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Abstract

The idea of sustainable development has been presented as the rescuer of a dying planet
since the Rio Summit in 1992. It is an attempt to balance environmental concerns with
development at the nexus of the social, ecological, and economic domains.

Energy use is also connected to the CO: emissions that hasten climate change. The largest
emitter of greenhouse gases is the building industry, which also consumes the most energy.

Environmental problems have become economic problems as a result of political leaders'
growing understanding of the effects of climate change.

One of the most important components of a building's energy efficiency is its facade. It
improves passenger comfort and tempers the climate. Its functions include lowering energy
expenses, fostering a safe and healthy atmosphere, and enhancing the building's aesthetic
appeal.

The construction industry has the most potential in the current climate of lowering energy
consumption and greenhouse gas emissions; one strategy under consideration is the creation
of double facades, also known as double-skin facades.

A double-skin facade is a popular building method among architects, builders, and end users,
owing to its excellent quality, aesthetic possibilities, and proven thermal and acoustic
insulation benefits. It is possibly the most effective solution for building insulation since it
avoids thermal bridging, condensation, and noise problems.

These facades provide control over light penetration, sound, and warmth in rooms induced
by solar radiation. When properly constructed, "double-skin facades" can greatly improve
occupant comfort.

Our study mostly concentrates on the effectiveness of double-skin facades and how well they
optimize thermal comfort. The goal is to illustrate how they might increase the difference in
temperature between the inside of the building and the outside. It also aims to show how
double-skin facades may improve a building's thermal comfort.

In order to show how successful "double-skin facades" are in terms of thermal comfort; this
study will look at the instance of public buildings in Constantine that have double-skin
facades but were built with diverse methods and materials.

Keywords: Double skin fagade, Thermal comfort, Optimization, Public buildings,
Constantine, Semi-arid climate.



Résumé

Depuis le Sommet de Rio en 1992, le concept de développement durable est présenté comme
le sauveur d'une planéte mourante. Il s'agit d'une tentative visant a trouver un équilibre entre
les préoccupations environnementales et le développement a la croisée des domaines social,
¢cologique et économique.

La consommation d'énergie est également liée aux émissions de CO: qui accélérent le
changement climatique. Le secteur du batiment est le plus grand émetteur de gaz a effet de
serre, mais aussi le plus gros consommateur d'énergie.

Les problémes environnementaux sont devenus des problémes économiques a mesure que
les dirigeants politiques ont pris conscience des effets du changement climatique.

L'un des ¢éléments les plus importants de 'efficacité énergétique d'un batiment est sa facade.
Elle améliore le confort des occupants et tempere le climat. Elle a pour fonction de réduire
les dépenses énergétiques, de favoriser une atmosphére stre et saine et d'améliorer
l'esthétique du batiment.

Le secteur de la construction est celui qui présente le plus grand potentiel dans le contexte
actuel de réduction de la consommation d'énergie et des émissions de gaz a effet de serre ;
l'une des stratégies envisagées est la création de doubles fagades, également appelées fagades
a double peau.

La facade a double peau est une méthode de construction tres appréciée des architectes, des
constructeurs et des utilisateurs finaux en raison de son excellente qualité, de ses possibilités
esthétiques et de ses avantages éprouvés en matiere d'isolation thermique et acoustique. Elle
constitue probablement la solution la plus efficace pour l'isolation des batiments, car elle
évite les ponts thermiques, la condensation et les problémes de bruit.

Ces fagades permettent de controler la pénétration de la lumiére, le bruit et la chaleur dans
les pieces induits par le rayonnement solaire. Lorsqu'elles sont correctement construites, les
« fagades a double peau » peuvent considérablement améliorer le confort des occupants.

Notre étude se concentre principalement sur 1'efficacité des fagades a double peau et sur leur
capacité a optimiser le confort thermique. L'objectif est d'illustrer comment elles peuvent
augmenter la différence de température entre l'intérieur et I'extérieur du batiment. Elle vise
également a montrer comment les facades a double peau peuvent améliorer le confort
thermique d'un batiment.

Afin de démontrer 'efficacité des « fagades a double peau » en termes de confort thermique,
cette étude se penchera sur I'exemple des batiments publics de Constantine qui sont dotés de
facades a double peau, mais qui ont été construits avec des méthodes et des matériaux divers.

Mots clés : Facade a double peau, Confort thermique, Optimisation, Batiments publics,
Constantine, Climat semi-aride.



uadla
O s GRal A glaa 25,1992 ale A ) dad dia g oS oS Al il e dal el dpatill 3 4S8 20285 o
ALY 5 Al s e Laia ) ¥l Alall s dpaiill 5 4l Je ) 530 oy

Glle Gy Haas LS FLdl s e gl G O s S a6 Gl Wyl 48Ul alasiul Ly
AL (e a8 ST gl ellging ) el delia g ) sall uliiaY)

Ll a5 a5 i) 83001 agdl A Apalat) JSUie i) JSLALD Cansial

Lol g Jadiiy Fliad) sas (e Caid s Sl da) ) uand g el 8 48U 36 LS U S aal aaf dgal 5ll a5

)5 i) il jle Cllagl 5 A8l SMgiul Gnial Ml Fldl Jh 8 cllSa) Sk sl delia il
A 50 el Al il g sl s Wial Coyel i 50 30 gl 5 L) oo Al all 08 Cilasi) i)

Leia g Juady clly 5 i) Gaeadiunall 5 (bl 5 G Jlaxall Gadigall G dxill oLy 48 )l o A 93 all Al )
Sl J ol Alad SV ol Layy a5 S small 5 5l all Ol 8 Aiall Ll e 5 Adlaadl LSl 5 8 i)
el geall 5 Cadiil 5 4y ) jal) ) seadl JSUae Caiai LY

L 5l Ladie el g L) e gl Cajall (ool 5 gaall 5 ¢ gacall Jadad 8 aSatl) Cilga) ol o2 53
OSall Aal ) e S IS5 A o el clgal sl 7 Gt O (S cranaa S

s Caagll Ayl pall Aal N st e LS 58 sy A 50 3al) Cilgal o) Aded e bl IS8 Liul 0 S 5
Sy @S ledal ) Caagd LS Aa jla s el Jala G 851 all da a4 G AN e 2 3 ) Sy S s
el Ayl padl Al Gt ¢ s 53 3all lga

Lalal) ol JUie 8 Al jall oda s ¢y ) jall a1 i (e A 50 all g sl o (s2e lea) Jal (1
A giia 3 ga 5 3y i LSl 5 da 53 je lgal 5 Led ) Aot b

il 4 Fle dhind dalal) bl (Gauad) dy )l sall dal 1 da 5 je dgal 5 rAalidal) cilalsl)



Contents

GENERAL INTRODUCTION 1

1. INEEOAUCTION ..ttt ettt sttt sbe e 2
2. PrOBIEMALIC ... ettt 3
3. 5 701011 1 ToES) 1SS 4
4. ODJECLIVES ..vieevieeetiee ettt e et e e ette e et e e et e e s teeesabee e sbeeesaeeesseeenssaaassaaessssaeassaeessseeenssees 4
5. IMEthOAOLOZY ...ttt ettt ettt e et e st eaneas 5
6. StruCture Of the thESTS .....eevuierierieiieeee e 6
I. CHAPTER I: THE DOUBLE SKIN FACADE SYSTEM .7
I.1 INtTOAUCHION ceuereuersuecsarssnssancssnsnssuncsansesssnssssssessssssssssnsssnssssssssssssssssssssssssssssssssssssssns 8
1.2 Definition of the double skin-facade concept 8
L3 The history of the double-skin fagade CONCEPL..icerrrsrressesssaresessssrsssasssasessassssosass 9
L4 Components of a double-skin facade .13
[4.1 Interior and eXterior LaYErs .........ccccuieiieriieiieeieee e 14
1.4.2 CAVILY ettt ettt ettt ettt e et ettt e e ae e e b e nnes 15
143 Shading AEVICE....cc.uiiiiiiiieiie et 16
1.4.4 OPCININES ...vieeeieeeeiee ettt ete e et e et e e e stteeessteeesaeeansaeesnsseeasseeeanseeensseesnnses 17

L5 Mechanism and functioning of a double skin facade ......cceeceesersseecsneccseecseecnnnes 18
1.6 The double-skin fagcade PrincCiple ceeeecseesseecsseesseecsencseecssnnsssncsecsssecsnnssanessanenne 19
1.7 Classification of double skin facade ... 20
7.1 Cavity dePthi.....cooiiiieie e 21
L.7.2 Type of VEeNtation .........ccoeviiiiiiiiiiieieeie e 22
L.7.3 The partitioning of the fagade...........ccceeviriiiiiiiniii 23
1.7.4 Ventilation MOAE ....c..eovveiiiiiiiiiierieeeee e 26

1.8 Types of double skin faCades ..eecceseeecssercssnrssssnecsssnscsssnssssanssssssssssssssssssssssassssanes 29
[.8.1 Glazed facades......cocueiiuiiiiieie e 29
1.8.2 Metal faCAES ....oueiiiiiiiiiie e 29
1.8.3 Planted facades .........cooiiiiiiiiiiiece e 30
1.8.4 Slatted facades ......ooueriiiiiiiciee e 31

1.9 Double skin facade construction CONSIAErations weeeesseeseessecssesesssesssecsasssessancssenes 32
[.10 Advantages and disadvantages of DSF 35
1.10.1 Advantages Of DSF........oooiiiiiiee e e 35



1.10.2 Disadvantages of the DSF .......cccooiiiiiiiiiiiceecee e 35
LIT  State Of the altueeiccecccsicssercssncssensssnssssnsssnssssssssssssssssssssssssssssssssossssssassssssssssossssssasss 36
L12 CONCIUSION cutrruresuerssnnesaencsanesnssssnssssnsssnesssnsssnsssssssssssssssssssssssssssssssssssssssssesssssssssns 40

