (TES)

l l

Thermal Methods Chemical Methods

Sensible Heat Latent Heat Storage Heat Pump
Storage (SHS) (LHS) Reaction

L - Thermal

— | Liquids Solid- Solid Chemical Pipe
> | Solids Sphc.l_ — | Heat of Reaction
Liquid
Liquid - Gas

Figure 1.3 : Classification of thermal energy storage Syst@mAabass, 2025

The present studipcuses on sensible and latent heat storage, which are the most relevant and

commonly applied approaches in building applications.
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Temperature (°C)

Temperature (°C)

Stored Heat Stored Heat
Figure 1.4 : Comparative diagrantetween sensible hestbrage(left) andlatent heat storage (rightpP. Abass et al., 2025

1.3.1 Sensible Heat

Sensible Heat Storage (SHS) refers to the storage of thermal energy tarobghge in the
temperature of a material, without altering its physical stiatbis mechanism, energy is stored
when the temperature of a solid, liquid or gas increases during the charging process and is
released when the temperature decreases during disch&dgiBgbam, 2017)

The amounbf energy stored depenads the specific heat, the temperature change and the
material, anadtan be expressed as,

0 A6 QY a6 Y Y,

where m is the mass of the materig)j€its specific heat capacity andvw ¢ TY arethe initial

and final temperatures, respectiveB. Cardenas et al., 2013)

However, sensible heat storage typically requires relatively large material volumes to store
significant amounts of energy, as storage capacity is directly linked to temperature variation.
Commonexamples of such materiadse water, pebblesocks, concrete etavhich arewidely
available and cosgffectivebut exhibit relatively low energy densitys a result, sensible heat

storage systemare mainly used in smadicale applications where simplicity and economic
considerationsire major concerns. (S. @idel et al., 2016)

16



1.3.2 Latent Heat

Latent Heat Storage (LHSEpresents an alternative thermal energy storage approach that
addresseseveral limitations of sensible heat storage.

In latent heat storage systems, thermal energy is absorbed or releasga phase change of

a material, such as solidjuid or liquid-gas transitionsoccurring at an approximately constant
temperature. (B. Cardenas et al., 2013)

The total amount of heat stored in a latent heat storage system can be described as the sum of

sensible and latent coitiutions :

Tm Tf
Q :f mCpdT + mAh,, mC,dT
T; T

where T is the phase change temperature gindis the latent heat associdteith the phase
transition (J. Soibam, 2017)

Among the different phase change mechanisms,-8qlied transitions are the most suitable

for practical applications due to their relatively small volume changes and favorable operating
conditions. (J. Soibam, 2017)

As a result, latent heat storage introduces a different mode of thermal energy management
compared to sensible heat storagiéhin a narrow temperature rangehis differentiationis
particularly important inbuilding applicationgor achieving occupant thermal comfort and

energyefficient operation(P. Abass et al., 2025)
1.4Indoor Environmental Conditions andomfort

Indoor comfort conditions are a fundamental component of the thermal behaviour of buildings
and are linked to occupanrelstal pdifermandceh and t he
Indoor comfort encompasses thermal, visual and acoustic comfort and indoor air Gihasty.
parameters are all related to the thermal response of the building envelope (T.O.T.E:E.20701
6,2022). In this framework, advanced building materials, such as PCMs, play a significant role
by modifying heat storage and release processes, therebyraffmdoor comfort conditions.

17



1.4.1 Thermal Comfort

Thermal comfort is defined as the state of satisfaction with the thermal environment or the
perception of thermal neutral conditios depends on the exchange of energy between the
human body and its surrounding environment, as well as on the mechanisms of physiological
and psychological adaptation (Hoppe, 2002)

Thermal comfort perception depends on two main categories of parameters (Auliciems et al.,

1997)

Environmental Parameters
Air temperature
relative humidity

radiant temperature, including solar radiatio

Personal Parameters
Metabolic rate (depending on activity level)

Clothing insulation

and heat exchange with surrounding surfact

air velocity -

110 g

Psychrometric Chart /.;N:‘\#L w/ m’/‘ m/‘ m// 0.03
ATHENS_GRC 7 5 il y
1 JAN 1:00 - 31 DEC 24:00 woand /) } 1M /

0.025

Humidity Ratio [kg water/ kg air]

0,015

-20 15 10 5 0 5 10 15 20 25 30 35 40 as 50
Operative Temperature [°C)

Figure 1.3: Psychrometric chart indicating the comfort zone for winter conditions (blue outline) and t

comfort zone for summer conditions (red outline) , T.O.T.E.E. 20/21122
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- Assessment of Thermal Comfort

To quantitatively assess thermal comfort, several indices have been developed and are widely
used in building performance evaluation and simulatiased design.
Two of these are PMV (Predicted Mean Vote) and PPD (Predicted Percentage of Dissatisfied)
proposed by Fanger in 1973. The PMV index predicts the mean thermal sensation of a large
group of occupants using a sey@oint scale :

- -3 cold

- -2 cool

- -1 slightly cool

- 0 neutral

- +1slightly warm

- +2warm

- 43 hot

In the PMV approach, thermal comfort is evaluated by assigning values to air velocity (m/s),
clothing insulation (clo) with typical values of 1.0 clo for winter clothing and 0.5 clo for
summeri metabolic rate (met) according to activity level, relative humidity éd air
temperature (AC). These parameters define a
such as Figure 1.4 within which the remaining variables must lie for a reference metabolic rate

of met=1.1. (Alimperti et al., 2024)

OPERATIVE TEMPERATURE (°F)

64 68 72 5 79 a2 86 20

o
@ -

&
AIR SPEED (fpm)

AIR SPEED (m/s)

=]

o
N

8 19 20 221 2 2B 24 25 2 27 B 29 331 3 Ik
OPERATIVE TEMPERATURE (°C)

Comfortable | Too Hot | Too Cold | Too Drafty
—

Figure 1.4 : ASHRAE chart for met=1.1, simscale.com, 2025
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The associated PPD index expresses the predicted percentage of occupants dissatisfied with the
thermal environment. Even under optimal thermal conditions (PMV=0), a minimum
dissatisfaction level of approximately 5% is expected, representing the thedostigalimit

of thermal discomfort (Fanger, 1973)

58 838

A A

Predicted percentage
of dissatisfied
N~
O

Aedendd
|
'
'

.20 15 -40-0% O OS5 IO 5 20
Predicted mean vote

aung- ()

Figure 1.5 : PMVPPD Diagram,Fanger P.O. (1973)

The thermal comfort indices, PMV and PPD, mentioned above, provide a quantitative
framewor k for eval uat i nagd farthle lbasia fortirgetationbllg r ma |
recognized comfort standards such as the ASHRAE Stab8&@17 : Thermal Environmental
Conditions for Human Occupancy. According to this standamehbinations of indoor thermal
environment and personal parameters that result in thermal conditions considered acceptable
by the majority of occupantwe definedin particular, ASHRAE 5 is based on the following

four fundamental assumptions (ASHRAE,2017) :

- Thermal comfort is determined by six key environmental and personal parameters, as
described before.

- Compliance with ASHRAE Standard 55 requires that all these parameters be considered
simultaneously and in combination.

- The thermal conditions defined by the Standard apply to healthy adult occupants, at
altitudes below 3.000 m. above sea level, and for occupancy periods exceeding 15
minutes.

- The standard does not address other aspects of indoor environmental quality, such as

indoor air quality, acoustics, lighting or pollution.

20



1.4.2 Visual Comfort

Visual comfort in indoor environments is primarily related to adequacy and quality of lighting
conditions. Itis strongly influenced by the intended use of space and its functional requirements,
as well as by the uniform distribution of illumination levesoper lighting design supports
smooth visual adaptation, minimizes eye strain, and prevents glare, thereby contributing to
occupant comfort and performan@eO.T.E.E 207036 / 2022).

1.4.3 Acoustic Comfort

Acoustic comfort refers to the intensity and quatifysounds perceived within indoor spaces.

It is influenced by external noise levels, the properties of the building envelope and the
configuration of both interior and surrounding spaces. With that being said, transitional or
intermediate spaces may furetinot only as climatic buffer zones but also as acoustic buffers.

In addition, landscape elements such as water features, may contribute to acoustic comfort by
masking or attenuating undesirable noisehile simultaneously improving the local
microclimate (T.O.T.E.E 20704 / 2022).

1.4.4 Indoor Air Quality (IAQ)

Indoor Air Quality (IAQ) depends on humidity levels and the concentration of airborne
pollutants, including carbon monoxide (CO), carbon dioxideJCaitrogen dioxide (N©),

volatile organic compounds (VOCs), and particulate matter{BMl PM s). Indoor pollutants
originate mainly from human activities, building matereisl the geologicalharacteristicef

the surrounding area.

These pollutants can be effectively removed through appropriate natural or mechanical
ventilation strategies. However, the use of toxic sources, such as construction materials
containing isocyanates or paints with high VOC emissions should be avoidesdite baalthy

indoor environments (T.O.T.E.E 20761 2022).

1.5Summary
This chapterhas provided the theoretical background necessary to understand the thermal

behaviour of buildingand the indoor environmental conditions.
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The way thermal energy is absorbedored and released by building materials directly
influences temperature stability and consequemtlyupant comfort and energy performance.

In this frameworkjncreasing attention is directed towardaterials that can actively interact

with daily thermal variations by storing and releasing heat in a contrebedonment
Therefore, building upon the principles of sensible and latent heat storage introduced in this
chapterthe following one focuses on Phase Change Materials , examining their thgsmaph

properties and their role in enhancingoor thermal comfort and energy efficiency.

Chapter 2: Phase Change Materials (PCM)

2.1 Introduction

Phase change materigdl®CMs) are substanctsat undergo phase transitidnsorder torelease
or absorb heabDuring this process, PCMs alternate between solid and liquid stasesbing
heat as they meltfarging and releasing heat as they solidifyscharging.

Depending ortheintendedapplication, a PCMan beselected to undergo a seliduid, solid
gas, liquidgas, or solid-solid phase chang&Among thesemechanismssolidliquid phase
changesre themost usedn buildingrelatedapplications due to their high latent heat capacity
and nearly constant transition temperatufbis characteristic enables PCMs to interact
effectively with the daily thermal variations occurring within occupied spaéAs.
Christakopoulos, 2012)

This thermal response driven by the principles of thermal energy storage through sensible

and latent heafs the temperaturef the surrounding environment increases, the RBBbrbs

sensible heat, resulting in gradual rise in its temperatuiikit reaches the phase transitiéu

this point, the temperature remains nearly constant while the material stores energy in the form
of | atent heat of fusion. This energy corres
phase from solid to liquid without a further temguire rise. Conversely, when the temperature
decreases below the transition point, the PCM releases the stored energy as it solidifies,
maintaining thermal stability within the surrounding environment. (Cabeza L. et al., 2015)
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Figure 2.1 : PCM function , Thermtest , 2024

Once the phase transition is complete and the PCM is fully melted, any further heat exchange

occurs in the form of sensible heat. While the latter depends on the specific heat capacity of the

materi al and the temper at orage capacity it deterenimed &y ( pT)

PCM6s enthal py of fusion. (Das A. et al. ,

At the microscopic scaleluringthe melting cycle (charging, the thermal energy received by
the PCM raises the internal energy of #wems or moleculesveakeningintermolecular
interactionsAs the material transitions frosolid to liquid phase, therdered crystalline and
semicrystalline structures are broken, leading the moleculebeaandomly dispersed and
physicallyconfusedThe reversal of meltingccurs during thsolidification processin which
the PCM loses energy to tle@avironment and the atoms or moleculelsuild their chemical
association (i.e.chemical bonds), resulting in tlerdered phase reforming and solidifying
(Kamperi A., 2019)

This phasetransition mechanism at the microscopic levwel directly linked with the
macroscopic thermophysical behaviour of PCMgich will ultimately determinetheir
suitability for different applications
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2.2 ThermophysicaProperties and Selection of a PCM

The effective use of a Phase Change Material depends on a combination of its thermal, physical
and chemical properties.

From a thermaperspective, a PCM should exhibit high latent heat of fusion and high energy
density, enabling large amounts of thermal energy to be stored within a limited volume. In
addition, a favorable ratio of latent to sensible heat capacity is desirable, aarntesnlthe
effectiveness of phase change storage. Adequate thermal conductivity in both solid and liquid
phases is also essential to support rapid heat absorption and release, as well as narrow
temperature range ensuring stable and predictabtenal performance. (J. Soibam, 2017)

As for the physical properties, minimal volume change during phase transition and relatively
high density are required to prevent structural stresses and performance degradation. The
storage thickness and the ratio of PCM volume to total system volumebeosgtimized as

well, to balance thermal effectiveness and constructalfilitylandilaras, 2015)

From a kinetic standpoint, efficient charging and discharging behavowaquired. Low
nucleation rates may lead to supercooling, causing melting and solidification to occur at
different temperatureswvhich negatively affects thermal reliability. Therefore, PCMs high
nucleation activity and enhanced crystal growth are required.

Finally, PCMs have specific chemical properties. Reversible melting and solidification,
resistance to chemical degradation over repeated cycles armbmosive behaviour towards
surrounding materials are characteristics critical for the selection oiva B@er than that,

from an economical and environmental perspective, a PCM must b&gxionand non
flammable and also available and abundant in nature (C. Podara et al., 2021).

Overall,based on this selection criteria, aptimal PCM should have a transition temperature
that matches the target operating range, high latent heat, chemical stability, minimal
degradation after repeated cycles, and good thermal conductivity to ensure rapid heat transfer.

2.3 Types and Classification of PCM
Phase Change Materials can be classified according to several criteria, with the most

fundamental one being their chemical composition. Other classification parameters may include

their application field or the temperature range within which the phasstimaroccurs.
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Based on their chemical compositi®®CMs are generally classified into three types: Organic,
Inorganic and Eutectics as shown in Figate(Soiham J., 2017)
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Figure 22: Classification of Phase change Materials (PCMSs)

2.3.1 Organic PCMs

Organic phase change materials constitute a major categemgfy storage materials and are
widely used for building applications. Organic PCMs can be paraffinic orpaaaffinic
depending on their chemical structure and are characterized by their congruent melting
behaviour, enabling repeated melting and solidification cycles without degradation of latent
heat storage capacity. (J. Soibam, 2017)

- Paraffin Compounds

Paraffin PCMs are further divided into paraffin hydrocarbons and paraffin waxes. The latter
consistsof hydrocarbon chains ranging from 8 to 15 carbon atomgaraffin hydrocarbons

of chains ranging from 14 to 40 carbon atoms (C. Podara et al.,. Bifth)generally consist

of chains of ralkanes CH3CH2)-CH3, whose crystallization releases a large amount of latent
heat. The melting point of these alkanes increases with increase in carbon atoms, usually
ranging fr o@. Sdikam,t2017)XonY Grese, paraffin waxes are the most
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commercially used fdouilding applications. In the table belogveated by C. Podara et déhe

thermal properties of some paraffin waxes and paraffin hydrocadvensesented.

Melting Melting Thermal
Chemical Temperature Enthalpy Conductivity
Material formula ( AC) (J/9) ( W/ mL K) Density |
n-Tetradecane C H 55 228 i i
n-Pentadecane C H 10.0 205 T T
n-Hexadecane, C H 18.0 210238 0.2 (solid) 760.0 (lig
n-Heptadecane C H 19.0 240 0.2 776.0 (ligqg
0.15 (liqu 774.0 (lig
n-Octadecane C H 28.0 200 245 .
0.36 (soli 814.0 (sol
0.18 (liqu
n-Nonadecane, C H 32.0033.0 222 . 780.0
0.26 (sol
. 0.15 (liquid) /
n-Eicosane C H 36.0037.0 247 . |
0.42 (solid)
n-Heneicosane C H 39.0141.0 201 T T
n-Docosane C H 44.0 249 ) T
n-Tricosane C H 47.5 232 ) T
n-Tetracosane C H 50.6 255 ) T

Tablel: Thermal Propertie®f ParaffinicPCMs C. Podara et al., 2021

- Non-Paraffin Compounds

Non-Paraffins constitute the most diverssgtegory of organic PCMs, exhibiting a wide range

of thermophysical and chemical properti@is category includes fatty acids, glycols,
polyalcohols, esters and other {gerived compounds, many of which are obtained from
renewable resources such as animal fats and vegetabNarparaffinic PCMsare generally
characterized by desirable features for latent heat thermal energy storage, some of which are
high latent heat of fusion, good thermal stability, biodegbility and low toxicity. However,

their applicability is often limited due to low thermal conductivity, higher costs and in some
cases flammability compared to organic paraffin PCMs (A. Kamperi, 2019)
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2.3.2 Inorganic PCMs

Inorganic phase change materials include salt hydeatdsmetals. Salt hydrates have been
studied for their use as PCMs aar@ typically an alloy of inorganic salts and water forming a
crystalline solid othegeneral formula ABDH20 (J. Soibam, 2017he phase change of this

solid is a result of the dehydration reaction of this hydrated salt.

Unlike organic materials, the inorganic PCMs have sharp phase changes at their melting
temperature and high thermal conductivity. However, thi@ orawback of salt hydrates is the
decreased performance after charegligcharging circles ( C. Podara et al., 2021) They are also
characterized by poor nucleating properties which result in supercooling and discharging the

energy at much lower temperature rather than in fusion temperature
2.3.3 Eutectic PCMs

Eutectic phase change materials are a combination of two or more organic, inorganic or hybrid
components that solidify congruently at a s
which is typically lower than the melting temperature of the indivicuenstituents. This
characteristic allows the design of PCMs with tailored phase change temperatures and latent
heat values in order to meet specific application requiremént&amperj 2019)

Organic eutectic mixtures, in particular, offer additional advantages such astonthermal

stability, relatively high phase change enthalpy and good compatibility with porous support
materials. However, despite their promising thermophysical propegtieectic PCMs are often
associated with higher mater@dsts,and their thermal energy storage application remain less

mature compared to conventional organic and inorganic PCM&dibam, 2017)

Eutectic Phase Change Materials
Advantages Disadvantages Types
Properties can be tailor-made to Low heat of fusion per unit weight ORGANC
match specific applications

Limited test data available on the

High volumetric thermal storage thermophysical properties Cﬁgﬁg_ ];gg' Napthalene-
density benzoicacid
High cost Lauric- MgCl-
Sharp melting temperature palimitic L Urea-NH4Br
Myristic- BACI-
stearic KCL-

NaCl

Figure 2.3: Types and Characteristics of Eutectic PCMs, W. Wong et al., 2023
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24 PCM IncorporationMethods

Although PCM incorporation techniques have been developed for a wide range of thermal
energy storage applications, this chapter focuses on the methods most relevant to- building
related materials.

Phase Change Materials can be integrated into construction materials and building systems
through different incorporatiortechniques depending on the desired level of thermal
performance and compatibility with thest materialThe most commonly usegchniques

include the following:

- Direct incorporation,

- Immersion,

- Encapsulation,

- Shapestabilized PCMs

- FormsstabilizedPCMs compositegl. Pereirat al, 2025)

2.4.1 Direct Incorporation

Direct incorporation is the simplest approach for introducing PCMs into construction materials
In this method, the PCMeither in liquid or powder form, is mixed directly with materials such
as gypsum, cement mortar or concaieng preparation. The main advantage of this technique
lies in its low cost and ease of implementatias it does not require additional process{Qg.
Al-Yasiri et al., 2021)

However, despite its simplicity, direct incorporation preséatmitations. Since PCM is not
physically contained within the host tedals, leakage may occur during the melting phase,
leading to incompatibility with the surrounding material, and in the case of organic PCMs
increased risk of fired-urthermore, when liquid PCMs are added to cementitious mixtures, they
can disturb the watdsinder ratio and weaken the mechanical properties of the mixara.
result, although direct incorporation can anbe thermal storage capacity, its application is

often restricted to nestructural elements of the building envelof@ePereiraet al, 2025)

28



2.4.2 Immersion

The immersion technique relies orethbsorption of liquid PCM into porous construction
materials through capillary' action. In this action, materials such as brickigghtweight
aggregates or gypsum products are submerged in molten PCM, allowing the liquid to penetrate
theirinternal pore structure. After cooling, the P@&mains stored within the material.

Immersion can achieve relatively higdfCM content without altering the original material
formulation. HoweverJeakageremainsa drawback, particularly during repeated thermal
cycles (J. Pereira et al., 2025)

2.43 Encapsulation

Encapsulation is widely regarded @ of the most effectivBCM incorporation techniques
In this approach, the PCM is enclosed within a protective shell that sepiarftas the

surrounding material , preventing leakage and improving compatibility.

(a) Heat energy is absorbed an (b)
PCM melts

The core part is
the PCM and the
shell part is the
encapsulated
material

SOLID CORE  SHELL

Heat energy Is released and
PCM solidifies

SHELL

LIQUID CORE

Figure 24 : Schematic principal of the encapsulated PCBldjuang, 2021

Depending on the size of the encapsulated PCM, this technique is classified into
macroencapsulatio(with diameters of 1 mm and morahicroencapsulatioffrom 1em to 1

mm) and nanoencapsulatigless than Em). In all cases, the encapsulating material must be

! Capillary actionis the process of liquid flowing in a narrow space without the assistance of external forces
like gravity (Britannicg 2025
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chemically shble and capable of accommodating volume changes during phase transition,
while maintaining thermal conductivit{J. Pereira et al., 2025)

- Macroencapsulation

This method involvestoring PCMs inside containers such as tubes, spheres, panels or other
structural elementgnd has been the most convenient solutiot@i@ding applications.
Macroencapsulation offers advantages in term&asfdling and installation, however heat

transfer dependsontceapsul eds geometry, material or pl e
Additionally, container materials must be resistant to corroaimh mechanical damage to

ensure longerm reliability. (H. Akeibeset al, 2016)

- Microencapsulation

Microencapsulation consists of enclosing PCM particles, typically in the micrometer range
within thin polymeric shells. These microcapsulesthesn mixed into construction materials.

Due to their small size and large surféacesolume ratig microencapsulated PCMs generally
exhibit improved heat transfer efficiency and better control of volume changes during phase
transition.

However,microencapsulatiois associated with higher production castslpotentialnegative

impact on the mechanical strength of the host matédiaPereira et al., 2025)

- Narnoencapsulation

Nanoencapsulation extends the principles of microencapsulation to the nanometer scale
resulting in extremely high siacearea to volume ratios and enhanced thermal conductivity.
This technique is still under active reseagstd involves advanced chemical synthegls.
Pereira et al., 2025)

2.44 ShapeStabilized PCM

Shapestabilized PCMs are composite materials in which the PCM is physically reveiithéad
a supportingstructure that prevesit from flowing when it meltswithout the need for external

encapsulation.
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These materials offer improved dimensional stability and enhanced thermal conductivity
through the use of conductive fille(&. Al-Yasiri et al., 2021)

2.45 FormStabilized PCM Composites

Formstabilized PCMs represent an advanced category of composite madesajsed to
retain a high PCM content while remaining solid throughout the phase transition.

Unlike conventional encapsulation, the stabilizstgucture itself ensures leakage prevention
and mechanical integrityfhis makes them suitable for lotgrm applications where thermal
performance and durability are critichut with a higher cost to manufacture. (Q-YAlsiri et

al., 2021)

2.5Economic Analysis of PClspplications

The economic evaluation of phase change matenalwilding applicationsis commonly
approachedhrough a life cycle perspectiveas the integration of PCMs affedi®th the
construction phasand the longerm economiwalue.

As advanced functional materials, PCMs offer addddecompared t@onventional materials
by providingthermal energy storage within a building envelofi@s enhanced functionality
however, is accompanied by increased initial costs associatednattrial productiorand
encapsulationwhich significanty increase costs at the construction stggePereira et al.,
2025)

Life cycle assessment (LCA) studigadicate that PCM integration generally increases
economicand environmental impacts during the construction phase due to Ingterial
intensity and more complex manufacturing procedsesertheless, it is also highlighted that
these systemare characterized by long service livaexl their ability to enhance the thermal
performance of building componentss a result, when the assessment is expandedvier
the entire building life cycle, the initial constructiongsle impacts arbalanced with the
prolonged functional contributiofE. Kyriaki et al., 2017)

Thereforefrom a life cycle cost analysis (LCCA) standpoihis comparison between higher
initial costs and longerm performance leads to a more balanced economic outElawever
ongoingresearclton LCA and LCCA of PCMss focused on producing more accurate results
while enhancements in thdgchnology and cost reduction stratecaes expected to further

improve their economic competitiveness. (E. Kyriaki et al., 2017)

31



2.6 Summary

This chapter presented a comprehensixarview ofPhaseChangeMaterials, focusing on their
fundamental operating principles, thermophysical propertiessification and incorporation
methods into building applications. The phase transition mechaisth&atent heat storage
properties were examined at microscopic and macroscopic level, establishing the basis for
understanding PCM thermal behaviduaraddition, themain PCM categorieand incorporation
techniques were revieweshd analyzed in terms oeédormance, durability and compatibility

with construction materialss well as their economoutcome

Overall this chapter establishéise theoretical and material framework required to critically

assess how PCM solutions can be effectively integrated into real building applications.