II. CHAPTER II: SUSTAINABILITY AND THERMAL COMFORT................ 41
IL.1 INTOAUCTION ceverinersereseissnnisnenssenesnisssnsssessssnessssssnsssssssssessssssssesssssssssssssssssssasssns 42
II.2  Sustainable development 42
1.3 Energy consumption 44
1.4  Comfort and energy 44
II.5  Thermal comfort .45

IL.5.1 Definition of thermal comfort...........cccooouiiiiiiiiiniiieeeee 45

IL.5.2 Thermal comfort in buildings..........cocceviieiiiiiiiiiieeee e 47

I1.5.3 Parameters affecting thermal comfort .............cccoooiiiiiiiiiiiiii 47

I1.5.4 Thermal discomfort factors ..........cceevieiiiiiiiiniii e 51

IL5.5 Evaluation of thermal comfort in buildings...........ccocceeviieiiiniiniiiniieee 52

I1.5.6 Thermal comfort standards...........cccoeoeeieriniiinienee e 58

I1.5.7 Standards and regulations in Algeria..........ccoceeevuierieniiiiieiiieeeee e 60
I1.6  Impact of the building envelope on thermal cOmMfOrt ..ceueecseecseerssuecseccseecsnrcnnene 61
II.7  Double skin facade and thermal comfort 63
I1.8  DSF and thermal comfort - the state of the art ....ceeeveeseesseecsenssnecseccseecseecnnens 64
IO CONCIUSION currrrresunissnnssnsssanessnsssnssssnssssesssssssssssssssssssssssssssssssssssssssssssssssessssssasese 65

III. CHAPITER III: CONTEXT AND CASE STUDIES........ccccceersrersurssarssessanssases 66
0 0 R U3 (01 15 15 T ) LR 67
III.2  Presentation of the city of Constantine 67

I.2.1 GeographiC 10CaAtION.......ccccuiiieiieeciie ettt 68

[I1.2.2  Historical overview of COnstantine ............cocceevueeeueenieniiienieeieenie e 70
II1.3  Climate in Constantine 71

I.3.1 AL tEIMPETATUTE ....eeeveeeiiieeeiieeesteeesieeesiteeeseteeessaeeesaeeesaeessseeessseeessseesnsseennns 71

I1.3.2  Relative humidity .....ccooieiiiiiiiiiieieciee et 72

IT1.3.3  PreCipitation.......ccccuieiiieriieeiieriie ettt ettt e b e ssaesbeeesaeens 72

II1.3.4  WINd VEIOCILY .uveeiiiiiieiieeiieee ettt et 73

III.3.5  INSOLALION ..ottt 73
Il1.4  Choice and presentation of case studies 74

[1.4.1 The palace of culture “MOHAMMED LAID AL KHALIFA™................... 75

[1.4.2  The public library “MOSTAPHA NATOUR” .....cccoieiirieieeeeeeeeeene 82

[11.4.3  Building’s different facades..........cccceovireriiiiniiiiiieeeeceeee e 85



Il1.4.4  The performance hall “AHMED BEY” (Zenith Constantine) .................... 89

II1.4.5  Architectural COMPOSITION ....ccueieiieriiieiieiieeieeiie ettt et eee e sneeeeesane e 90
III5  CONCIUSION ceutrrruresrnrssunisanrcsanssnnsssnesssnsssnsssssssnssssssssssssssssssssssssssssssssssssssssssssssssssss 97
IV. CHAPTERIV: METHODOLOGY AND MATERIALS.........cccceeuvvuenua. 98
A% B U3 (01 L8 13 ) o LR 99
IV.2  MethOdOlOZY eerereesseressseresssercssasssssanssssassssasssssasssssssssssssssssssssssssssssssssssssssssssssaseses 99
IV.3  TOOIS USEUueiueerrrcressuecsaesnssancssissnssansssnsasssecsssssssssesssssssssssssssssssssassssssssssssssssassane 100
IV.3.1 Measurement iNStIUMENES . ......co.eerueeeerientieientesieeieete st see s siee e 100
IV.4  Procedure for in-situ measurements ..103
IV.4.1  Identifying the hottest and coldest periods..........cccceevierieeiiienieenieenieenen. 104
O Psychrometric diagram ...........ccccooviieiiieniiiiienie e 106
IV.4.2  Calculation of the comfort zone temperature ..............cceceeeveeereeesieeneennen. 106
IV.5  Questionnaire survey Mmethod ....cceeecceecsseissuncsenssnicssnnssancsensssnessssssssssssssseesanns 107
IV.5.1  Questionnaire Organization...........eeceeeeueeereeerieeeiienieeiee e eieeseeeaeeseeeeneeas 108
IV.5.2  Sample SEIECHION .....ccuiieiieeiieiiecie ettt 109
IV.6  The studied spaces 109
IV.6.2  The public library of Constantine (EX.2)........cccceeeviieeiiieeiiiiniieeeieeeenenn 116
IV.6.3  The performance hall “Zenith Constantine” (EX.3)......c.ccccceeveveerceeennenn. 123
IV.7  position of MEaSUremMent POINLS..eccseecssecsseesssecssacsssecssansssnessassssncssssssssssassssassssee 127
IV.7.1  Palace of culture “AL Khalifa” .........cccooiiniiiiiieeeee e, 128
IV.7.2  Public library of Constanting.............ccceeeevuerieneinenieneeienieneeeeeeeseeenne 129
IV.7.3  The performance hall “Zenith Constantine”............ccccceceevervenernerienennn 131
IV.8  CONCIUSION ceuterurreraressansssnessanssanessansssssssssosssssssssssssssssosssssssessssssssessssssssessssssnsossas 132
V. CHAPTER V: RESULTS AND DISCUSSION OF THE IN-SITU
MEASUREMENTS ...ccoutiiiiiiininensicssnssesssisssissssssnsssissssssssssssssssssssssssassssssssssssssssssssssssans 133
VI INITOUCLION weereeeisunecsencseecsansssensssnssnncssessssnsssessssssssesssssssssssssssssasssssssssssssssssasnss 134
V.2 In-situ measurement reSUILS ceueeeseesseecsecssencssnessancssnesssnsssnsssansssesssnssssssssssssasnns 134
V.3  Underheating period 134
V.31 Palace of CUltUre ........cooevuiiiiiiiiiiiceeeee s 134
V.32 Public library of Constantine.............ccceeeeveerieniieenieeiiienieeieeeie e 140
V.33 Performance hall “Zenith Constantine”............ccoceveeverrieniienenreneenennne. 145
V.34 Discussion and 0bSErvation .............cceeeveeierienierieneeneeeeseee e 150
V.4  Overheating period 152
V4.l Palace of CUlture ...........oooeiiiiiiiii e 152
V4.2 Public library of Constantine............ccccueevvueeeiieeeiiieeiieciiee e eeiee e 158



V4.3 Performance hall “Zenith ConStantineg™ ...........eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeees 163

V.44 Discussion and 0bSErvations. ............eeeeruerierienierieneeieeie e 168
V.5 CONCIUSION teurerrrrrisrenssancssnnssanessensssnssssnsssessssnsssessssssssssssssssssssssssssssssssssssssssssssasssns 171
VI. CHAPTER VI: RESULTS OF THE QUESTIONNAIRE SURVEY ......... 173
VL1 INtrOUCLION weereueeseeessencssencssecssnnsssnssssncssessssssssesssssssssssssnsssssssssssssssssssssssssssessasans 174
V1.2  Palace of Culture 174
VI.2.1  General information.........cccceoervieriininiienieieeiesceeeeese e 174
VI.2.2  Hall of the main public entrance.............ccceevveeriierieeriienieeiieeie e 175
VI.2.3  The hall of diStribUtion ...........cccevieiiiiienieieeeeeeeee e 179
VI.2.4  Hall of the VIP lounge entrance ............ccceevveeeieenieenieenieeieeeeeereeneve e 183
VI.2.5  The cONference rOOmM .........c.cevuieriiiiiieniieiieeie ettt ettt 187
VI.3  Public Library of CONStantineg ..c.eceeesseeseessecssecsesssecssecsacssessaecassseessessasssesssscsasan 191
VI3.1  General information..........cceerieriiiiiieniieiiese e 191
VI.3.2  The main reading rOOM........cc.eeuiruieiuirieniieienterteeteetesie et 192
VI.3.3  The secondary reading rOOM .........ccceeeieeriienieeiiienieeieeeeeeieeseeeaeeseneeneees 196
VI.3.4  Children’s reading rOOM .......cceeriieriieeiieiienie et eeeeiee e ereesee e e seaeennees 199
V1.4  The performance hall “Zenith Constantine” 203
VI1.4.2  The ground floor of the performance hall ..............c.ccccoveeiiiiiniiennieee. 204
V1.4.3  The first floor of the performance hall .............c.cocoieeiiieniiinie 207
VI1.4.4  The second floor of the performance hall...............ccoccooiiiiiiniiininnen. 211
VL5  Discussion and ODSEIVAtION ........c.eeeueeeiieriieiiieniieeieeseeeiee sttt siee e 215
VLO  CONCIUSION ....coiiiiiiiiiieiie ettt ettt ettt eeaeeenbeeees 216
General CONCIUSION .....cuueieeieeiiiseeiiisnnininnininnininiesssncssssnessssnessssiessssssssssssssssesssssessssasssnss 217
l. General CONCIUSION ...cc..iiiiiiiiiiiiieiteee et 218
2. Study HMItATION ...oeeiiieeiie et eree e e e sneeennns 220
3. FULUTE PEISPECLIVES ..eoviiieeiiieeciie ettt ettt et e e e estre e s vae e s naeeesnseeenes 221
References
Appendices



Acronyms

DSF Double Skin facade

T/in Indoor temperature

T/ex Exterior Temperature

Ta Ambiant temperature

Tm Mean temperature

Tn Neutral temperature

S/air Speed of the air

RH Relative humidity

HVAC Heating, Ventilation and Air Conditioning
PV Photovoltaique panels

DTR Regulatory technical document.