Chapter 3 : Integration of PCM in Building Applications

3.1 Introduction

Although Phase Change Materials (PCMaye been approached and studiiethe literature

for several yearshere are only a fethatare suitable fothebuildingindustry, each associated

with strengths and limitationgA. Kurdi et al., 2021)

However, in recent studies, the optimization and modification of RGIMtions for building
applications is startingo move beyond purely theoretical investigations, incorporating
experimental validatioand performance monitoring in real building contexts. (S. Zhao et al.,
2024)This transition reflects a growing interest in assessing the actual potential of PCMs under
realistic operating conditions.

In this chapter, the integration of PCM solutions in building applications is examined through
both commercially available PCM products and case study buildmgeder toprovide ann-

depth analysis of PCM implementation strategies, their limitations, and their potential

contribution to sustainable building design

3.2 Integration Strategies of PCMs in Building Components

The integration of PCMsn building componentscan be broadly classified in two main
categories, depending on the location and functional role of thermal stpaageve integration
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within the building envelope or structural elemeants] active integration in dedicated heat and
cold storage units associated with building service systems. (J. Soiham, 2017)

In passive application$®CM charging and discharging occur automatically around the phase
change temperatyrallowing the material to absorb or release latent heat without mechanical
control. In contrast, active PCM applications involve the use of PCMs in separate thermal
storage units thatperate in conjunction with heating, ventilation anecainditioning systems.

( A. Christakopoulos, 2012)

Given that passive integration strategies domittagecurrent buildingscale applications and
playa significant role in the thermal behaviour of the building envelop& @i incorporation
within thebuildingd somponents is presented below

3.2.1 WallAssemblies

The integration of PCMs in wall assemblies is one of the most extensively investigated
strategies due to the dominant role of wallheat transfer through the building envelope.
PCMs can be incorporatedanthe wall system, either as a dedicated layendsedded within
conventional materials such as plaster, mantanasonry units(A. Christakopoulos, 2012)

When integrated as a distinct functiolaler, in additiorto the intrinsic properties of the PCM,

the overall performance of such systems is influenced by the manner in which the PCM is
integrated within the wall assembl8tudies have demonstrated that P@Glyers integrated
closer to the interior side of the wall assembly tend to exbiftiter phase change cycles,
enhancing the utilization of their latent heat storage cap#biggram b) of figure 3) (Q. Al

Yasiri et al., 2020)

P P R R N R S N R NS NS S S
Y AR R R R R R R RN

(b)
Figure 31: Schematic study of the PCM locatiaithin the wall assembly, Q. Al Yasiri et al., 2020
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Overall, PCM-enhanced walls exhibit significantly increased effective thermal inertia,
achieving thermal energy storage capacities several times higher than conventional wall

materials for the same kome, while requiring much lower mass.

3.22 Roofing Systems

Although the integration of PCMs into various building components has been extensively
studied, their application in roof systems has received comparatively lirattedtion
However, roofs are directly exposed to solar radiation and constitute a dominant pathway for
heat transfer into buildingéP. Abass, 2024)

Experimental and numerical studies have shown that Pi@tdgrated roofs exhibit slower
internal temperature rise and reduced heat flux at the interior surface compared to conventional
roof systemsAccording toH.J. Algallaf, reductions imternal surface heat flux typically range
between 1217% while peak indoor or ceiling temperatures can be lowsregveral degrees,
depending on the PCM configuration and climate.

Overall, the existing literature confirms that P@hMegrated roof systems represent a

promising passive strategy for reducing cooling loads and improving thermal comfort.

3.2.3Drywall / Plasterboard

The use ofPCM-enhanced gypsum boards (PE€3Bs) in buildings has gaineplarticular
attentionin recent years due to their ability to improve both energy efficiency and indoor
thermal confort. (C. Xu et al., 2024)

Two principal methods are commonly employed for the incorporation of PCMs into gypsum
boards. In the first approach, the gypsum board is impregnated by immersion in liquid PCM,
allowing the porous structure of the material to absorb a significant fraft®@M by weight.

In the second approach, the PCM is introduced in the form of microencapsulated particles,
which are embedded within the gypsum. Microencapsulation ensures the containment of the
PCM during the liquid phase and improves dimensional siakiiost commonly the PCMs

used are organic paraffin waxes and salt hydrée<hristakopoulos, 2012)

During summer months, PGK8Bs can absorlexcess heat from the outdoor environment,
preventing excessive indoor temperature rises and reducing the cooling load. In contrast, during

winter,the stored heat is released, reducing the heat demand. This technology holds significant
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potential to contribute to energy savings, cost reductions and environmental sugtainabi
the building sector. ( C. Xu et al., 2024)

3.2.4GlazingSystems
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Figure 3.2 : Structural comparison ®CM-enhanced window®). Li et al.,2019

PCM- integrated glazing, often referred to as PCM glazing or RGNanced smart windows
involves the placement of latent heat storage materials within cavities of multlayerg

units. During periods of high solar irradiandke PCM undergoes a phase transition at its
melting temperature, absorbing significant amounts of thermal emed)thereby reducing

heat gains transmitted through glazing.

In addition to thermal performandeCM glazing has been shown to influence visual comfort
and daylighting, with careful design required to balance energy benefits against potential

reductions in visible transmittance. (H. Arasteh et al., 2022)

3.3 Commercial PCM products for Building Applications
3.3.1 ENRG Blanket by PhaseChange Solutions

One example of commercially available phase change solutions for building applications is the
ENRG Blanket, developed by Phase Change Solutions. The product is a flexible PCM blanket
which has incorporated the BioPCM technology and is designed to beatetkgrto building
envelopes as a passive thermal energy storage layer.
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BLANKET

Figure 33 : ENRG Blanket, Model b5 Q23 / PhaseChange Solutions, 2023

The PCM core of the ENRG Blanket is engineered to melt and solidify at specific temperatures,

typically ranging between 23 and2@which aligns well with indoor thermal comfort setpoints

commonly adopted in buildings. The latent heat capacity is reported to be approximately 210

J/g, indicating a high thermal storage density compared to conventional sensible thermal mass

materials. th addition, the product has a relatively low surface weight, minimizing structural

implications when incorporated into ligh#ght building assemblies. (PhaseChange Solutions,

2023)

The product specifications stated above, are presented collectively on the table below :

PRODUCT SPECIFICATIONS

COMMON DESIGN TEMPS 23, 25, 27, 29AC
SPECIFI C HEAT OF Bl O|2G2.5 J/ gAC

LATENT HEAT 210 J/g (85/Ib)

WEIGHT OF BLANKET 0.6 to 1 Ib/ft]

RECOMMENDED COVERAGE

65-85% of conditioned square footage

ENRG Blanket products are shipped prefabricated in 24 x 48 inches sheets, allowing installation

in both new constructions and existing buildings. Most commonly, such systems are

i ncorporated in

t he

buil di ngds

walisvoe ihtmtipee

on (

floors. This versatility enables installation without significant disruption, which makes the

product suitabl

e

for

exi st

ng

buil di ngso
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Building Structure

Support Hanger

PHASE CHANGE
ENRG Blanket

Ceiling Tiles

T-Grid Framing

Drop Down Ceiling Installation

Roofing Shingles
Underlayment
Roof Decking

Insulation

PHASE CHANGE
ENRG Blanket

Interior Wallboard

Above Framed Ceilings / Roofs

Figure 34: ENRG Blanket Integration iB u i | dSiructgré /haseChange Solutions, 2023

According to the manufacturer, the integration of ENRG Blanket can contribute to reductions
in HVAC energy consumption by up to 35%. While the exact performance impact depends on
climate conditions, building typology and system operation, such -B&dd sitions
demonstrate the potential of latent thermal energy storage to enhance thermal comfort and
energy efficiency of building envelopes.

Finally, from a sustainability perspective, the BioPCM used in ENRG Blanket is certified to
include 100% biebased content, using a combination of naturally available materials, waste
streams from the petrochemical industry and additives. In terms of/ safdt regulatory
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compliance, the product meets established fire performance standards such as the ASTM E84,
ASTM EB800 and UL 723 for surface burning characteristics. (PhaseChange Solutions, 2023)

3.3.2 QE Platinum (Phase Change Insulation Blanket)

QE Platinum is a patented, quilted mat that contains proprietary PCMs and multilayer film with
a foil surface. Manufactured by a Wfased company in Dallas, Texas, the product is designed
to supplement conventional insulation by actively absorbing, st@mmbgreleasing thermal

energy through latent heat effects. (aug 2022)

QF

PLATINUM

Figure 35: QE Platinum, PCM Blanket,geplatinum.com, 2022

In comparison to rival PCNbased solutions, QE Platinum is supplied as a flexible, thayksr

film that can be retrofitted over existing attic insulation or suspended ceiling tiles in both
residential and commercial buildings. Once installed, the PCM kysorbs excess thermal

energy during periods of peak temperatures, releasing it and solidifying as temperatures decline.
This mechani sm appears similar to thermal #dfb
that can be laid directly over standansulation systems without extensive modification to

building structure.
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Figure 36 : QE Platinum installation, geplatinum.com, 2022

QE Platinum can be tailored to regional climate conditions by selecting PCM formulations with
phase change temperatures suited to anticipated ambient ranges. This adaptability allows the
product to perform effectively across diverse climate zones. Thefatamer reports that the
material can store up to 100 BTU per square foot of latent heat capacity and has achieved Class
A fire safety rating under ASTM-B4, which supports its suitability within occupied building
spaces.

With respect to durability, the product has an expected lifespan of approximately 20 to 30 years,
depending on the installation conditions and thermal cycling frequency. The system is also
marketed as maintenance free once installed, with no requiredesewdr its operational life.
Overall, QE Platinum represents an innovative application of phase change material technology
that bridges the gap between passive insulation and active thermal management. While its core
thermal mechanism is shared with other PCM products, its ease@fitibn and supplemental
design distinguish it among the competitive advanced insulation technologies. (QE Platinum,
2022)

3.3.3 Micronal PCM developed by BASF

Another commercial PCM solution for building applications is Micronal PCM, originally
developed by BASF as a microencapsulated latent heat storage material for integration into
construction products. Micronal PCM consists of parabfised waxes encaps@dtwithin

pol ymer shell s of 5em di ameter, all owing

instability. The PCM is designed to undergo phase change within the indoor thermal comfort
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range, typically at nomineAC,meldy ialgs arebripreg ad
energy during peak temperature periods and releasing it when temperatures decrease.

Micronal PCM is supplied in the form of dispersions or powders, enabling direct incorporation

into conventional building materials such as gypsum boards, interior plasters, mortars or
concrete. Through this materaltegrated approach, Micronal PCM effgely increases the

thermal mass of lightweight building envelopes to a range between 90 and 110 kJ/ kg,

depending on formulation and melting temperature.

Operational Overall storage Latent heat ca- Solid Apparent

Product Product Melting point Densit
¥ density

Application

designation type approx. range capacity approx. pacity approx.  content

Stabilisation of the indoor temperature Approx Approx
. : o - - .
DS 5007 Dispersion _m the com_fort zan_e 55 kd/kg 41 kd/kg Approx 42% 0,95 200-600 mPas
Passive and active application

DS 5001 Pulver o Summertime excessive heating protection 145 ki/kg Mokkg " ?gr‘fnder 250 f;;g“lfgfmg

DS5020  Pulver Surface cooling systems 125 kJ/kg Whikg " PO o fa"é‘(;“l:g o

Figure 37: Mi c r o n-@todiict Bpgdiications / micronal.de, 2008

In addition, Micronal PCM has also been integrated in prefabricated building elements such as
PCM-enhanced gypsum boards, concrete blocks and plasters. Demonstration projects and case
studies have shown reduction in indoor temperature fluctuations anaiesithermal comfort.
(micronal.de, 2008)

Figure 38: Mi c¢ r o niaTypEs oPp&fdbricated PGénhanced Building Elements / micronal.de, 2008
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In addition, reported advantages of Micronal PCM include its long service life of tens of
thousands of thermal cycles and its computability with industoale manufacturing, as it can

be fully embedded within construction materials.

Overall, Micronal PCM represents a mateiigkegrated approach to latent heat thermal storage
that enhances the effective thermal mass of lightweight construction systems. Demonstrated
reductions in temperature fluctuations and improved thermal comgitidgfit its potential as

a complementary strategy for energyficient building design.