COVID-19 Corona virus disease 2019.

ASHRAE American Society of Heating, Refrigerating and Air-Conditioning Engineers.
PMV Predicted mean vote

PDD Predicted Percentage of Dissatisfied

1ISO International Organization for Standardization

O.N.M National Meteorological Office

CNERIB National Centre for Integrated Building Studies and Research
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1. Introduction

In recent decades, the notion of sustainable development has emerged as a saviour for our
planet in peril, aiming to harmonize developmental progress with environmental
preservation. The growing consciousness surrounding the consequences of climate change

has transformed ecological challenges into pressing economic concerns.

Greenhouse gas and CO: emissions, which are linked to energy consumption, are
accelerating the phenomenon of global warming. Reducing CO: emissions necessitates a

decrease in consumption and a transition from fossil fuels to renewable energy sources.

The building industry ranks among the three largest energy-consuming sectors globally,
making it one of the most significant contributors to pollution and the leading emitter of
greenhouse gases. Almost 40% of heat transfer and energy use in buildings are related to
the envelopes; therefore, they have great potential to save energy and lower carbon

emissions. (Bao et al., 2023)

The facade serves as a vital architectural instrument, playing a crucial role in enhancing the
building's energy efficiency. It regulates the internal climate, ensuring optimal comfort for
occupants. Beyond its contribution to the building's aesthetic allure, the facade is
instrumental in providing a healthy and secure atmosphere indoors. It enhances acoustic
performance in areas prone to noise, harnesses the benefits of natural light, and minimizes
energy usage and expenses. In certain designs, it can even produce electricity, further

elevating its significance in modern architecture. (Hazem, 2018)

In the context of mitigating greenhouse gas emissions and decreasing energy usage, a variety
of passive and active building systems have gained popularity and undergone significant

development.

One of the solutions that has gained significant popularity in recent years is the double-skin

facade system, which is now regarded as the leading envelope concept.

The double-skin facade consists of a traditional single facade with an additional outer layer.
As defined by Safer, this type of facade incorporates a second layer, typically transparent,
positioned in front of the standard exterior facade. The two layers are separated by an

intervening space known as a cavity. (SAFER, 2006)
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The architect Le Corbusier introduced the concept of the “neutralizing wall” at the beginning
of the 20th century, which is the basis for the double facade. This involved the installation
of heating or air-conditioning systems between two glazed walls on the fagcade, which
allowed light to enter while preventing condensation and chilly walls. Nevertheless, this
system was challenging to implement and utilized significantly more energy than traditional
heating (or cooling) systems. The emergence of the first ‘modern’ double fagades in the early
1980s marked a significant development. Their purpose was to provide supplementary
heating during the winter and ventilation during the summer. In the present day, these
systems are being applied more frequently to decrease the energy consumption of buildings.
Specifically, they are being used to enhance thermal insulation, generate natural convective

ventilation, and preheat the air during the winter. (Daverat, 2012)

The role of the DSF is to control the building's temperature, shielding it from weather-related
challenges; preventing excessive heat during the summer while reducing reliance on air
conditioning; mitigating the impact of cold walls in the winter that cause discomfort by
blocking direct wind exposure; and ensuring a comfortable ambient temperature and

humidity level.

The double-skin facade can perform two essential functions: it facilitates pre-heating during

colder seasons and climates while also providing ventilation in warmer seasons and climates.

2. Problematic

In Algeria, the building sector, including both residential and commercial spaces, accounts
for 45.7% of energy usage in Algeria, with an anticipated annual growth rate of 7.1%. The
challenge of minimizing energy use is currently a significant concern in our nation, as
overlooking environmental factors in the design process has resulted in a notable rise in
energy demand, especially during the summer months. As a result, design experts are
required to continuously and thoughtfully investigate creative approaches and frameworks

that minimize energy use in structures.

The absence of thermal comfort is the primary cause of the high consumption in the building
sector, as it compels individuals to employ heating and air conditioning apparatus.

Nevertheless, the Algerian market is inundated with inexpensive equipment that, as a result,
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incurs higher long-term costs due to its high energy consumption. This is the result of the

absence of a system for classifying equipment based on its electricity consumption.

In Algeria, the principles of energy efficiency and thermal comfort are largely ignored, and
the standards set by thermal regulations are unfortunately not enforced, contradicting the

nation's commitment to sustainable development.

In recent years in Algeria, DSF has become very popular, especially in public and
commercial buildings. Used especially for their aesthetic value, the thermal performance is

not considered at the study’s project phase.

All this leads us to ask a main question:

- What are the main factors that affect the performance of the double skin fagade?

And three secondary questions:

- How can double skin facades optimise thermal comfort?
- How double skin perform in a semi-arid climate?

- Which facade’s treatment will have better results?

3. Hypothesis

Different hypotheses are formulated to demonstrate the main statement of this study.

- The DSF acts as a filter between the internal and external environment and
decreases the difference between indoor and outdoor temperature.

- The DSF in those buildings was principally used for the visual appeal.

- The combination between different DSF in terms of construction technics and

materials is more effective.

4. Objectives

The building envelope; through its protective role in the interior environment and the control
of interactions between interior and exterior spaces, is a major reason for the huge energy
consumption of buildings, this research highlights the impact of DSF for optimizing indoor
thermal comfort and its main aim is to show the performance of DSF in semi-arid climate.

The main objectives of this research are:
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- Show how DSFs contribute to minimizing heat transfer, leading to a decrease in
energy usage.

- Demonstrate how DSFs contribute to enhancing thermal comfort within structures.

- Examine the influence of DSF on the indoor atmosphere regarding thermal comfort.

- Showcase the efficiency of DSF in minimizing temperature disparities between

interior and exterior environments.

5. Methodology

To fulfil the primary goals of this research, which focuses on examining the connection
between DSF and thermal comfort, the study has been structured in two distinct phases: a

theoretical component and a practical component.

In the theoretical part, a detailed theoretical study of the DSF system and the thermal comfort
consequence was drawn up in order to gain a better understanding of the problems posed,
whether on a global or even national scale, based on the research and bibliographical analysis

carried out on numerous previous studies.

In the practical section, in-situ measurements and a questionnaire survey were carried out in
three public buildings with DFS in Constantine, city in the North East of Algeria

characterized by a semi-arid climate.

Measurements of the climatic parameters (T/in, T/ex, RH, S/air) were taken simultaneously
indoor and outdoor each building in two periods (period of under heating in winter and
period of over-heating in summer). In order to better diagnose each building, different indoor

spaces were studied.

The experimental part is based on a comparative study, because in each case a comparison

is made between the outside and inside temperatures and the comfort zone.

Concerning the questionnaire survey, it was carried out in the field with the various users of

the areas, both permanent users (employees) and temporary users (visitors).
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6. Structure of the thesis

Our thesis begins with an introductory chapter that outlines the main features of the topic,
such as a general introduction, research hypotheses and objectives, and research
organization. It will then be divided into six chapters, with the first two chapters focusing on
the theoretical part of the research, followed by the third and fourth chapters, which are
devoted to presenting the study context and case studies, as well as the methodology used.
The fifth and sixth chapters are devoted to presenting, analysing, and interpreting the results.

Finally, it concludes with a general conclusion.

Chapter 1: Focuses to the presentation of the double-skin fagade system, covering its
definition, history, types, operation, and everything related to this concept. In addition to a

state-of-the-art review of the use of DSFs in buildings and their effectiveness.

Chapter 2: Provides an overview of thermal comfort, followed by a presentation of the

relationship between DSF and thermal comfort.

Chapter 3: Presents the study context, which is the city of Constantine, and the city's climate

data. This is followed by a description of the three buildings selected as case studies.

Chapter 4: Outlines the research methods in detail and explains the process of conducting in-situ

measurements and questionnaire surveys.

Chapter 5: This chapter is devoted to the presentation, analysis, and interpretation of the
results obtained by the two approaches, through in-situ measurements and the questionnaire

survey.

Chapter 6: Devoted to presentation and discussion of the results obtained by questionnaire

survey.



-

\_

CHAPTERI: A

THE DOUBLE SKIN
FACADE SYSTEM Y




CHAPTER I

THE DOUBLE SKIN FACADE SYSTEM

I.1 Introduction

Growing awareness of the need for environmentally responsible and energy-efficient
architecture is leading to the development of innovative fagade technologies. Commonly,
designers highlight double-skin facades, also known as DSFs, as efficient solutions to
achieve current design objectives. This is because DSFs are able to meet the goals of energy

efficiency, comfort, and aesthetic appeal in building exteriors. (Saelens and Hens, 2020)

Although the double-skin facade is not a novel concept, designers are gradually integrating
it into their creations. A thorough design is required because of its intricacy and its capacity

to respond to a variety of environmental situations. (Poirazis, 2004)

The purpose of this chapter is to provide a comprehensive understanding of the concept of a
double skin facade, as well as additional general information regarding the structure,

functionality, and applications of the system.

1.2 Definition of the double skin-facade concept
In order to gain a more comprehensive understanding of the double-skin facade, it is
beneficial to first define the term "facade" and its function within a building. Subsequently,

the double-skin facade concept will be elaborated upon.

According to the dictionary “Larousse”, the word "facade" comes from the Italian word
"facciata," and it refers to all of a building's exterior elevations that are important for function

or style (main, back, side, street, patio, and garden facades). (“Le petit larousse,” 2010)

Additionally, based on the definitions provided by the Cambridge Dictionary and Oxford
Languages, the facade refers to the main front of a structure that faces a street or open area.

(“facade,” 2024)

A fagade is an important part of any building. It is not only physically separating the inside
and outside spaces, but it also has a significant impact on the amount of energy required for

heating and cooling.