3.4 Case Studypplications of PCM iBuildings

3.4.1 Council House 2 (CH2), Melbourne, Australia

The Council House 2 (CH2) is a building designed by Designinc in collaboration with
Melbourne City Council in 2006 and wasnceived as a pilot projetto support the
direction towardgero emissions by 2020. It is an office building located aténéral business

districtof Melbourne, Australia. It is used by tléy of Melbournecouncil, and in April 2005,

became the first purpogmiilt office building in Australia to achieve a maximum &xreen

Starrating, certified by th&reen Building Council of AustraligG. Chua, 2014)

Figure 3.9 : Council House 2 (CH2), Melbourne, Australia / Designinc, 2019
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The overall environmental strategy of the CH2 prioritizes passive anenevgy systems,

including natural ventilation, exposed thermal mass, night purging and radiant coObksg.
applications aim to maintain indoor comfort while minimizing reliance on conventional HVYAC
systems(Designinc, 2019)

Within this design approach, Phase Change Materials are used as a latent thermal energy storage
solution. PCM technology in CH2 isusedn conjunction with the bu
system.

Cooling energy is stored in three large water tanks located in the basement, each containing
thousands of stainlesseel spheres filledvith a salthydrate PCM with a phase change
temperature of approximately 16 AC. During o
tanks, where heat is absorbed by the PCM as it transitions from solid to picase. This
process allows a significant porti ormtoredd t he

latent heat, reducing peak cooling loads duringidee operation.

S S

"l / SHOWER TOWERS

CHILLED PANELS

Occupants experience

PHASE CHANGE MATERIAL

W \_

DAY MODE Designinc

\

Figure 3.10: Council House 2 (CH2), Melbourne, Australia / Designinc, 2019
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The PCM storage system is regenerated primarily during-tilgetconditions. When ambient
temperatures are sufficiently low, excess heat is dissipated through cooling towers, enabling
the PCM tare-solidify. (G. Chua, 2014)

Therefore, m CH2, P®/As function as a thermal storage buffer, supporting radiant cooling
strategies and enabling load shifting between day and night operation. This case study
demonstrates the potential of PCiktegration at the buildiriy system, highlighting an
alternative to envelopkased applications and illustrating htatent heat storage can enhance

the performancef low-energy office buildings in temperate climates.

3.4.2 Crossway Passive Hoys¢ent, England

The Crossway Passive House isimglefamily houselocated in the southeast of England, in

the Kent countryside. It was designed by Richard Hawkes and its construction ended in 2009.
Since then, Crossway was nominated for the Stephen Lawrence prize as well as RIBA,
Passivhaus, Grand Designs and Kent deswgards(J. Dowle, 2022)

The architectural concept is defined by an insulated tiffraere positioned beneath a thin
parabolic terracotta archihis arch is conceived as the ground having been pulled up, providing
accommodation beneath it, like a bird hidlke living roof supports over 100 tons of soil which
hosts a wildflower habitaand is oriented to maximize passive solar gain and daylighting
(Hawkes Architecture, 2009)

T

Figure 3.11: Crossway Passive House, Kent, England / Hawkes Architecture, 2022

43



However, apart from the buil di ngoGr ogsesowaeyt Orsy
environmental performance is also achieved through a combinapassif’e design strategies.

High levels of thermal insulation, airtightness and controlled natural ventilation contribute to

the reduction of the energy demand, while shading techniques and overall forms play a critical
role in limiting overheating. (J. Dowle, 2022)

Within this broader passive design framework, particular attention is given to the enhancement

of the thermal performancef the lightweight structural system, as such structures exhibit
limited thermal mass. To address this, phase change materials are incorporated into the building
envelope in the form of PCM boards within the building fabric, increasing the effective thermal
inettia of the envelopeln between the cellulose insulation and the intefiasing layer of
plasterboard, Hawkes installed 5nthick DuPont Energain panels, which are designed to
absorb ambient heat as room temperature rises (starting at abduC34, it sirtilothe e
temperature drops (at around 18 AC), and the
temperature fluctuations are reduced leading to thermal stability and enhanced thermal comfort
for occupants. (R. Defendorf, 2010)

Figure 3.12: Crossway Passive House, Kent, England / Hawkes Architecture, 2022
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In the Crossway Passivhaus, the REMihanced i nternal surfaces ¢
passive solar strategy by mitigating the risk of overheating during periods of high solar gains

and by extending the effectiveness of stored heat during cooler pefibdeefore, the
application demonstrates how latent heat storage can partially compensate for the overall energy

efficiency and thermal resilience of higlerformance residential buildings.

3.4.3 Senior Citizeng\partment Domat/Ems, Switzerland

Senior CitizendApartment complexn Domat/Emswas designed by Swiss architect Dietrich
Schwarz in 2004In this residential projec§chwarz has incorporated PCMghe glass system

of the fa-ade of the building.

The site ofthe building is located at the foot of the Tuma Falvhillg and the facility was
constructed after the demolition of a former sawmill siterder to expand existing residential

facilities for a nearby retirement hon¥he architectural design is strongly driven by the needs

of its elderly residentsproviding spacious apartmenfgersonalized taheir comfort. All

residential units are oriented towartt®e south, without obstructongnd t he f a- ad
conceived as an open gleasdmetal construction angkerves as the primary interface for solar
energyutilization. ( Schwarz Architekten, 2@)
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Figure 313: Senior Citizen®\partment Domat/Ems, SwitzerlandSchwarz Architekten

For that, the architedhcorporateda latent heat storing insulatiaglazing system filled with
salt hydrate over an area of 148 fhesystemused is called GLASSXcrystdas 78 mm wide
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and is constructelike an ordinary triple insulation glazing unit, but with a light direcfinigm
panel outside and a PCM panel insidi@e latter, consistsf polycarbonate containers filled
with salt hydrate mixturand can store heat at/R&o 280 C(Material District, 2010)

Figure 314: GLASSXcrystal glazing systeBomat/Ems, Switzerland / Schwarz Architekten

In the summer the solar radiationréflectedbackoutsideby the prismatic panel$iowever,
duringthe winter the lower sun angle allows solar radiation to pass almiospedednto the
fa-ade construct i on,,iseohvertecintathtermbl ratistiontard storddi C M
by the melting of the salt hydratié.the roomtemperature falls below 28 Ghe salt hydrate
crystallizesand releases its stored energy into the room. This process is also visible through the
f a - ,avithethe panel being opaque whenever the PCMnsharged and translucent or
transparent as its beinfparged. @. Van Timmeren, 2009)

Overall, this project demonstrates how P@itegrated glazing can effectively combine

architectural expression and passive thermal regulation within a residential building envelope.
3.5 Summary

Following the presentation of selected PCM productscaise study buildings comparative
assessment presented in order to identify recurring PCM implementation patt&orsthat,
the reviewed examples are organized into comparative tia#itating the identification of
integration strategies and materials that are more commsalyin the building sector.

In the table belowgommercially available PCM products are comparée selected products
represent three distinct approaches to PCM deployment, ranging freomadd/elope layers
to materialintegrated solutions, highlighting different levels of construction compatibility.
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PRODUCT

MANUFACTURER

PCM FORM

INTEGRATION
STRATEGY

PHASE CHANGE
TEMPERATURE
RANGE
LATENT HEAT
CAPACITY

TYPICAL
APPLICATIONS

ENERG BLANKET
(BIOPCM)

QE PLATINUM PCM
BLANKET

MICRONAL PCM

BASF
Microencapsulated
paraffin PCM

Phase Change Solutions QE Platinum
Flexible PCM Blanket (bio  Quilted multilayer PCM

based) mat with foil surface

Supplemental insulatiol o
) o Material integrated PCM
Installed as a separate  layer, laid over existing _
_ ) _ N embedded into gypsum
envelope layer in walls etc.  insulation or ceiling
boards,plasteror concrete

systems

2329A C Customizable 21-26 A C

210 J/g Up to 100 BTU/ft 90-110 kJ/kg

Attics, suspended PCM enhanced boards,

Residential and commercia . _ _
o ceilings residential and  plasters, prefabricated
buildings

commercial building envelope elements

Table 3.1 : Comparative Table between Commercially available PCM products

Flexible PCM Blankets, such as the ENEB@GI QE Platinunare designed to be installed as

separate layers within wall or roof assemblies. Their main advantage lies in instakattay

can be incorporated to both newdexisting buildings. The relatively high latent heapacity

per unit mass allows effective thermal buffering, howepeformance depends strongly on

correctdesign and placemenh addition, their contribution is often more limitedmparedo

PCM solutions incorporated intiher conguctionmaterials

Onetel solution isMicronal, where PCN aredirectly integrated intgypsum boards, plasters

or concreteThis strategyrovides thermal interaction across large surface areas and improved

durability but also requires good designd executiotbecause of the materiedmplexity.

Overall, this comparison shows that PCM product performance depends primarily on the degree

of material integration within the building envelope.
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Following this productlevel comparisonthe previously identified PCM integration strategies

are examined ibuilt examples. Below is the comparison table of the three selected case study

buildings presented in paragraph 3.4

PROJECT

LOCATION
BUILDING TYPE

PCM
INTEGRATION
STRATEGY

PCM TYPE AND
PHASE CHANGE
TEMPERATURE

MAIN FUNCTION
OF PCM

CROSSWAY PASSIVE
HOUSE

SENIOR CITIZENS
APARTMENTS

COUNCIL HOUSE 2

Melbourne, Australia Domat/Ems, Switzerland

Office Building

Kent, England
Single family house
PCM integrated within

Multi-residential housing

PCM integratecht building PCM integrated within the

the building envelope

systems (basement therme fa-ade gl az
_ _ (internal PCM boards ) ) _
storage tanks linked to chille _ (PCMHilled insulation
N behind the )
ceiling glazing)

plasterboard)

Salt Hydrate PCM in

) DuPont Energain
stainless steel spheres

Salt Hydrate PCM

Increase effective _
Latent thermal energy Passive solar heat storag
_ thermal mass and
storage for cooling load and release through
N reduce temperature
shifting _ facade
fluctuations

Table 32 : Comparative Table between Built Case Studies

The office building CH2,demonstrates PCM use as parthefb u i | dervicgs@rsd thermal

storage system3 his approach treaBCM as an energy management compoaedthe phase

change process occuostside the occupied zones, meaning its contributidimetional comfort

is indirect While this approach enables precise thermal control, it also reguivesiced

system design, limiting its applicability to complex, laggale buildings.

In contrastthe CrosswayPassiveHouseintegrats PCM directly into théuilding envelopeln

this case, PCNhtegration leads to passive stabilization of indoor temperatures, reducing daily

temperature fluctuations without reliance on mechanical sys€ormpared to the previous

systembased solution, this approach is less complexbatigr suitable for residential and low

energy buildings.
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Lastl vy, Semhiwar z @s t | zrepresahta m@e expenraentél ssolution

Il ncorporating PCM wit hi Wihthis placément,ahé@ cgil azi ng
influence solar heat gain, surface temperature and heat trdmsfggh the envelope. However,

the additionatomplexitywithin such assemblidsaskept them fronmoutgrowing experimental

or highly specialized projects.

This buildingscaleanalysis, together with the materials examined, defines the range of PCM
integration strategieavailable. This overview provides the necessary backgdotor the
subsequergimulation studywhere PCM behaviour and performance are examinddmore

detaiedand realistic conditions.

Partll T Simulation Study

Chapter 4:Methodology and Experimental Design

4.1 Introduction to the Simulation Process

In order to further investigathe findings derived from the theoretical analysis of Phase Change
Materials (PCM) presented in the previous chapters, a series of numerical simukations
conductedising the DesignBuilder software.

The aim of this simulation process is to evaluate the effect of PCM integration into the building
envelopeonthe indoor thermal environment aitsl thermal comfort conditions

For that,a case study buildingocated in Kos Island, is selectad a reference model for the
numerical investigatianThrough simulations, the interaction between building materials,
climatic conditions, and indoor comfort parametease examined allowing deeper

understanding of PCM behavior under real operating conditions.

4.2 The DesignBuilder Software

DesignBuilder is a buildingerformance simulation software that integrates geometric
modelling with advanced environmental analysis tools. The software supports a wide range of

applications, including thermal analysis, natural ventilation modelling,gldyig simulations,

CFD studies, and energy performance assessniPetsignBuilder, 2025)
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While commencing the modelling procedure, the user specifies the location and climatic
context of the project, through integrated weather data¥éhen having determinete spatial
configuration, parameters such as wind exposure, site orientation, and regional energy code
settings the modelling process can start. Users can import BIM or DXF plans or create
geometry within DesignBuil derds | ayout envi
based on constructing blocks, which represent volumetric building components rather than
themal zones. Each block may contain multiple zones, and its geometry can be extruded,
shaped using sloped walls or pitched roofs, or manipulated with Boolean operations for
complex forms. For detailed internal organization, partition lines are drawbdo/gle block

interiors into distinct thermal zones. Each entity designed is defined by its material properties,
thermal transmittance d al ue s ) , and surface characteri st
libraries and predefined templatéBeisgnBuilder, 2025)

In addition to construction details, to accurately simulate environmental performance, the
building must be assigned detailed operational schedules and internal load profiles which
include occupancy patterns, clothing insulation, equipment loads, and8tatreetpoints for

heating and cooling seasons.

Once the geometric model, material properties, internal loads, and operational schedules have
been fully defined, the building is ready for simulation. These analyses include thermal
performance calculations, which evaluate heating and cooling loads #Hueogsar, energy
consumption assessments that estimateusedenergy breakdowns for HVAC, lighting,
equipment, and ventilation, and natural ventilation or airflow studies, either through EnergyPlus

or through the integrated CFD solver for detailednagvement predictions. Additional
simulation capabilities include daylighting analysis using the Radiance engine, which provides
metrics such as illuminance levels, daylight autonomy, and glare indices, as well as solar
exposure and shading studies that ewdlue t he | mpact of seasonal
performance. The outputs generated from these simulations frangdourly and monthly
temperature profiles, comfort indicators (Pl
levelsto visual representatiorssich as swpath diagrams, airflow vector fields, and irradiance
maps. Collectively, these results provide a
performance under real climatic conditions and enable the evaluation of passive and active
design stategies(Chalvantzi Ai., 2021)

2 Climatic input data are obtained from the International Weather for Energy Calculation (IWEC) database,
ensuring that the simulations are driven by accurate and standardized weather information representative of the
local climate. (Chalvantzi Ai., 2021).
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Specifically in thke presenstudy, the focus of the simulatiamplaced ora selectedsubset of
outputsfor the thermal and energy performamdePhase Change Materiatdegratedwithin
the building envelopéAccordingly, a structured simulation framework atefinedevaluation

criteria areestablishe@nd presented in the followingaragraph.

4.3 Simulation Focus anBvaluation Criteria

The primary objective of the simulation study is to investigatentipact ofthe integration of
Phase Change Materialgithin the building envelopen indoor thermal conditions and
occupant comfort.

To ensure that the observed variations in indoor conditions are diesstbciated with the
presence of the PCMs, all simulations are conducted under identical operational conditions.
Thereforeoccupancy schedules, internal heat gains, ventilation rates and heating and cooling
setpointsare maintained constant across all examined scenarios.

The evaluatiorof the PCMenhanced envelope is primarily based on indoor air temperature
profile and thermal comfort indicedn order to analyze such parameteremperature
fluctuations, peak temperatureduction and indoor conditions during periods of increased
thermal stresare examinedhroughyearlyand dailyair temperaturdiagrams for the different
scenariosln addition, thermal comfort is assessed using the Fanger comfort, tiwdeth the
analysis of the PMV and PPD indices. These indicgioogide a quantitativassessment of
occupant comfortas stated in the theoretical paafid allow the comparison of thermal
conditions between the baseline scersavitth the PCMntegrated ones.

Overall, ty focusing on these parameters, the simulation study aioaptarethe contribution

of PCMs in the thermal regulation of the building envelope and their effectiveness in improving

indoor comfort conditions under real climatic operation.

4.4 Summary

This chapter presented the methodological approach adopted for the simulatioiataily.
introdueced DesignBuilderSoftware its simulations capabiliteeand the evaluation criteridne
study sets theontext for the development of the numericaddel Overall, he framework
establishedn this chapter provides consistent basis fdne simulation analysis conducted in
the following stages.
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Chapter 5 :Case Study Definition and Climatic Context

5.1 Introduction

Building upon the methodological framework and simulation apprgaelsented in the
previous chapter, this chapter focuses on the definition of the case study and the contextual
parameters requirddr the numerical investigation.

Initially, the climatic context of the study is introdudadough an analysis tfieGreekclimatic
zonesaccording to KENAKThe selected casstudy building ighenpresented, along with its
architectural characteristicand construction typologyfFinally, this chapterdescribes the
development of the numerical model in DesignBuildetlowed bythe building envelope
configurationsand simulation scenarios.

Through thisapproach the chapter establishes the boundary conditions and assumptions
necessary to ensutigat the results of the analysis can be attribatexdusivelyto variations in

envelope composition and PCM integration.

5.2 Climatic Analysis of the Study Region

Site weather data is an essential input for building energy, comfort and daylighting simulations,
providing the key environmental conditions needed to drive the calculations. In the context of
the present study, climatic conditions indeed play a significale, since the case study
buil ding is evalwuated wunder di fferent cl i ma
performance across environmental variations.

Greece is characterized by a predominantly Mediterranean climate, marked by hot and dry
summers and mild to cold winters. However, climatic conditions vary between northern and
southern regions or coastal and inland areas because of the complex topammdphy
geographical position of the country. (G. Noutsos, 2022) This climatic diversity has a direct
impact on building energy demand profiles and thermal response.

To account for this variability, Greece has been divided into four distinct climatic zdnas

A, B, C and D established by the Hellenic Ministry of Environment and Energy. This climatic
zoning is based on long term meteorological data and aimsléotrefgional differences in

thermal conditions that directly affect building energy demand.
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Figure 5.1 : Climatic Zones in Greece according to KENAK / N. Papamanolis, 2015

Climatic Zone A corresponds to the warmest regions of the country and includes southern and
island areas with mild winters and extended cooling periods. Climatic Zone B represents
intermediate climatic conditions, encompassing a large portion of the tereéry. Climatic

Zone C is characterized by colder winter conditions and finally, Climatic Zone D includes the
coldest regions of Greece, mainly located in northern and mountainous areas. (Regulation Of
Energy Performance of BuildingiSKENAK, 2017)

Within this climatic zoning framework, the present study focuses in two representative climatic
zones of Greece, namely Climatic Zone A and Climatic Zohe®rder to capture contrasting
thermal conditions and assess the climatic sensitivity of PCM performance.

Climatic Zone A is presented by the city of Kos, a southern island characterized by mild winter,
extended cooling periods and strong maritime influence. In contrast, Climatic Zone C,
represented by the city of Thessaloniki in this study, is a northertatodsan area with colder
winter conditions and also a strong maritime influence. The selection of these two locations
allows for the evaluation of PCMntegrated building envelopes under different seasonal
thermal patterns and enables a clear interpoetaf the role of climatic variability on PCM

effectiveness.

3 All climatic data and visualizations presented in the paragraphs 5.3.1 and 5.3.2 were obtained using the CBE
Clima Tool, developed by G. Betti et al. (2023)
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5.2.1 Climatic Zone AKos Island

As mentioned above, the climatic characteristics of Climate Zone A are illustrated through the

climate analysis for the city of Kos using representative visualizations.

ASHRAE adaptive comfort (80%) ASHRAE adaptive comfort (90%)
M Dry bulb temperature Range

Average Dry bulb temperature

35
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Dry bulb temperature (°C)
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Figure 5.2 : Yearly DryBulb Temperature Chart for Kos, CBE Clima Tool

According to the annual diyulb temperature diagram, average outdoor temperatures remain
close to or within the adaptive comfort limits during the seasons. In the winter months, average
outdoor temperatures range approximately betweeh 20 A C, bedom the ASHRAGE

adaptive comfort zones. From spring to early summer temperatures increase steadily and are
mostly within the comfort range. Only in the prolonged period of summer does the temperature
range exceed the upper comfort limits, with daily maxims in July and August surpassing
30AC. Overall, the diagram confirms the mod

severities that characterizes Zone A.
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Figure 5.3 : Annual Wind Rose for Kos, CBE Clima Tool
The annual wind rose indicates that most winds originate from the north and northwest and are

generally associated with moderate to high wind speeds. On the contrary, near zero wind speed

are rare, reflecting persistent airflow throughout the year.
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Figure 5.4 :Psychometric Chart for relative Humidity for Kos, CBE Clima Tool

Finally, the psychometric chart shows that humidity ratio increases with the increase in
temperature. The highest frequency is moderate temperature and humidity ranges, while more
extreme hohumid conditions occur less frequently.
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Overall, the combined analysis of temperature, wind and psychometric conditions confirm that
Climate Zone A is characterized by mild outdoor conditions with limited climatic extremes.

5.2.2 Climatic Zone € Thessaloniki

Accordingly, for the climate analysis of Thessaloniki (Climate Zone C), the annual dry bulb,
wind rose and humidity ratio are presented below.

As shown in Figure 5.5, average outdoor temperatures exhibit a wider seasonal variation
compared to Climate Zone A. During winter months, the temperature ranges betivéen %A C ,
remaining below the ASHRAE adaptive comfort zone. From spring, temperataregost
increase and peak during the summer reachi

more pronounced seasonal contrasts and higher thermal severities that characterize Zone C.

ASHRAE adaptive comfort (80%) ASHRAE adaptive comfort (90%) W Dry bulb temperature Range

Average Dry bulb temperature

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 5.5 : Yearly DnBulb Temperature Chart for Thessaloniki, CBE Clima Tool

The annual wind rose indicates a more disturbed wind pattern, with prevailing winds originating
primarily from the north and northwest with moderate wind speeds, while eastern and southern
winds occur with notable frequency. Calm wind conditions are muidemt, suggesting

periods of reduced airflow.
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Figure 5.6 : Annual Wind Rose for Thessaloniki, CBE Clima Tool

Finally, the psychometric chart shows a clear increase in humidity ratio with rising temperature,
with a broader spread towards higher temperature and humidity combinations. The highest
frequency lies within moderate conditions, althoughhhonid occurreoes are more frequent

than Zone A.
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Figure 5.7 :Psychometric Chart for relative Humidity for Thessaloniki, CBE Clima Tool
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Overall, the combined analysis of temperature, wind and psychometric conditions confirms that
Climate Zone C is characterized by greater seasonal variability and more pronounced thermal

extremes.

5.3 Selection of the Case Study Building

The selection of the castudy building aimed to provide a generic model, representative of
Greek residential architecture.

In particular, the chosen residence is a-tvedroom house located on the island of Kos. The
building was constructed in 12@nd follows a conventional construction typology with a flat

roof. Specifically, the external walls consist of a dotliriek structure with a 3 cm air cavity

in between, lacking thermal insulation, which is typical for buildings constructed around the
same time. In the interior and exterior of the brickwork, the walls are finished with plaster.

The building is oriented towards the southeast and it has its openings in the three exposed

facades. The remaining wall is a shared wall with another property.

Figure5.8 : Casestudy Building Southwestern facade / Source: Personal Visit
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Figure 5.9 : Casestudy Building Northeast Facade / Source: Personal Visit

Figure 5.10 presents tifleor plan of the selected case study building, which is described in the

following section.
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Figure5.10 : Casestudy Building Floor plan / Source: Personal Drawing

59



Theliving spaces are located on the southern side of the house, including the living room and
the kitchen and dining area. The bedrooms and the bathroom are facing northwest. In total, the
area of the property is approximately 95 m

The selection of the castudy building constituted an essential part of the research, as it needed
to satisfy specific criteriaAlthough physically located in the climatic zone of K, the
simulation procesthe model is also virtually placed in another region in Gresa@entioned
previously.

Therefore, it was selected due to its simple geometry and conventional construction typology,

which facilitated the modelling and simulation process in DesignBuilder.

5.4 Model Development in DeisgnBuilder

The model development processns to translate the physical characteristics of the selected
casestudy building into a numerical simulation model capable of accurately represtming

bui | dherma énd energy behaviour.

5.4.1Geometric Modelling and Thermal Zoning

The geometric model of the building was developed within the DesignBuilder environment

based orarchitectural drawings and ite measurements.
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Figure5.11 : Geometric Model of the Building / Source: Personal Model using DesignBuilder interface
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The modelling process based on the creation of a single block representing the building
volume, which is subsequently subdivided into individual thermal zones using internal partition
lines. Specifically, the living roornombinedwith the kitchen dining area, the bedrooms, and
the bathroom are defined ssparatehermal zones. This approach allows for a more accurate

representation of internal heat gains and thermal comfort condmitima the building.

Zone 2 : : Zone 1

Zone 3

s e e ; Domestic Bedroom
Domestic Lounge

Domestic Bathroom

Figure5.12 : Geometric Model of the Building / Source: Personal Model using DesignBuilder interface

The shared wall with the neighbouring property is defined as an adiabatic boundary, assuming
no heat transfer bet ween the two buildings,

exposedsurfacedo outdoorenvironmental conditions.