Experts in the field use facades to improve the aesthetic appeal of a project, make its interior
conditions better (especially the acoustic effect in buildings in noisy areas), let in additional
sunlight, use less energy while the building is occupied, and even make electric power (solar

energy conversion).
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The fagade's efficiency is linked to its capacity to save energy expenditures and ensure
thermal comfort. Predictions indicate that the facade arrangements contribute up to 45% of

the building's cooling demands. (Alberto et al., 2017a; Hazem, 2018)

However, meeting all these requirements within a single building project will result in
complicated facade designs, prompting experts in the discipline to seek methods for
leveraging the essential techniques and systems. One of the most popular alternatives in

recent years is the double-skin facade.

Double skin facades (DSF) represent a design strategy in architecture that offers a
contemporary aesthetic, enhances visual and thermal comfort inside buildings, and reduces

energy consumption.

Many definitions of the double-skin fagade system were provided by various authors in a

variety of research investigations.

According to Safer, the "double-skin facade" consists of an inner layer and an outer layer.
These two layers form a channel whose thickness varies from one fagade to another. The

height ranges from one story to several stories, and the width ranges from 10 cm to 2 m.

(SAFER, 2006)

Pursuant to the definition of Stiidle, the double-skin fagcade features a sophisticated design
characterized by a multi-layered external wall that consists of two separate fagade levels.
The outer layer is designed to withstand the obstacles that are presented by the surrounding
environment. The interior level is responsible for defining the distinct functional spaces and
typically provides thermal insulation benefits. The space between these two elevations

creates an intermediate setting, typically consisting of multiple levels. (Stiidle, 2015)

For Hu Et al. Two parallel skins or panels, positioned to allow air to flow inside the
intermediate cavity, make up a typical DSF. This not only reduces energy consumption but

also facilitates natural ventilation. (Hu et al., 2021)

I.3  The history of the double-skin facade concept

As stated by Saelens in 2002, Jean-Baptiste Jobard, who was the head of the Industrial
Museum of Brussels, outlined an initial version of a mechanically ventilated multi-layered
facade in the year 1849. This facade uses the space between two glass walls to provide warm

air during the winter months and cool the building during the summer months. (Lim and

Ismail, 2022)
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According to Crespo and Neubert (1999), the first Double Skin Curtain Wall appeared in
1903 at the Steiff Factory in Giengen/Brenz, near Ulm, Germany. They emphasized that the
top consideration was to get the most daylight while accounting for the cold weather and
strong winds in the region. The building features multiple levels, with a ground floor
designated for storage and two upper levels dedicated to work areas. The success of the
building led to the construction of two additions using the same Double Skin system in 1904
and 1908. However, budgetary constraints led to the construction of the structure using

timber instead of steel. All structures are still operational. (R. Heimrath et al., 2005)

Il 'u ,.él,!,

Bl

Figure I.1. The Steiff Toy Factory

Source: (“Die Steiff Story,” n.d.) and (Fissabre and Niethammer, 2009)

Otto Wagner was the winner of the Vienna, Austria, Post Office Savings Bank competition
in 1903. Constructed in two stages between 1904 and 1912, the structure features a double-
skin skylight in its main hall. (Lim and Ismail, 2022)

In 1928, Moisei Ginzburg conducted research in Russia on the use of double-skin facades,
carried out during the building of the Narkomfin community housing project. He applied
double-skin stripes to the communal housing block for maintenance purposes and

subsequently proposed a new window design. (Barna$, 2014; Lim and Ismail, 2022)

Le Corbusier was conceptualizing the Centrosoyus, also located in Moscow. A year later, he
would embark on the design for the Cite de Refuge (1929) and the Immeuble Clarte (1930)
both of which were also in Paris. (W. S. R. Heimrath et al., 2005)

At the start of the 20th century, Le Corbusier tried out methods that used natural physical
occurrences to make the inside of his buildings more comfortable. He first used the
neutralising wall in 1916 in his Villa Schwob, also known as the Villa Turque (La Chaux de
Fonds, Rue de Doubs 167, Switzerland). (Barnas, 2014)

10
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As Le Corbusier explained in 1964, « Neutralising walls are made of glass or stone or both
of them. They consist of two membranes, which form a gap of a few centimeters. Through
this gap, which is enveloping the whole building in Moscow hot, and in Dakar cold air is
conducted. By that, the inner surface maintains a constant temperature of 18 ° C. The
building is tightened hermetically! In the future, no dust will find its way into the rooms. No

flies, no gnats will enter. And no noise! ». (R. Heimrath et al., 2005)

In 1929, Le Corbusier unveiled his “La Cite de Refuge” proposal in Paris, wherein he
integrated the concept. The concept was further suggested for several structural designs

developed between 1928 and 1933 as part of the Centrosoyus in Moscow, as well as for his

competition submission for the League of Nations building in 1927.

Figure 1.2. The Centrosoyus, Moscow.

Source: (“Le Corbusier, Centrosoyus, Moscou, Russie, 1928,” n.d.)

In 1957, Scandinavia patented the first design concept with air flow between two sets of
windows. In 1967, the EKONO company's headquarters in Helsinki, Finland, became the

first office building to feature a ventilated window system.

During the energy crisis of the years 1973—-1979, there was a significant increase in the
pursuit of energy rationalization and a reduction in the total energy consumption of building

construction. (Barnas, 2014)

Until the late 1970s and early 1980s, the manufacture of double-skin glass made very little
to no progress. This type of facade became popular in the 1980s. The majority of these
facades, including the offices of Leslie and Godwin, took environmental concerns into
consideration during their design. Regarding other circumstances, the primary concern is the
visual impact of the multiple layers of glass.
Two distinct elements significantly influenced the proliferation of double-skin facades in the

1990s. Environmental problems are increasingly influencing architectural design, both

11
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technically and politically. This is beneficial for corporate architecture since it helps to

present a favourable image of "green buildings". (Poirazis, 2004)

During the 2000s, the double skin facade gained popularity not only in colder regions but

also in warmer climates, leading to numerous experiments that yielded many positive

outcomes for the system. Various warm climates around the world have embraced many

uses of double-skinned facades in the last decade. The Shanghai Tower in China stands out

as an extraordinary example, featuring the largest separation between its outer curtain wall

system and the inner main structure, measuring an impressive 15 meters. (Lim and Ismail,

2022)

Figure 1.3. The Shanghai Tower

Source: (“Gallery of Gensler Tops Out on World’s Second Tallest Skyscraper,” n.d.)

A summary of the historical development of the double skin facade throughout the course of

time is shown in the following table (table I.1).

Table I.1.history of the double skin facade.

Source: (Eslamirad and Sanei, 2016)

History of Double Skin Facades
Ancestors

Time | Highlighted Where How
Buildings/
Architect
When humanity | - The main house was oriented
Window recognized the advantages | to the south.
Switzerland | of unheated areas next to | - Other departments were
the primary living quarters | acting as buffer zones against
in space the north facade.
In Greece and Iran: | - The wind flow was regulated
16-17th Balkans in using trees, which also
Century general, an  attached | minimized the wind's energy
Hayiati volume on and shaded the structures.
or  Liakoto | the basic volume of the | - Windows shutter in the
(Balkans) building winter but open in the summer

to allow natural ventilation.

12




CHAPTER I

THE DOUBLE SKIN FACADE SYSTEM

on the second floor. Made
by wood and clay
According to Jacob Forstin | « Distribute the air that has
Greenhouses | the Gardeners Chronicle in | been heated by the greenhouse
the UK, south-facing glass | effect.
walls can create sunspaces. | * The masonry wall of the
Q American botanist Edward | structure, a metallic sheet
? Mors invented the first | behind it, and an exterior glass
S Early form of | solar wall, which French | layer.
s Tromb engineers Felix Trombe | * The optimization of daylight
wall and Jacques Michel later | to create natural light, while
incorporated into buildings | considering the local climate
to popularize the conceptin | of frigid weather and high
the 1960s. winds.
Toy Factory | the first Double Skin | Get the most daylight while
Q Margarete Curtain Wall appeared in | accounting for the cold
@ Steiff ~ AG | 1903 at the Steiff Factory | weather and strong winds in
(Germany) in Germany. the region.
Otto Wagner | Post Office savings bank, | * The DSF concept that he
in Vienna proposed for the Cite de
The Villa schwob in 1916. | Refuge prf)jec‘t included a
Centrosoyus, worker’s 40% reduction in the budget.
- housing, Moscow (1928). | The secon('l skin on the south
K Le Corbusier | Cite De Refuge in Paris facade consisted of two levels
- (1929). In 1932, of large windows with
< Narkomfin community woqden e sements and
@ housing by Ginzburg. heating lines between them.
Airflow The first design concept
window with air flow between two
> patent. sets of windows (1957) in | Enhance the thermal comfort
= Sweden. and energy efficiency of
5: Ekono In Finland, it is the first | residential fenestration.
= }Cl(e)::l%?ll;}l/*tsérs. office building to feature a
ventilated window system.

1.4 Components of a double-skin facade

A double skin facade refers to a broad category of structures that can be transparent,
translucent, or opaque, often utilizing separate layers of building components or materials.
Double skin facades employ the two primary construction principles of curtain walls.

(“Double-Skin Facades,” n.d.)

Wang 2008 stated that the double-skin facades consist of a structure featuring multiple

layers: an outer layer, a middle space, and an interior layer.

13



CHAPTERI THE DOUBLE SKIN FACADE SYSTEM

Section -AA- Plan
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Figure 1.4.Composition of a double skin facade.

Source: (Stiidle, 2015)

1.4.1 Interior and exterior layers

According to Ding et al. The exterior facade layer (glazing) protects against the elements

and improves acoustic isolation from outside sounds. (Ding et al., 2005)

The outer surface of the cavity is composed of a cladding system. Typically, it features a
complete glass facade (single glazing). The inner layer of a naturally ventilated exterior
features a solid wall alongside a movable window. Completely transparent interior surfaces

are also favored. (Poirazis, 2004)

14
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Figure L.5. A double skin facade.