Domestic Bedroom
Domestic Lounge

Domestic Bathroom

Figure5.13 : Geometric Model of the Building / Source: Personal Model using DesignBuilder interface
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5.4.2 Operational Parameters

In order to isolatéhe impact of Phase Change materials (PCM) on the thermal performance of
the examined buildingall operational parameters were kept consgambss all simulation
scenarios. These parameters describe the buildsnge, occupancy behaviour, HVAC
operation climatic dateetc.

- Climatic Data
Climatic data were defined using Typical Meteorological Year (TMYX) weather files from
Climate.On8uilding.Org. (GRC_AI_Kos.Ippokratis.Intl.AP.167420_TMYXx.efow Climatic

Zone A andGRC_MH_Thessaloni#¥lakedonia.AP.166220 _TMYx.efov Climatic Zone C)

- Occupancy and Internal Conditions

& Template TM59_2-BedLivingKitchen

@ Sector Residential spaces

Zone type 1-Standard ~
Zone multiplier 1

[ Include zone in thermal calculations

[¥] Include zone in Radiance daylighting calculations

Occupied?
Occupancy density (people/m2) 0.0188
(14 Schedule TM59_Living/Kitchen_Occ
A Activity T™™_59
Factor (Men=1.00, Women=0 .85, Children=0.75) 1,00
CO2 generation rate (m3/s-W) 0.0000000382
Clothing schedule definition 1-Generic summer and winter clothing v
Winter clothing (clo) 1,00
Summer clothing (clo) 0,50

Comfort Radiant Temperature Weighting
Air Velocity
Contaminant Generation and Removal
1~ DHW
'1 Environmental Control
Heating Setpoint Temperatures

| Heating (°C) 21,0

| Heating set back (°C) 12,0

[ Cooling (°C) 25,0

|| Cooling set back (°C) 28,0
Humidity Control »
Ventilation Setpoint Temperatures »

Figure 5.14 :Occupancy and Activity Template Settingource: Personal Model using DesignBuilder interfa
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The activity template used in the modelresponds to typical residential u$@e occupancy
density i s s etandabothiGgindulaBod valies werd defihea Lising a seasonal
schedulewith 1.0 clo for winter conditions and 0.5 clo for summer conditions. Thermal comfort
setpointsars et to 21 AC for the heating.Qoelingpoi nt
setpoint was, dweiftimeal saegt Rébc KACt emper at ure of

activated.

- HVAC Systems and Ventilation

I HVAC Template - ey K
[Tl remplate] Radiator heating, Boiler HW, Mixed mode General
_[[System Default Radiator heating, Boiler HW, Mixed mode Nat Vent, Local comfort cooling
(“Mechanical Ventilation ¥
L] 0n Source DB
Auxiliary Energy ¥ Category Generic
Pump etc energy (W/m2) 0,0000 & Region General
(4 Schedule TM59_Living/Kitchen_Occ Simple
[ \Heatng ¢ Auxiliary energy (kWh/m2) 326
[¥] Heated Colour Shading in Model
Fuel 3-0il - | Floor shade colour
Heating system seasonal CoP 0,850 Natural Ventilation
Sizing Zone Equipment » On Yes
Rate (ach) 500
Design flow rate (e 0.10000000
(4 Schedule TM59_Living_Heat " Mixed mode on Yes
Mt Mt
W On No
Fuel 1-Electricity from grid el Heating
Cooling system seasonal CoP 1,800 e jles
S o 2 | ..
Heating i"ys"m seasonal CoP 0,85
(4 Schedule Dwell_DomLounge_Cool Heating system type 1-Cor e
«Humidity Control 2 Supply Air Condition
poolw _______________________________ 3 Maximum supply air temperature (*C) 35,00
[ 0n Maximum supply air humidity ratio (g/g) 0,016
3£, DHW Template Project DHW Cooling
Type 4-Instantaneous hot water only - Cooling On Yes
DHW CoP 0,8500 Precool (hr) 0.0
Fuel 1-Electricity from grid - Cooling sy.stam sa.a.sonal CoP 1,80
Water Temperatures r Supply Air Condition
. 65.00 LI Minimum supply air temperature (°C) 12,00
Deliverv temoerature (°C) Minimum supply air humidity ratio (a/) 0.008

Figure 5.15 : HVAC Systeand Environmental Control SettingSource: Personal Model using DesignBuilder interface
The building is equipped with a simplified HVAC system configuratepresentative of
conventional residential buildings. Mechanical ventilation was not activatate natural
ventilation was enabled in mixeadode operation

- Lighting and Internal Gains

Lighting was defined using the Design Builder reference lighting template, with a normalized

power density of 5\Wih |per 100 lux.
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‘

T Lighting Template

vEZ+ aE 4P

@ Reference - Lighting templates »
Data Report (Not Editable) v
On General
Normalised power density (W/m2-100 lux) 5.0000 Reference
(14 Schedule TM59_Default_Light Source DesignBuilder
Luminaire type 1-Suspended T Category <System>
Radiant fraction 0,420 FRegion General
Visible fraction 0,180 General Lighting
onvective fraction 0.400 On Yes
Normalsed power densty (Wim2100 ux) 500
Oon Absolute zone power (W) 0,00
+ Task and Display Lighting ¥ Luminaire type 1-Suspended
Con Retum air fraction 0,00
Radiant fraction 042
Visible fraction 0.18
Task and Display Lighting
On No
Lighting Control
On No
Cost
Cost per area (GBP/m2) 60.000

Bea N T T Tr e Tear ol Tren Tl Tro aril

Figure 5.5 : General lightingParametersSource: Personal Model using DesignBuilder interface

- Glazing and Openings

[ Glazing Template ¥ \/ B ™ | ] . ‘ ’
o Template Double glazing. clear, na shading = Glazing templates »
Data Report (Not Editable) :
() Glazing type Dbl Cir 6mm/13mm Air General
'-5!'0"‘ Preferred height 1.5m, 30% glazed Double glazing, clear, no shading
- ;
Type 3-Preferred height - :R . DG:‘,:::]QMW
Window to wall % 30,00 External Glazing
Window height (m) 150 (YGlazing Dbl Cir 6mm/13mm Air
Window spacing (m) 500 =pFrame construction Painted Wooden window frame
Sill height (m) 0.80 9% Glazing area apens 5
Outside reveal depth (m) 0,000 Internal Glazing
Frame and Dwders () Glazing Sgl Clr 3mm
Shading =pFrame construction Painted Wooden window frame
Airflow Control Windows % Glazing area opens 0
Operation Roof Glazing
Free Aperture ()Glazing Sgl Cir 3mm
 Interal \Mndows <pFrame construction Painted Wooden window frame
(7)Glazing type Sgl Cir 3mm % Glazing area opens 0
\@Layout No glazing External Shading
Dimensions Detailed Shading Data
Frame and Dvders Window shading No
Operation Roof window shading No
Free Aperture Local shading No
'« Sloped Roof Windows/Skylights
¢ Doors
Extemal
[ Auto generate .

Preferred width (m) 1,10
Preferred height (m) 2,00
Operation »
Intemal ¥
=y — i=l

Figure 5.17 : Glazing Template and Window Configuration / Source: Personal Model using DesignB

interface

External openings were modelled using a double clear glazing system (6mm glass/13 mm air
gap)without any external or internal shading devices. No operstideling roof glazing or
local shading elements were included in the model ensthiaigsolar gains were solely

influenced by climatic conditions.
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5.4.3 Envelope Construction and Material Properties

The following section presents the material composition of all building envelope elements used
in the different simulation scenariods mentioned before, ariations between scenarios
concernonly the composition and properties of the envelope mategalsjringthat any

differences in the simulated thermal behaviour caattrbbutedsolelyto these changes.

- Referencé&nvelope (Scenario*p

The reference envelope configuration representexising construction of the caseudy
buildingand is used as the baseline case for the evaluation of the alternative configurations.

The external walls consist of a conventional dotdyiek masonry system with an unventilated

air cavity in betweeand no thermal insulation. The calculatieermal transmittance (Walue)

is 1.58W/ m] K and t her fwall ue & s iOs.tBdeordvid) toth& Greek
regulation of the Energy Performance of Buildings (KENAK) the maximum perntittealue

for external walls in Climatic Zone Ais 0.60/ mjakhd 0. 45 W/ m] K for CI
(KENAK,2017)Therefore, the /alue calculated for the reference walsubstantially higher

than the regulatory thresholds.

Accordingly, the roof constructiors modelled as a flat reinforced concrete skthout
insulation. The resultingW¥ al ue of t he r,whlé theilisits tor réots folW/ m| K
Climatic Zone A is 0.50 W m|] K.((HENAK,ZD/)ThiSCI i ma't
constitutes the uninsulated flat roof a significant pathway for heat ldsseg the heating

period and heat gains during the cooling period.

The ground floor of the reference building is modelled as a flooirstantact with the ground,
withaUVal ue of .Whi@ this wlleaxte&dshe maximum limits of KENAK, 1.20

W/ m] K for Zone A and th@grourd flod comptikictidn & mairdamede C,
unchanged across all simulation scenarios.

Finally, internal walls are constructed using sintgiger brick masonry with plaster finishes on

both sides. The internal partitioeshibit UV a |l ue o f hutdd Bot dikdctiy coKtribute

to heat exchangeith the outdoor environment.

4Scenario Definitions and comparisons are presentpdriagraph 5.5
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Omm Brickwork Outer

11,20mm _ Air gap Smm(not to scale)

120,00mm Bric

Inner surface
Inner surface
Convective heat transfer coefficient (W/m2-K) 2,152
Radiative heat transfer coefficient (W/m2-K) 5,540
Surface resistance (m2-K/W) 0,130
Outer surface
Convective heat transfer coefficient (W/m2-K) 19,870
Radiative heat transfer coefficient (W/m2-K) 5130
Surface resistance (m2-K/W) 0,040
No Bridging
U-Value surface to surface (W/m2-K) 2,159
R-Value (m2-K/W) 0.633
U-Value (W/m2-K) 1,579
With Bridging (BS EN 1SO 6946)
Thickness (m) 0.3000
Upper resistance limit (m2-K/W) 0.633
Lower resistance limit (m2-K/W) 0,633
U-Value surface to surface (W/m2-K) 2,159
R-Value (m2-K/W) 0,633
U-Value (W/m2-K) 1,579

a) External Wall, double brickwork with air cavity

Outer surface

70,00mm - Floor/Roof Screed

11,20mm Ceramic/clay tiles - ceramic floor tiles Dry(not to scak

Inner surface
Inner surface
Convective heat transfer coefficient (W/m2-K) 0,342
Radiative heat transfer coefficient (W/m2-K) 5,540
Surface resistance (m2-K/W) 0,170
Outer surface
Convective heat transfer coefficient (W/m2-K) 19,870
Radiative heat fer coefficient (W/m2-K) 5130
Surface resistance (m2-K/W) 0,040
No Bridging
U-Value surface to surface (W/m2-K) 3,370
R-Value (m2-K/W) 0,507
U-Value (W/m2-K) 1,973
With Bridging (BS EN 1SO 6946)
Thickness (m) 0,2000
Upper resistance limit (m2-K/W) 0,507
Lower resistance limit (m2-K/W) 0.507
U-Value surface to surface (W/m2-K) 3,370
R-Value (m2-K/W) 0,507
U-Value (W/m2-K) 1,973

c) Floor, concrete slab with screed and ceramic tile

Figure 5.8 : Building Envelope ConstructibpAssemblieand Thermal Properties for Scenario/@Gource: Personal

Outer surface
10,00mm _Asphat 1{not tp scaje)

Inner surface

Inner surface
Convective heat transfer coefficient (W/m2-K)
Radiative heat transfer coefficient (W/m2-K)
Surface resistance (m2-K/W)

Outer surface
Convective heat transfer coefficient (W/m2-K)
Radiative heat transfer coefficient (W/m2-K)
Surface resistance (m2-K/W)

No Bridging
U-Value surface to surface (W/m2-K)
R-Value (m2-K/W)
U-Value (W/m2-K)

With Bridging (BS EN 1SO 6946)
Thickness (m)
Upper resistance limit (m2-K/W)
Lower resistance limit (m2-K/W)
U-Value surface to surface (W/m2-K)
R-Value (m2-K/W)
U-Value (W/m2-K)

b) Roof Constructionconcrete roof slab

Outer surface

1+8,00mm; Brick

Inner surface

Inner surface
Convective heat transfer coefficient (W/m2-K)
Radiative heat transfer coefficient (W/m2-K)
Surface resistance (m2-K/W)

Outer surface
Convective heat transfer coefficient (W/m2-K)
Radiative heat transfer coefficient (W/m2-K)
Surface resistance (m2-K/W)

No Bridging
U-Value surface to surface (W/m2-K)
R-Value (m2-K/W)
U-Value (W/m2-K)

With Bridging (BS EN 1SO 6946)
Thickness (m)
Upper resistance limit (m2-K/W)
Lower resistance limit (m2-K/W)
U-Value surface to surface (W/m2-K)
R-Value (m2-K/W)
U-Value (W/m2-K)

4,460
5,540
0,100

19,870
5,130
0.040

0,720
1,529
0,654

0,2300
1,529
1,529
0,720
1,529
0,654

d) Internal wall, brickwork with plaster finish

Model using DesignBuilder interface
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- Insulated Envelope (Scenario 1)

In Scenario 1, the external walls and roof of the reference building are modified through the
addition of an external thermal insulation systerhile all other parameters remain unchanged.
Forthe external wallsan external thermal insulation system is applied on the outer surface of
the existing masonry wall. The insulation system is basethenrcommercially available
solution provided by ISOMAT and consists of an expandedspgisne (EPS) insulation layer,
combined with cemertased adhesive and finishing layers. The addition of the external
insulation significantly improves the thermal performance of the wall asseffig\calculated
Uvalue 1 s r edug wahch is below thel Baxindimmalloked valuea footh
Climatic Zones. (KENAK,2017)

Similarly, the roof construmin has a W al ue of  QOwhileGhe Pétrmitpdlimits
defined by KENAK are 0.50 W mJ]K for Zone A

Outer surface Outer surface

15,00mm _Aspha 1{not'tp scale) , -

120,00mm Brickwork Outer

30,00mm  Air gap Smm

120,00mm Bfickwork Opter-

Inner surface Inner surface

Inner surface Inner surface

Convective heat transfer coefficient (W/m2-K) 2,152 Convective heat transfer coefficient (W/m2-K) 4 460

Radiative heat transfer coefficient (W/m2-K) 5,540 Radiative heat transfer coefficient (W/m2-K) 5,540

Surface resistance (m2-K/W) 0,130 Surface resistance (m2-K/'W) 0,100
Outer surface Outer surface

Convective heat transfer coefficient (W/m2-K) 19,870 Convective heat transfer coefficient (W/m2-K) 19,870

Radiative heat transfer coefficient (W/m2-K) 5,130 Radiative heat transfer coefficient (W/m2-K) 5130

Surface resistance (m2-K/W) 0,040 Surface resistance (m2-K/W) 0,040
No Bridging No Bridging

U-Value surface to surface (W/m2-K) 0,451 U-Value surface to surface (W/m2-K) 0,318

R-Value (m2-K/W) 2,389 R-Value (m2-K/W) 3.289

U-Value (W/m2-K) 0,419 U-Value (W/m2-K) 0,304
With Bridging (BS EN ISO 6946) With Bridging (BS EN 1SO 6946)

Thickness (m) 0,3740 Thickness (m)

Upper resistance limit (m2-K/W) 2,389 Upper resistance limit (m2-K/W)

Lower resistance limit (m2-K/W) 2,389 Lower resistance limit (m2-K/W)

U-Value surface to surface (W/m2-K) 0,451 U-Value surface to surface (W/m2-K)

R-Value (m2-K/W) 2,389 R-Value (m2-K/'W)

U-Value (W/m2-K) 0,419 U-Value (W/m2.K)

a) External Wall,cavity brick wallwith EPS insulation b) Roof Construction, concrete roof slakbith EPS
insulation

Figure 5.19 :Building Envelope Construction Assemblies and Thermal Properties for Sc&na8ource: Personal Model

using DesignBuilder interface
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- PCMEnvelope (Scenario 2)

In Scenario 2, Phase Change Materials are integrated into the buildieppe, without
conventional insulation added to the external wall or rdbe PCM layer is placed on the

internal sideof the envelope assembljeghichis identifiedas the most effectiveonfiguration

for Mediterranean climatdsased on findings reported by Q. Al Yasiri et al., (2020) (discussed

in detail in Section 3.2.1)

The phase change material selected for the simulation study is BioPCNRMR7is a
commercially availablemacreencapsulated PCM designed for integration in building
applications.The phase change temperature range is centered a2&@idA C, whi ch i
particularly suitable for Mediterranean climates.

For the external walls, the resultinglJa | u e i s .Thisddie remaims highdranthe
maximum | imits prescribed by KENAK (0.60 W m
Climate Zone C)The result is consistent with the modelling approach, since the integration of

PCM is not intended to function as a conventional thermal insulation materialktbhat to
enhancehermal inertia through latent heat storage.

Accordingly, the roof assembly of this Scenario consists of the original concreteastab
waterproofing layersas well as the PCM layer added in the interior side of the slab. The U
Value is ,0.vwH3i IW nmjKe KENAK [ imits are 0.50 W

for Zone C.

5> The thermophysical properties sheéthe BioPCM is provided in the Appendix.
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Outer surface Outer surface

15,00mm Asphalt 1{nottp scale) . A

120,00mm Brickwork Opter

11,20mm Air gap Smm(not to scale)

120,00mm Brickwork Outer

_ 1120mm _BioPCHO M27/023(nok 0 scake) e |

1.20mm CME M27/023(not to scale) il i
Inner surface
Inner surface
Inner surface Inner surface
Convective heat transfer coefficient (W/m2-K) 2,152 Convective heat transfer coefficient (W/m2-K) 4,460
Radiative heat transfer coefficient (W/m2-K) 5,540 Radiative heat transfer coefficient (W/m2-K) 5,540
Surface resistance (m2-K/W) 0,130 Surface resistance (m2-K/W) 0,100
Outer surface Outer surface
Convective heat transfer coefficient (W/m2-K) 19,870 Convective heat transfer coefficient (W/m2-K) 19,870
Radiative heat transfer coefficient (W/m2-K) 5,130 Radiative heat transfer coefficient (W/m2-K) 5,130
Surface resistance (m2-K/W) 0,040 Surface resistance (m2-K/W) 0,040
No Bridging No Bridging
U-Value surface to surface (W/m2-K) 1,926 U-Value surface to surface (W/m2-K) 0,689
R-Value (m2-K/W) 0,689 R-Value (m2-K/W) 1,592
U-Value (W/m2-K) 1.451 U-Value (W/m2-K) 0,628
With Bridging (BS EN 1SO 6946) With Bridging (BS EN 1SO 6946)
Thickness (m) 03112 Thickness (m) 0,2462
Upper resistance limit (m2-K/W) 0.689 Upper resistance limit (m2-K/W) 1,592
Lower resistance limit (m2-K/W) 0,689 Lower resistance limit (m2-K/W) 1,592
U-Value surface to surface (W/m2-K) 1,926 U-Value surface to surface (W/m2-K) 0.689
R-Value (m2-K/W) 0.689 R-Value (m2-K/W) 1,592
U-Value (W/m2-K) 1,451 U-Value (W/m2-K) 0,628
a) External Wall, cavity brick wall witfPCM b) Roof Construction, concrete roof slab wRICM

Figure 5.20 :Building Envelope Construction Assemblies and Thermal Properties for Sc@reBmurce: Personal

Model using DesignBuilder interface

- Insulated PCMENvelope (Scenario 3)

Scenario 3 combines conventional thermal insutatiith phase change materials (PCMs)

The external walls consist of the originell assembly, where an external insulation layer and

an internal PCM layer are added.

The resulting thermal transmittance-{alue) of the wall assembly s 0 . 4 lwhigWism| K

below themaximum allowed W al ue f or external walls by KEN
Zone A and 0. 45 W/ mThk achieved W@lue isrpairhaelybecausesof C)

the external insulation layer, while the PCM does significantly alter steadgtate heat

transfer.

Similarly, the roof assemblfjas a Uval ue of 0.30 W m] K, when tF
Climatic Zone A is 0.50 W mJK and for cli mat
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Outer surface Outer surface

15,00mm Asphal 1{notto scaje) , 3

120,00mm -Brckwork Outer

30,00mm Air gap Smm

120,00mm Brckwork Outer

120mm BioPCH® M27/0.23(nof to scale) 0
Inner surface Inner surface
Inner surface Inner surface
Convective heat transfer coefficient (W/m2-K) 2,152 Convective heat transfer coefficient (W/m2-K) 4 460
Radiative heat transfer coefficient (W/m2-K) 5,540 Radiative heat transfer coefficient (W/m2-K) 5,540
Surface resistance (m2-K/W) 0.130 Surface resistance (m2-K/W) 0,100
Outer surface Outer surface
Convective heat transfer coefficient (W/m2-K) 19,870 Convective heat transfer coefficient (W/m2-K) 19,870
Radiative heat transfer coefficient (W/m2-K) 5,130 Radiative heat transfer coefficient (W/m2-K) 5,130
Surface resistance (m2-K/W) 0,040 Surface resistance (m2-K/W) 0,040
No Bridging No Bridging
U-Value surface to surface (W/m2-K) 0.440 U-Value surface to surface (W/m2-K) 0.312
R-Value (m2-K/W) 2,445 R-Value (m2-K/W) 3345
U-Value (W/m2-K) 0,409 U-Value (W/m2-K) 0,299
With Bridging (BS EN 1SO 6946) With Bridging (BS EN 1SO 6946)
Thickness (m) 0.3852 Thickness (m) 0,3182
Upper resistance limit (m2-K/W) 2,445 Upper resistance limit (m2-K/W) 3,345
Lower resistance limit (m2-K/W) 2,445 Lower resistance limit (m2-K/W) 3,345
U-Value surface to surface (W/m2-K) 0,440 U-Value surface to surface (W/m2-K) 0,312
R-Value (m2-K/'W) 2445 R-Value (m2-K/W) 3345
U-Value (W/m2-K) 0,409 U-Value (W/m2-K) 0,299
a) External Wall, cavity brick wall witrEPS Insulation b) Roof Construction, concrete roof slab witAPS
andPCM Insulation and PCM

Figure 5.21 :Building Envelope Construction Assemblies and Thermal Properties for Sc8reBimurce: Personal Model using

DesignBuilder interface

5.5 Definition of the Simulation Scenarios

The simulation scenarios were defined to enaltemparison of different envelope strategies

under identical geometric, operational and climetinditions.

A reference Scenari@®) is used to represent the existing condition of the-sasty building

Based on this, three additional scenarios are developed to examine the effects of conventional
thermal insulatomnd PCM i ntegr at i on ©hekeydnharacteristicsiol i ng 6

each scenario are presented @ble5.1 below.
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Scenario 0 Scenario 1 Scenario 2 Scenario 3

(No Insulation) (Insulation) (PCM) (Insulation+PCM)
Double brick External External
External Walls: masonry no Insulation Internal PCM Insulation +
insulation (EPS) PCM
Wall U-Value
1.58W/ m|] K 0.42W/ m|] K 1.45W/ m| K 0.41W/ m] K
(W/ m] K
) Externally External
Uninsulated .
Roof Insulated roof | Internal PCM Insulation +
Concrete Slab
(EPS) PCM
Roof UValue
0.65W/ m] K 0.30W/ m] K 0.63W/ m|] K 0.30w/ m] K
(W/ m] K
Double glazing, Double glazing, Double glazing, Double glazing,
Openings ] _ _ _
No shading No shading No shading No shading
Occupancy &

Internal Gains

HVAC

Climatic

Zones

Residential Residential Residential Residential

Heati ng Heati ng Heating Heating

Cooling Cooling Cooling Cooling

Zone A (Kos), | Zone A (Kos), ' Zone A (Kos), Zone A (Kos),
Zone C Zone C Zone C Zone C

(Thessaloniki) | (Thessaloniki) | (Thessaloniki) | (Thessaloniki)

5.6 Summary

Table 51 : Definition of the Simulation Study Scenarios

This chapteestablishedhe climatic, architectural and modelling framework adopted for the
numerical simulation study.

Two representative Greek climatic zones, Climate Zone A and Climate Zone C, were selected
to reflectcontrasting thermal conditions, represented by Kos and Thessatespectively A
representative residential building waslectedand modelled in DesignBuildefor the

simulationbasedanalysis.
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Then four envelope configurations were defined, representing the existing building condition,
a conventionally insulated envelm@ PCM integrate@nvelopeand the combination of both.

All scenarios were simulated under identical geometric, operational and climaditi@ns.

Overall, he adopted modelling assumptions represent a balance between computational
efficiency and sufficient accuracyestablishing a consistent badr the comparative
assessment olfie simulation resultgresented in the following chapter.

Chapter6 : Simulation Study results

6.1 Introduction

This chapter presents the results of the dynamic thermal simulationsctehdor the
examined scenarios.