Source : (Hazem, 2018)

1.4.2 Cavity

The space can be aerated through various techniques, encompassing both natural and
mechanical systems, or a combination of the two. In addition to the airflow within the cavity,
the origin and endpoint of air differ according to climatic factors, the purpose of the structure,

its geographical setting, and the duration of occupancy. (Poirazis, 2004)

The dimensions of the cavity can fluctuate based on the implemented design, ranging from
10 cm to over 2 m. The breadth impacts the tangible characteristics of the exterior, as well

as the methods employed for its maintenance. (R. Heimrath et al., 2005)

It is essential to design the cavity appropriately to take advantage of the thermo-aerodynamic
behaviour of the DSF, which is dependent on the duct's thickness, height, and ventilation
type. The width of the canal might be rather small, measuring between 0.1 and 0.2 meters.
People often employ this channel type because, in most cases, natural ventilation suffices. If
the channel's thickness is between 0.2 and 2 meters, it's broad enough to provide access to

the inside of the DSF for things like maintenance. (Hazem, 2018)

The airflow rate rises with the channel's width to a specific limit and remains relatively stable
concerning the cavity's width, particularly in multi-level facades. As a result, there exists an

ideal width for the channel, where the ventilation rate attains its peak value. (Hazem, 2018)

The width is typically employed to differentiate between narrow and wide cavities. The
difference between them is of paramount importance in the context of both operational and

embodied energy. (Pomponi et al., 2016)

15
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Figure 1.6. Cavity of double skin facade.

Source : (“Pilotage facade double peau,” n.d.) (Moniteur, 2013)

1.4.3 Shading device

In the case of a double-skin facade, particularly those featuring glazing, it is common to
incorporate shading elements within the cavities to mitigate glare and limit excessive solar
heat absorption during warmer periods. The safeguard can be conveniently found within the
space between the two layers in the exterior design. These shade devices, which are protected

from wind, rain, and snow, are less costly than those installed on the outside.

The physical behaviour of the DSF is influenced by the characteristics of the solar protection,
including its material properties (optical and thermo-physical), dimensions, geometric
formations, and position within the channel. Consequently, the solar protection must be

chosen in conjunction with the ventilation strategy, cavity geometry, and glazing selection.

The sun protection systems used in the construction of the DSF typically consist of Venetian
blinds, roller blinds, or pleated blinds. Additionally, there are sun protection systems,
including photovoltaic (PV) panels. This type of shielding not only protects interior areas
from unwanted sun radiation but also generates electrical energy. (Poirazis, 2004; Hazem,

2018; Pelletier et al., 2023)

16
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Figure 1.7. Double skin facade with shading device.

Source: (“A Double Skin Facade System,” n.d.)
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Figure 1.8. Double skin facade with shading device.
Source: (Ghaffarianhoseini et al., 2016)

1.4.4 Openings

Openings are positioned in the external and internal skin and sometimes ventilators (For

mechanic ventilation) allow the ventilation of the cavity.

Certain facades feature controllable openings that facilitate cavity ventilation. Conversely,
some facade designs feature fixed and permanent apertures, making it impossible to control

the cavity's ventilation.

17
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Figure 1.9. Openings in a double skin facade.

Source: (“How Do Double-Skin Fagades Work?,” 2024)

I.5 Mechanism and functioning of a double skin facade

The primary mechanism and energy balance are arguably the most vital components of a
double-skin facade system. Considering that a DSF employs a natural ventilation approach
through the solar chimney effect, it is important to emphasize the dynamics of airflow and
heat transfer that take place within the system. In general, the aspects of heat transfer that
influence the thermal performance of a double-skin facade system include conduction,
convection, and radiation. A notable temperature difference across the outer layer triggers
the buoyancy effect, which facilitates the upward movement of air through the cavity to
expel accumulated heat from solar radiation or the structure itself at the uppermost point.
Wind pressure variations at the openings and the outer surface can influence the movement
of air within the cavity. Furthermore, glazed double-skin facades often incorporate shading
elements within the cavities to mitigate glare and limit excessive solar heat absorption during
warmer seasons. The efficacy of blinds is influenced by their design and positioning in
relation to the sun's height and angle throughout the day and across different

seasons. (Pelletier et al., 2023)
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Figure I.10. Airflow and heat transfer within a naturally ventilated DSF system.

Source: (Ghaffarianhoseini et al., 2016)

1.6 The double-skin facade principle

The approach of utilizing passive preheating and natural ventilation aims to enhance the
indoor microclimate of the structure through thoughtful design elements inherent to the
building itself. The fundamental concept entails the integration of an additional cavity for
climate regulation at the boundary, where the inner and outer layers converge to form a
double-layered enclosure known as a buffer space. Buffer space has the capacity to modulate
the environment passively. The exterior layer of the structure features a composite spatial
design, enhancing the air heating surface and expanding the area for heat exchange. This

location is uniquely designed for structures that harness natural energy.

The cold air flows in through the cavity's inlet, primarily capturing energy from solar
radiation, before moving into the indoor environment via the process of induced natural

ventilation.

The indoor air temperature serves as a crucial design element influencing thermal comfort,
and the advancements mentioned enhance both indoor thermal comfort and air quality,

thereby establishing an effective “natural air conditioning system.” The passive preheating
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natural ventilation cavity is alternatively referred to as the passive heating cavity. The
enclosure of the chamber allows for optimal utilization of passive heating strategies,
enhancing its effectiveness. The arrangement of space typically places the extra cavity
externally, where its temperature exceeds that of both the interior and exterior. This
configuration not only supplies fresh, warm air to the inside but also improves the insulation

properties of the double-layer facade, minimizing heat loss and energy usage indoors.

The rationality of the link between the cavity of the double skin facade and the outside
environment is crucial for the effective conversion of natural resources. The facade serves
as the most significant interface between the structure and its surroundings, making its
energy-efficient design crucial for overall energy conservation in the building. The
advantages and disadvantages of facade energy-saving technology have a direct impact on

the overall energy efficiency of the structure. (K. Hou et al., 2021)
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Figure I.11. Functioning of a naturally ventilated double skin facade.
Source: (K. Hou et al., 2021)

I.7 Classification of double skin facade
The literature outlines various methods for categorizing double skin fagade systems. The
systems can be classified according to the construction method, origin, destination, the

nature of airflow within the cavity, and other factors. (Poirazis, 2004)

The necessity of a more comprehensive classification of DSF systems is underscored by the
fact that various researchers employ a variety of ventilation modes and geometric

configurations in their investigations. Using an existing categorization of double-skin
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facades that was provided by a number of researchers, as well as researchers from the
Belgian Building Research Institute, a combined typology was proposed, which included a

novel ventilation mode known as the "closed cavity facade." (Pelletier et al., 2023)
The DSFs are classified according to (as shown in table 1.2):

e The type of ventilation.
e Ventilation mode.
e The partitioning of the facade.

e The cavity depth.

Table 1.2. Classification of double skin facade.

Source : Author.

Cavity depth Portioning of the | Type of ventilation | Ventilation mode
facade
Thin profile (Narrow | Box window Natural (Passive) Outdoor air curtain
cavity <40 cm) Shaft Box Mechanical (Active) | Indoor air curtain
Thick profile (Wide Corridor Hybrid (Interactive) | Air supply
cavity > 40 cm) Multistorey Air exhaust
Buffer

I.7.1 Cavity depth

The cavity can serve as a thermal buffer zone, a ventilation channel, or, more often, a
combination of both. It can feature natural or mechanical airflow, with variations in both
width and height. All these cavity factors play a crucial role in shaping the dimensions of a
DSF. The width is often employed to differentiate between narrow and broad cavities. This
difference is  crucial for  both  operational and embodied energy.
In the case of smaller air spaces, they can greatly affect the movement and speed of air, while
in the latter, larger cavities often indicate a greater volume of building materials, which

consequently raises the embodied energy of the design.

Numerical figures exist to differentiate between the two, often using 0.4—0.5m as the limit

for a wide cavity.

e A narrow cavity refers to a space that measures less than 40 cm in width.
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e A wide cavity is defined as one where the breadth surpasses 40 cm.

The 40 cm restriction is also dictated by the minimum width necessary to provide access to

the hollow for maintenance activities. (Pomponi et al., 2016)
1.7.2 Type of ventilation

There are three different methods of ventilation that may be used for the air in the cavity

between the two layers of the facade. (Hazem, 2018)
1.7.2.1 Natural ventilation

The chimney effect and wind influence create a major pressure difference that drives natural
ventilation. The contact between the cold air at the duct's entry and the warm air causes a
difference in pressure and density, enabling the air to travel up the duct. For this sort of
ventilation, and in the case of the DSF, air may be fed into the premises for heating reasons,
or it can be evacuated (sucked out) to the outside environment to prevent the duct from
overheating. Natural ventilation is preferable for structures with several floors, such as

offices, since it enables air to flow freely between the floor openings. (Hazem, 2018)

~

-

Figure I.12. Naturally ventilated double skin facade.

Source: (“Double skin facade,” 2021)

1.7.2.2 Mechanical ventilation

In mechanical ventilation, a mechanical fan facilitates airflow via the DSF duct. The size
and locations of openings and closures in a duct directly influence the flow's behaviour and
structure when air enters and exits, leading to disruptions in the temperature field. The
benefit of this ventilation type is its elevated flow rates, leading to increased thermal savings.

(Hazem, 2018)
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Figure I1.13. Mechanically ventilated double skin facade.

Source: (“Double-Skin Facades,” 2019)

1.7.2.3 Hybrid ventilation

Hybrid ventilation represents a balanced integration of natural and mechanical airflow
systems. Hybrid ventilation primarily relies on natural airflow, activating mechanical

systems only when natural forces fail to meet the desired performance levels. (Hazem, 2018)

HVAC exhaust

Hybrid power
ventilated DF

Insulating double-

/_ glazing
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Figure 1.14. Double skin facade with hybrid ventilation.