The findings are organized througkliagrams that illustrate the variation of indoor ai
temperature and thermal comfort conditions, expressed by the Fanger indices PMV and PPD
and are analysed for climatic Zone A and climatic ZoneinCorder to capture potential
differences related tile climate and zone characteristics of each region of Greece.

For each climatic zone, the same set of diagrams are analykede include annual
performancealiagramsandduringa typical summef08/12i 15/12) andatypical winter week
(19/1226/11). The annual diagramgr ovi de an overall perspecti v
behaviouthroughout the yedrighlighting seasonal variations and letegm performance. The
summer and winter period diagramitow for a clear distinction betweenaling and heating
conditions, while the typical weekly diagrams offer a more detailedhing&ngo shortterm

dynamic behaviour and daily fluctuations.

6.2 Zone Ai Simulation Study Results

Figure 61 presents the annual variation of indoor air temperature in Zone A for all examined

scenarios, together with the outdoor-thylb temperature.
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All Year - Air Temperature (°C), Zone A

26

11

B
a1 1512 241 a3 14/4 245 37 1278 2179 3110 1012 181

Ourside Dry-Bulb Temperature (°C) Scenario0 (No Insulation] (*C)

Scenario 1 [ Insulation) (°C) Scenario2 (PCM) (°C)

Scenario 3 { Insulation+PCM) (°C)

Figure 6.1: Annual variationof indoor air temperature across dlie examined scenarias climatic Zone A

/ Source :Ownprocessing

A clear differentiatioris observed betwedhe insulated scenarios (Scenario 1 and Scenario 3)
and the remaining configurations, especially during the cooler part of theTymaresults
appear to be high@ompared to the reference case (Scenaritm@ontrast, the scenario with
only PCMs (Scenario 2) remains very close to the referecase throughout the year,
suggestingthat the PCM does not introduce a pronounced shift in the annual indoor air
temperature yearly.

However, he combined insulation and PCM case (Scenario 3) doesxhiiit a substantial
deviation from the insulatednly scenario(Scenario 1) implying that the additional
contribution of PCM is comparativelgmall when assessed through annual indoor air
temperature alone. This outcome is expeuetbdn the PCM activation (melting/solidification)

is either limited in duration or occurs in a way that mainly affects short term temperature
dynamics rather than the annual mean profiles.

In summary, the annual temperature results indicate that thermal insulation is the dominant
factor influencing indoor air temperature, while PCM integration produces only marginal

differences relative to the baseline scenario.
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All Year - Fanger PPD (%), Zone A All Year - Fanger PMV, Zone A

—— PMU - Scenurio 0 [ Nainsulation] PV -Scerarin 1 (lsulation]  —— PMV-Scarurio2 (PCM)  ——PMV Scenaria 3 [Insuliion + PCH]

Figure 62 : Annual variation oFanger indices (PPEPMV) across allthe examined scenarias climatic Zone A Source : Own processing

Regarding the PPdex, high levels of predicted dissatisfaction are recorded during the colder
months of the year, with values exceeding7606 across all scenarios. During this period
Scenarios 1 and 3 present lower PPD values compared to the reference case, indicating a modest
improvemenin thermal comfort. In contrast, the PGdhly scenario follows a trend similar to

the reference case

A similar pattern is observed in the PMV results as well. Throughout the year, PMV values
remain predominantly negative, particularly durimgnter and the transitional periods,
indicating thermal sensations ranging from slightly cool to odrhin Scenarios 1 and 3, with
insulation, appear to be slightly higreampared to Scenario O.
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Summer Typical Week - Air Temperature (°C), Zone A

24

23
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4/8 58 6/28 708 ara s 18 e 1za 138

Outside Dry-Bulb Temperature {°C) Scenarla 0 [Na Insulation) {*C} —— Scenarla 1 {Insulatien) (*C) —— Scenarla 2 {PCM]) (*C) —— Scenario 3 (Insulation + PCM) [°C})

Figure 6.3: Indoor Air Temperatureariation during a typical summer weakross allthe examined

scenariodn climatic Zone A / Source : Own processing

Figure 63 presentshe variation of indoor air temperature during a representative summer week

(05 Augusti 12 August)for all examined scenarios.

The outdoor temperature profile is characterizedhigi temperatures, reachiBgl AC by da
and 23 A @pidalpf climatig Zohe An whichnighttimetemperature drops are limited

during the summer.

Across all scenarios, indoor air temperas fluctuations arfeetween approximately Z3A @

2 6 , Whithlies barely into the recommended thermainfort range However, Scenario 0

(No Insulation)and Scenario ZPCM) frequently approach the upper comfort threshold
indicating marginal comfort conditions during peak hours.

Scenario 2(PCM) exhibits indoor air temperatures very close to the reference wibke
differences limitedto@ AC. Thi s | i mi t ed p edifatechanacterstes i s a't
of Zone A, where elevated nighttime temperatures blomkplete PCM solidification and

restrict its latent heat storage capacity.

However, be introduction of thermal insulation in Scenarios 1 ares8lt in reduction of peak

indoor temperature f  a b o y leadifg.to5a mAr€ stable indoor thermal environment and
improved conditions throughout the diurnal cycle.

Overall, the results indicate that under summer conditions of climatic Zone A, thermal

insulation is the dominant factor influencing indoor air temperature and thermal coiftfiert.
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role of PCM appears to be mainly associated witinfort enhancement rather than comfort

achievement.

Summer Typical Week - Fanger PMV, Zone A Summer Typical Week - Fanger PPD (%), Zone A

Figure 6.4: Fanger PMV and PPD variation during a typical summer week acrosbeltxamined scenarias climatic Zone A

/ Source : Own processing

Accordingly, figure6 4 illustrates Fanger PMV and PPD indices during the same representative
summer week.

Throughout the examined periodhet PMV values remain negative, ranging approximately
between1.5 and-0.4, corresponding to slightly cool to cool thermal sensation

Scenario 0 (No insulation) and Scenario 2 (PCM) exhibit very similar PMV profiles, with
differences limited to 0.1 PMV unitsconfirming that PCM integration alone does not
significantly affect pereived thermal sensation during summer conditions.

In contrast, Scenarios 1 and 3 demonstnatee negative valuesompared to the reference
case, particularly during nighttime. This behavi@orresponds to the reduced peak indoor
temperatures observed in slescenaris(0.5AC | ower t haadtindiGiedimpaoved o 0 )
thermal conditionsThe combined insulation and PCM scenario (ScenaraxBpitsthe most
stable PMV profile.

As for the PPD resultsthe valuegeflect the PMV trendsHigher PPD valuebetween 40%
50%are observed in the insulated configuratigrasticularly during nighttimehecause athe
lower indoor temperatures.

Overall, the PMV and PPD indice®nfirm that thermal insulation has a more pronounced
impact on summer indodhermalconditionsthan PCM integration.
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Winter Typical Week - Air Temperature (°C), Zone A

21

18/2 19/2 2002 212 2272 23/2 24/2 25/2 26/2 2712

Scenario 2 (PCM) (°C)

Outside Dry-Bulb Temperature (°C) Scenario 0 (Ne Insulation) (°C) — Scenario 1 {Insulation) (°C) Scenario 3 {Insulation + PCM) (°C)

Figure 6.5: Indoor Air Temperature variation during a typical winter week acrosghallexamined scenario

in climatic Zone A / Source : Own processing

Figure 65 presents the variation of indoor air temperature during a representative winter week

(18 February 26 Februaryjor all examined scenarios.

The outdoor temperature profile is characterized by relatively mild winter conditions, typical

of climatic Zone A, with daytimé¢ e mper at ur es -1r6e aAcCh iamgd In5 ghG t i
10AGAC

Across all scenarios, indoor air dredp20.a3 uA@
remaining below the recommended winter thermal comfort range for extended périods.
Scenario 0 (No insulation) and Scenario 2 (PCM), temperaturestbitea p t oi 1B7 AT AC
duringnighttime, indicating marginal thermal conditions during the coldest hours of the day.

Again, the introduction of thermal insulation in scenarios 1 and 3 results in consistently higher
indoor air temperatures throughout the examined peRedk values reach approximately
20.52A0C. 8AC while nighttime t-28tnA@presdnting ans r em
increase of al mos t-inshldted scermmop.ar ed to the non
The combined insulation and PCM scendras the most stable temperature pradite] as

observed in the summer week, the additional contributidtCM relative to the insulatezhly

scenario remains-0tgpAiCcally below 0. 2AC
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Altogether the winter results confirhe climatic profile of Zone AWhile thermal insulation
reduces peak indoor temperatuaesl overheating during summer, it contributekigherand

more stable indoor temperatures duringter. However, PCM integration shows limited
impact in both seasons, suggesting its effectiveness is constrained under the relatively mild

winter conditionsand minimalkemperaturdluctuationsof climatic Zone A of Greece.

Winter Typical Week - Fanger PMV, Zone A Winter Typical Week - Fanger PPD (%), Zone A

Figure 6.6: Fanger PMV and PPD variation during a typical winter week acrosthallexamined scenari@s climatic Zone A

/ Source : Own processing

As for the PMV values,they remain strongly negativacross all configurations, ranging
approximately betweet2.7 and-1.4, indicating predominantly cold thermal sensatidiese
values are significantly lower than those obsemang the summer typical week.

In the reference case, (Scenarib o Insulation)and the PCM configuration (Scenario 2) the
PMV profiles are almost identicaleaching values close 8.5, indicating profound thermal
discomfort.

In contrast, the insulated scenarios present consistently higher PMV Jajugsy from-1.6
to-1.7and during the night reaching minima abe®€l. The improvement between Scenarios
1 and 3 a approximately0.4 - 0.6 PMV units above thecomparednorinsulated
configurations.

The corresponding PPD results indicate high levels of thermal dissatisfaction across all
scenarioganging between 50%88%. Especially in the noimsulatedconfigurations, during
nighttime, dissatisfaction exceeds88% when insulated ones are reduced 2§ ercentage

points.
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Overall, the winter PMV and PPEesultsdemonstrate a clear difference with the summer
period. During winter, comfort is primarily constrainday insufficient indoor temperatures,

underlning the seasonal dependance of passive strategies on thermal comfort performance.

6.3 Zone @ Simulation Study Results

Figure 67 presents the annual variation of indoor air temperature for the case study building
when located in the climatic Zone C of Greedes stated before,he same building
configuration and simulation framework are maintained, allowing the impact of the climatic

conditions to be assessed under otherwise identical parameters.

All year- Air Temperature (°C), Zone C

30

20

-
o

5/11 2512 132 444 2415 137 19 2110 1012 2311

Outside Dry-Bulb Temperature (°C) Scenario 0 Noinsulation) (°C) Scenario 1 (Insulation) (*C) —— Scenario 2 [PCM} °C) Scenario 3 (Insulation + PCM] (°C)

Figure 6.7: Annual variation of indoor air temperature across e examined scenarias climatic ZoneC

/ Source : Own processing

In Zone C, a similar pattern is obseryedth a clear differentiation between the insulated
scenarios (Scenario 1 and 3) and the remaining configurations, particuaryg the colder

part of the year, where indoor temperatures are consistently higher compared to Scenario 0 (No
insulation) and Scenario 2 (PCMAgain, this behaviour confirms the dominant role of
insulation in reducing heat losses and stabilizing indoor thermal conditions over extended

periods.
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In contrast, the PCMnly model (Scenario 2) remains closelygakd with the reference case
throughout the year, indicating that PCM integration alone does not lead to a pronounced shift
in the annual indooair temperature profileMoreover, PCM activation under the climatic
conditions of Zone C is either intermittent or insufficient to produce a measurable effect on
annual temperature averages, despite its potential influence on short term thermal dynamics.
Similarly, the combined insulation and PQdenario (Scenario 3) does not exhibit substantial
differences compared to the insulatady Scenario (2).

Overall, the annual analysiadicates that thermal insulation remains the dominant factor
influencing indoor air temperature, while the impact of PCNas affecting the longerm

annual averages.

Figure 6.8: Annual variation of Fanger indices (PRPBPMV) across althe examined scenarios in climatic Zone C / Source : Own

processing

In figure 68, the annual evolution of Fanger PMV and PiBR2xaminedgexhibiting a clear
seasonal patteruring the coldest winter period&MV valuesreach from-3.5 to-4, while

being close tel during the summer, indicating a cold thermal sensatien most of the year.
Correspondingly, PPD levels remain relatively high, exceedir§0P@for extended periods,
reaching even 100%uring winter months.

Again, Scenarios incorporating thermal insulation (Scenarios 1 and 3) demonstrate a shift of
PMV valuesof approximately 0.5 units compared to thewsulated configurationgesulting

in a reduction of the predicted dissatisfaction as well.
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