Source: (Straube and van Straaten, 2001)

1.7.3 The partitioning of the facade.

Based on the geometry of the facade, including the width of the openings and the dimensions
of the channel, Oesterle et al. categorize the DSF by the characteristics of the cavity into four
distinct categories: box windows, duct-type windows, tunnel-type facades, and multi-story

facades. (Hazem, 2018)
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1.7.3.1 Box window type:

A box window facade is composed of a structure that features inward-opening casements.
The intermediate and internal spaces are ventilated by the external pane's apertures, which
facilitate the ingress and egress of air. The facade's air cavity is divided horizontally on a
room-to-room basis and vertically at storey height. It is frequently employed in situations
where there is a need for additional sound insulation between adjacent rooms or when

external noise levels are elevated. (Wong, 2008)

Figure 1.15. Box window facade.

Source: (Dopudi, 2018; Pelletier et al., 2023)

1.7.3.2 Shaft box type

A shaft-box fagade features a series of box windows accompanied by uninterrupted vertical
shafts that rise across multiple stories, producing a striking shaft effect. The vertical shafts
connect to the adjacent box windows through a bypass opening, allowing the stack effect to
draw air from the box windows into the shafts, which then carries it upward to the top where
it is released. The design of the facade system incorporates fewer external openings,
enhancing thermal uplift within the stack and offering effective insulation against external

noise. (Wong, 2008)

Figure 1.16. Different form of shaft-box facade.

Source: (Hazem, 2018, Pomponi et al., 2016, Pelletier et al., 2023)
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1.7.3.3 Corridor facade:

The construction of a corridor facade involves closing the intermediate space between the
two layers at the floor level and incorporating vertical divisions for acoustic and fire
protection or ventilation. The openings for intake and extraction in the outer layer are
positioned close to the ground and the upper edge, arranged in a staggered pattern from one
section to another to avoid any mixing of the incoming and outgoing air. When employing
this facade system, it is imperative to prioritize sound transmission between rooms. (Wong,

2008)

Figure 1.17. Corridor fagade.

Source: (Hazem, 2018; Pelletier et al., 2023)

1.7.3.4 Multi-storey facade:

The intermediate space between the two surfaces of a multi-storey fagade is united vertically
and horizontally by a number of chambers. The immediate area gets air in and out through
big holes near the ground floor, and the roof and the facade are used as air ducts. This design
is ideal for environments with elevated external noise levels, as the outer layer maintains a

continuous surface without any openings throughout its height. (Wong, 2008)

Figure I1.18. Multi-storey facade.

Source: (Dopudi, 2018; Pelletier et al., 2023)
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I.7.4 Ventilation mode

The channel's airflow mode pertains to the source and destination of the air moving between
the glass and the sun protection. The ventilation mode operates independently of the
ventilation type. At any given time, there is only one way for air to flow through a double-
skin facade. However, if a facade incorporates adjustable holes, it can transition between
various air styles at different times. Air flows through the channel via two apertures, one
located at the bottom and the other at the top. Orienting the bottom and top ports either inside
(toward the building) or outward establishes five main ventilation options. (Loncour et al.,

2005)
1.7.4.1 Outdoor air curtain

This mode of airflow involves the entry of air from the exterior, followed by its prompt
expulsion back outside. The airflow within the cavity creates a protective barrier (an air

curtain) that surrounds the exterior facade. (Loncour et al., 2005)
1.7.4.2 Indoor air curtain

The ventilation system draws the air from the chamber's interior and either returns it there
or circulates it. As a result, the cavity's ventilation creates an air curtain that envelops the

interior facade. (Loncour et al., 2005)
1.7.4.3 Air supply

Outdoor air is used to produce ventilation for the facade. The air is then sent into the room
or the ventilation system. Consequently, the building receives air supply from the facade's

ventilation system. (Loncour et al., 2005)
1.7.4.4 Air exhaust

The air is drawn from the interior of the room and expelled to the exterior. The building's air

can be evacuated through the facade's ventilation. (Loncour et al., 2005)
1.7.4.5 Buffer zone

This ventilation mode is unique because each layer of the double facade is constructed to be
impermeable. As a result, the cavity creates a barrier between the inside and outside, making

ventilation impossible. (Loncour et al., 2005)
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Figure 1.20. The main ventilation modes.

Source : (Haase et al., 2009a)

The direction of the ventilation flow can be reversed to create four additional variants. These
variants share the same terminology as the previously mentioned primary modes. (Loncour

etal., 2005)

out| | IN JouT| | IN ouT| | |IN out| © | IN

1 1 25 35 41

Figure 1.21. The four variants to the main ventilation modes.

Source: (Loncour et al., 2005)

A final form of ventilation is exclusive to facade designs that integrate apertures into both
the top and bottom layers of the component's internal and external skins, as shown in figure

. (Loncour et al., 2005)
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Figure 1.22. Additional special ventilation mode.

Source: (Loncour et al., 2005)
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Figure 1.23. Classification of DSFss.

Source: (Pomponi et al., 2016)
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I.8 Types of double skin facades

The double-skin fagade is an architectural cladding system with two layers of walls separated
by an air gap. The outer layer, generally made of glass, provides protection against the
elements, while the inner layer forms the main enclosure of the building. (Barbosa et al.,

2015; Safer et al., 2005)
I.8.1 Glazed facades

These types of DSFs are the most prevalent. The transparent surface at the front of the
structure moderates the sunlight that enters. They also offer the benefits of natural airflow,

temperature regulation, and noise reduction. (“Facade double peau — Ekopedia,” n.d.)

Figure 1.24. Glazed double skin fagade.

Source: (Quentin (Webmaster), 2020)

1.8.2 Metal facades

These typically manifest as sun breakers or meshes crafted from aluminium or steel. The
main function of this exterior design is to minimize direct solar exposure, thereby preventing
excessive heat accumulation during the summer months. It is thus a metallic shell that wholly
or partially encases the current structure. Commercial structures frequently employ this
method to balance visual appeal and thermal comfort. Once more, the space between the
screen and the structure serves as a transitional zone, facilitating the flow of natural

air. (“Facade double peau — Ekopedia,” n.d.)

29



CHAPTER 1

THE DOUBLE SKIN FACADE SYSTEM

Figure 1.25. Metallic double skin fagade.

Source : (“Parement de facade métallique et parement de facade résille,” n.d.; “Proyecto arquitectonico

Hospital QuirénSalud Cérdoba,” n.d.)

Figure 1.26. Double skin steel facade.

Source: (“Gallery of Bund Finance Centre / Foster + Partners + Heatherwick Studio - 5,” n.d.)

1.8.3 Planted facades

The exterior of this dual-layered structure features verdant walls, adorned with vegetation
on each side. This verdant facade regulates the temperature during the warmer months.
Through the process of evapotranspiration, a green environment elevates the moisture
content in the air, fostering a more temperate atmosphere. With effective air circulation, the
interior environment can be maintained at a comfortable temperature without relying on
mechanical cooling systems.
During the summer months, the lush foliage of the plants fosters two significant effects:

firstly, the sun's rays are softened by the verdant barrier, ensuring a comfortable temperature
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indoors; secondly, the flow of cool air, initially in the transitional space and subsequently
within the structure, allows for the elimination of air conditioning needs.
During the winter months, the absence of leaves on deciduous trees permits sunlight to filter

into the structure, offering a sense of warmth. (“Fagade double peau — Ekopedia,” n.d.)
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Figure 1.1.27. Green (planted) double skin facade
Source:(Alannah, 2024, Stec et al., 2005)
1.8.4 Slatted facades

Timber slats positioned before glass complete the same function as their metallic

counterparts.

Figure 1.28. Wooden double skin facade.

Source: (“The Green Pine Garden / Scenic Architecture,” 2013)
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Figure 1.29. Double-skin wood facade.

Source: (Viard, 2015)

1.9 Double skin facade construction considerations
The key design criteria affecting air flow and temperature in double-skin facades are (Wang

et al., 2022a):

e The dimensions of the top and bottom openings.

e The fagade's depth and the location of the shade device, namely the absorption
coefficient.

e The shading device's outlet sizes.

e The characteristics of the external and internal layers, namely the solar transmission

factor, as well as the U-value and absorption coefficient.

32



CHAPTER 1

THE DOUBLE SKIN FACADE SYSTEM

Openings:
- Position
- Size

Interior glazing:
Thermal properties
- Optical properties

Shading device:
- Type and position
- Thermal properties
- Optical properties

Exterior glazing:
- Thermal properties
- Optical properties

Airlfow:
Cavity:

Depth

Height/Cavity ratio

- Path
- Speed (for mechanically =
ventilated DSF) -

Figure 1.30. The design parameters for a double-skin glazed fagade.
Source: (Jankovic and Goia, 2021)
Memari A.M. et al. in their typology study highlight the importance of considering various
factors when designing Double-Skin Facade (DSF) systems, including vertical airflow, air
inlet, natural daylighting, noise control, structural resistance, fire protection, maintenance,
HVAC considerations, and aesthetics. A multi-disciplinary approach is recommended due
to the diverse range of parameters. Designers must evaluate aspects such as aesthetics,
durability, cost, visibility, ventilation, HVAC system effects, daylighting impacts,
maintenance, constructability, solar gain, weight, structural movement, thermal resistance,
and visual transmittance. A checklist, like figure.., helps identify performance attributes

across disciplines and highlights areas requiring greater focus. (Memari et al., 2022)

Multi-disciplinary DSF design considerations

Architecture Mechanical Structural Site/Location Lighting

Interactions: Ventilation Type: Loading: Site Consideration: Lighting and Solar:

* Buliding form and types * Natural * Dead, Live * Building orlentation: NS, * Shading Device

* Discipline performance * Forced * Wind EW * Shading Control

* Seismic + Climatic Considerations + Location of shading

Geometric Configuration: Air Flow Strategies: *  Rain, ice, etc, * Shading system

* Location and size of * Outer air circulation ton: * Surrounding Bulldings * Glazing properties and

openings * Inner air circulation Co.nflg:;a e * Surrounding air quality finishes

* Length/width of cavity * Supply mode 5 * Solar

* Height of cavity *  Exhaust mode S ENACIng SLpPIOtS o Wind

« Configuration of cavity + Thermal buffer S RIS/ « Rain

« Story height * Unitized vs stick

Pressure Dr 5 Behavior:

Materlals: = s«:e:g';pe:lemem * Materials

*  Mullions and transorms o Dlanks + Loading

* Pane types A

* Number of panes e acke g

* Catwalks * Non-finear
* Glazing characteristics o Canopies o Impact
*  Glass type

Figure 1.31. Main characteristics to ensure an effective DSF design.

Source: (Memari et al., 2022)
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According to Pelletier K. et al., the effectiveness of ventilation in double-skin facade systems
depends on its ability to achieve an adequate airflow rate, facilitating heat recovery and
providing fresh air to adjacent areas. The thermal performance of the system ensures it adapts
to the environment, minimizing heat loss during heating and overheating during cooling.
Key design considerations include climate type, building height, double-skin facade
orientation, cavity geometry, glazed external and internal skins, perforated ventilated
facades, and shading devices. DSF technology performance fluctuates throughout the day,
so it's crucial to evaluate these factors to optimize ventilation and thermal performance.

(Pelletier et al., 2023)

Factors affecting ventilation and thermal performance

Life cycle
analyses

Occupancy
comfort and
safety

Factors affecting building integration

Figure 1.32. Factors influencing the effectiveness of double-skin facades as a 21st century building
technology.

Source: (Pelletier et al., 2023)
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1.10 Advantages and disadvantages of DSF

The use of double-skin facades (DSF) has both beneficial and harmful effects on the
functionality and performance of buildings. Most studies examining the effectiveness of
DSF reveal that its principal advantages are superior thermal insulation and increased
acoustic characteristics. These studies outline advantages and disadvantages of DSF, which

may be summarized as follows: (Al-awag and Wahab, 2022; Hazem, 2018)
1.10.1 Advantages of DSF

e The increased construction cost of DSF can be compensated for by the decrease in
operating expenses.

e The most remarkable characteristic of a DSF is the increase in acoustic insulation.
The degree of sound insulation is contingent upon the apertures in the outer face.

e Most research concurs that thermal insulation is enhanced, particularly in winter,
owing to the supplementary facade and buffer zone, resulting in less heat loss and an
improved total heat transfer coefficient (U).

e The facade's chimney effect, which is generated by sunlight exposure, enables air to
exit the channel. It is crucial to verify the location and type of solar protection
material when natural ventilation is desired.

e The entire facade is adequately ventilated during the summer months by the forced
ventilation of the air duct.

e The potential for ventilation during the night is an important consideration.

e The DSF safeguards the interior environment from atmospheric conditions, like rain.

e Indirect reduction of CO: emissions can provide an environmental impact.

e The architectural aesthetics and enhanced design of buildings are notable benefits.

e Elevated amounts of natural light, enhancing interior visual comfort.

e The potential for integration with HVAC systems can lead to a reduction in their

operational hours. (Hazem, 2018)

1.10.2 Disadvantages of the DSF

The issue of overheating stands as a crucial concern in the design of a double-skin facade
(DSF) and necessitates thorough evaluation. Existing literature identifies several additional

disadvantages associated with DSFs, which can be outlined as follows: (Hazem, 2018)
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e The potential for elevated air temperatures within the channel necessitates

meticulous design of the ventilation cavity to mitigate overheating risks.

¢ Increased operational expenses arise from maintenance requirements and the need

for gaskets, contributing to higher overall costs.

e The dimensions of the ventilation duct typically range from 0.1 to 2 meters, which

results in a decrease in the usable surface area.

e Overheating can become a critical issue if the DSF is not designed with adequate

considerations.

e In certain DSF designs, fire safety emerges as a significant concern, as the

interconnection of the ventilation duct can facilitate fire propagation.

I.11 State of the art

Numerous studies have been conducted on various types of double-skin facade systems, each

with distinct parameters. The table below provides a summary of the key findings from some

reviewed studies.

Table 1.3. summary of the key findings from some reviewed studies.

Source: Author.

Authors Location Parameter Type of study Findings
(Gratiaand | Belgium Natural TAS The wind speed and direction affect
De Herde, ventilation simulation building airflow; however, DSF orientation
2004) has minimal effect on cross ventilation.
(Hien et al., | Singapore | Natural TAS Double-glazed facades with natural
2005) ventilation simulation ventilation were able to reduce energy
consumption while increasing thermal
comfort.
(Yimaz and | Turkey Heat losses Mathematics In winter period in Istanbul the DSF
Cetintas, considerably  reduces  the  energy
2005) consumption of the building.
(Charron Canada PV panels Mathematics Placing a blind in the middle of the cavity
and Blinds of the DSF provides thermal-electric
Athienitis, efficiency more than 60%.
2006)
Cavity In deeper cavities, the temperature is
depth. slightly lower than in shallower DSF. Null
(Gratiaand | Belgium TAS wind speed, clear glass transmits 62% of
De Herde, Glazing simulation solar energy, whereas reflecting glazing
2007a) proprieties. returns 51%. If inner skin is absorbing
glazing, 68% of solar energy is absorbed.
Openings Cavit.y temperature drop is not linear to
opening size.
(Gratia and Belgium Shading TAS Blinds in the center of the cavity enhances
De Herde, device simulation thermo-circulation and reduce cooling
2007b) (Blind) usage.
(Fung and China PV modules | Mathematics Total heat gains are composed mainly of
Yang, 2008) solar gains. PV _module solar cell area
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affects total heat gain. PV module thickness
have minor effect on heat gain.
Shading Black roller blinds cause high gap
devices. temperatures. White roller blinds reduce
(Haase et al., | China TRNSYS gap temperatures by 11 °C. Facade
2009b) Orientation design orientation greatly affects yearly
cooling load. Efficiency is best for S, SE,
and SW direction and lowest for N.
(Baldinelli, Italy Shading Simulation DSF significantly improves the energy
2009) devices behavior of the building throughout the
year.
(Huckemann | Germany Thermal Measurements | Double-skin structures offer a slight
et al., 2010) comfort Questionnaire | thermal comfort benefit over single-skin
buildings.
(Fallahi et Canada Energy Simulation DSFs with mechanical ventilation can
al., 2010) performance reduce energy use by 41-59% in the winter
and 21%-26% in the summer.
(Rahmani et | Malaysia Cavity Simulation By increasing cavity size by 1m, solar heat
al., 2012) depth. gains decrease, while DSF efficiency
decreases for larger cavities.
(Joe et al., South Multi-storey | EnergyPlus Reduction of 15.8% and 7.2% in energy
2013) Korea DSF Simulation usage for heating and cooling.
(Joe et al., South Multi-storey | EnergyPlus The conditioned zone's energy
2014) Korea DSF Simulation consumption varies, with an increase of
22.2% for the outer surface of inner layer
and a decrease of -5.62% for the DSF
design.
(Hazem et Algeria Shading Simulation The slat angle should exceed 60° to
al., 2015) devices. minimize heat flux, and a ventilation
Cavity channel is necessary when the highest solar
ventilation. radiation on the exterior glazing is blocked
by slats.
(Flores Argentina | Glazed DSF | Experimental | In sunny climates, the summer energy
Larsen et al., Measurements | consumption of buildings can be reduced by
2015) well-designed DGFs, even when applying
West DGFs.
(Ahmed et - - Reviews DSF greatly improves energy conservation.
al., 2015) The negative of DSF is that it may cost
more than a single glass facade.
DSF is cost-effective in the long term.
(Sanchez et Spain Openings. Simulation Closed outlets are always efficient in winter
al., 2016) Natural and ventilation is never advantageous.
ventilation. Summer closed outlets are efficient without
sun radiation, but opened vents are better.
(Alberto et Southern DSF Simulation The airflow path is crucial for DSF
al., 2017b) European performance efficiency, with multi-storey  DSFs
countries presenting 30% less energy demands.
Internal gains and facade orientation can
significantly impact energy performance.
China DSF Simulation DSF thermal performance is significantly
(Suetal., performance affected by its structural features. Key
2017) factors influencing this performance differ
based on the climate zone.
Because DSF blocks direct sun radiation, it
lowers environmental temperature. Face
(C. 0. Souza | Brazil Thermal Experimental. | measurements suggest that the temperature
etal., 2018) comfort Simulation peaks at about 4:00 PM. The facade's inner
face is 25.6°C, and the test cell's inner face
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is 23.6°C, while the exterior temperature is
23.1°C.
DSF DSF model saves 40%, 2%, and 5% for
performance heating, cooling, and total loads without
South EnergyPlus blinds or controls. DSF and exterior blind
(Kimetal, | Korea Simulation models can significantly reduce building
2018) Energy thermal loads and lighting energy
consumption consumption by 27-52% when combined
with daylight-based dimming controls and
blind raise/lower controls.
(Inan and Turkey Heat transfer | Experimental. | DSF reduced cooling loads by 26% over
Basaran, SSF. DSF was worse than SSF in January.
2019) Numerical It was proven that cavity-heated air might
be utilized to warm HVAC air for winter.
DSF controls heat gain from outdoor-
indoor temperature differences and surface
(Qahtan, Malaysia. | Thermal Measurements | temperature variations. But it's insufficient
2019) performance to protect indoors from direct tropical solar
radiation. Peak indoor air temperatures
range from 26.4°C to 27.6°C near the DSF,
raising the building's cooling needs.
(Manubawa | Indonesia | Natural Measurements | The secondary skins in the studied building
et al., 2020) Lighting Simulation provide shade indoors, but the natural light
is only 30 lux, less than the classroom's
standard of 250 lux. Without secondary
skin, the average light intensity is 310 lux,
causing glare and visual discomfort.
Hou et al. China Energy Experimental | Ideal curtain wall for air preheating is
saving. around 4 m tall, and air supply temperature
Passive Simulation is inversely proportional to curtain wall
preheating. thickness. Passive preheating of the natural
ventilation chamber provides healthy air
flow in the space. DSF retains heat well,
making interior temperature regulation
easy.
(Tao et al., Australia Ventilation Experimental | The ideal cavity gap is 0.15-0.3 m, and
2021b) ventilation rises till a vent height 0.4 m.
Cavity gap | Simulation Changing glass type improves greatly
ventilation efficiency.
Sotelo- Mexico Thermal Experimental | For evaporative cooling in hot-arid
Salasa et al. performance conditions, the optimal DSF setup is a 0.4
Simulation m air cavity, a 25 pm droplet size, and 0.6
m nozzle spacing.
(Tao et al., Australia Natural Simulation Outlet louvers' impacts are significant.
2021a) ventilation Upward-opening  louvers  (30°-67.5°)
increase airflow by 10-14% for two glass
Adjustable types at 45°. However, downward-opening
louvers louvers (112.5°-150°) limit natural flow by
6-9% each 10° elevation.
(Tao etal., Australia Cavity depth | Simulation The optimal gap depth and openings height
2021c) Openings for the analysed naturally ventilated DSF
are 0.2 m and 0.2-0.3 m, respectively.
(Linetal., China Energy Experimental | Cavity and interior ventilation work best
2022) performance throughout the day and night. The open
Adjustable external skin enhances daytime cavity
Louvers ventilation  through wind  pressure.
Optimized louver-type DSF offers great
energy savings and reduces overheating
risks.
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China Thermal

performance

(Wang et al.,
2022b)

Experimental

The optimal functioning of the spray-
cooling DSF is opening both the upper and
lower vents with the spray directed from top
to bottom and operating for a duration of 10
to 15 minutes (spray/interval time).

(Ahriz et al.,
2022)

Mediterran
ean climate

Energy
performance

Simulation

The results indicated that the three DSF
model, (the S14 model), reduced energy
consumption during heating by 28% and
by 53.5% when cooling a high-rise office
building located in the hot, dry summer
climate of the Mediterranean.

(Bao et al., China

2023)

Energy
performance

Experimental

The use of Double Plant Skin Facgades
(DPSF) improves building energy
efficiency and the thermal environment.
DPSF lowers interior temperature by 3.7°C
compared to DSF, reducing cooling energy
use by 16%.

Visual and
energy
performance

United
(Roberts et Kingdom

al., 2023)

Simulation

The BIPV-DSF configuration significantly
reduced maximum daylight illuminance by
73%, failed to meet indoor visual comfort
requirements for office environments, and
increased building energy consumption by
8%, making it unsuitable for commercial
installation in the UK's climate conditions.

(Barone et Mediterran
al., 2024) ean
countries

Energy
efficiency

Parametric
analysis

Simulation

A DSF depth of less than 7.0 m reduces
heating demands by 5.49% to 0.82%, while
a substantial configuration exceeding 6.0 m
reduces cooling loads. Deeper air gap

cavities improve electricity production,
18.6 kW to 26.8 kW.

(Wang et al., | China

2024)

Energy
performance

PV/T DSF

Experimental

Simulation

The PV/T DSF system showed tenfold
higher solar energy utilization compared to
conventional PV DSF systems, reducing
summer heat gain by 7% and winter heat
gain by 70%. It also significantly mitigated
winter heat loss by 42% and summer heat
gain by 65%.

(Amr and
Zekry, 2025)

Thermal
performance
Daylighting
and energy
efficiency

Egypt

Simulation

Dynamic DSFs are more effective,
providing improved temperature regulation
and enhanced daylight distribution
compared to static systems. Although DSFs
involve higher initial costs than single
fagades, their long-term cost efficiency is
notable, attributed to their durability,
reduced maintenance requirements, and
substantial energy saving

(Aruta et al.,
2025)

Italy Energy

efficiency

Simulation

Natural ventilation alone cannot prevent
overheating in the fagcade cavity due to solar
radiation. The type of glazing in DSF is
crucial, as its thermal performance varies
with season and climate. Therefore, DSF
design should be tailored to local energy
needs, balancing cooling in summer and
heating in winter. The building's overall
energy performance largely depends on
how glazing interacts with solar exposure
year-round.
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1.12 Conclusion
The double skin facade of a building acts as a 'filter' between the internal and outside
environments, highlighting its significance in minimizing total energy usage. However,

badly built facades can cause significant problems with energy consumption.

This chapter, devoted to the double skin facade system, began with a definition of the system,
followed by a historical overview of the evolution this system. the components of the double
skin were then explained, followed by the operating mode of this type of facade. we also
discussed the elements which influence the performance of the double skin, and finally the

advantages and disadvantages of this system.
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I1.1 Introduction

The consumption and expenditure of energy in contemporary society have been increasing
at a concerning rate.

In this chapter we were able to explore the definitions of thermal comfort while considering
the fundamental criteria required for occupant perceived comfort. We further enumerated
and reviewed the factors affecting thermal comfort by grouping them into their respective
domain. Some of these factors were subjective factors while others were objective factors.
Hence to synchronize these factors from different domain into a single evaluation could be
a complex endeavour. We further studied and explore the various approaches developed by
researchers to evaluated and predict thermal comfort. These approaches were grouped into
the heat balance approach and the adaptive comfort approach. Considering the models and
methods developed via these approaches, the adaptive thermal comfort approach was
suitable for this research because it considers the psychological, socio-cultural and other
physical adaptive factors as parameters required for the evaluation of thermal comfort.
Among the adaptive comfort models studied, the adaptive predicted mean vote (aPMV) of
Yao was adopted due to its relevance to the research objectives.

The principles and equations of the models were able to distinctly evaluate the physiological
component and the adaptive component of thermal comfort and then integrate them into a
single evaluation. Based on our interest in this model, it was reviewed and some of its
parameters were modified and ameliorated to improve its accuracy and functionality. Thus,
the (aPMV) model has the prospect to evaluate the psychological component of thermal
comfort. This psychological component may be related to the thermal stimuli experienced

by the occupants and the information in their memory system.

II.2  Sustainable development

Human activity is directly associated with environmental degradation and current climate
change concerns. The Club of Rome, an international think tank, first questioned the
economic blueprint for industrialized societies in 1968. In 1972, they published "The Limits
to Growth," advocating for economic development and environmental protection. In 1984,
the United Nations Assembly appointed Gro Harlem Brundtland to form the World
Commission on Environment and Development (Brundtland Commission). The
commission's work led to the release of the Brundtland Report "Our Common Future" in
1987, which introduced the concept of "sustainable development," defined as meeting
present needs without hindering future generations. Today, the Brundtland Commission is

recognized for promoting sustainable development values and principles.
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During the 1992 Rio Earth Summit, states committed to sustainable development, aiming to
meet current needs without compromising future generations' capacity. Sustainable
development is based on environmental risk awareness and aims to reconcile ecological,
economic, and social factors. It is based on three principles: considering the "whole life
cycle" of materials, developing natural raw materials and renewable energy sources, and
reducing materials and energy used in extraction, product use, and waste destruction or

recycling.

The Kyoto Summit of 1996 aimed to address climate change, following the Rio Summit's
social and cultural focus. The Kyoto Protocol committed nations to reduce average
greenhouse gas emissions to 1990 levels from 2008 to 2012. Industrialized countries must
reduce energy consumption, transition from fossil fuels to renewables, and implement

carbon storage techniques. (Wong, 2008)
The Rio Declaration is linked to Agenda 21, a 21st-century plan that aims to:

e Protect the Earth's atmosphere and integrate land use.

e Combat deforestation.

e Preserve fragile ecosystems.

e Promote sustainable development within rural and agricultural contexts.

e Maintain biodiversity.

e Adopt an environmentally rational approach to biotechnology.

e Protect oceans and coastlines

e Safeguard water supplies and quality.

e Ensure the treatment of waste, including toxic chemicals, radioactive materials,

dangerous waste, and solid waste, in an ecologically acceptable manner.

The World Summit on Sustainable Development in 2002 (Earth Summit 2002) took place in
Johannesburg, South Africa. The participating countries reaffirmed their commitment to the
Rio Declaration and Agenda 21 goals, promising to create national sustainable development
strategies by 2005. The Kyoto measures will significantly affect land use, urban planning,
and architecture, aiming to lower energy consumption, reduce greenhouse gas emissions,

and minimize waste, particularly impacting the building and civil engineering sectors.

Sustainable development principles in building are an effective way to reduce the

greenhouse effect and environmental destruction, based on three complementary tenets:
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social equity, environmental caution, and economic efficiency. These principles are closely

linked to environmental conservation. (Wong, 2008)

II.3  Energy consumption

In 2021, world primary energy consumption reached 171,650 TWh, twice as much as in
1980. Fossil fuels dominated the energy mix, with oil products (30%), coal (27%), and
natural gas (24%) being the top three sources. Petroleum products' share fell by 14 points in
40 years, while natural gas and coal's share increased by 7 and 2 points, respectively.
Biomass and waste's share remain stable at 10%, while hydropower's percentage is stable at
2.5%. Nuclear power's share increased by 1.6 in 40 years, reaching 5.0%. Other energies like

solar, wind, and geothermal increased from 0.2% to 2.7%. (durable, n.d.)

Energy consumption exceeded historical norms in 2023. The G20 has been unable to

effectively reduce energy intensity in order to align with the 2°C objective.

Although wind and solar energy production has increased, the proportion of renewables in
the overall energy and electricity mix has only marginally improved, leading to a 1.7% rise
in CO2 emissions. The reduction rate of the carbon factor is still inadequate to meet the 2°C

target. (“Bilan énergétique mondial, édition 2024, 2024)

Reducing CO: emissions necessitates a decrease in consumption and a transition from fossil

fuels to renewable energy sources.

Among the three primary sectors contributing to pollution, the construction sector presents
the most accessible opportunities for leveraging these two mechanisms. Renewable energy
sources, characterized by their low and often intermittent output, such as solar and wind, are
more readily harnessed by the construction sector than by industries that demand a steady

and substantial power supply. (Daverat, 2012)

I1.4 Comfort and energy

The growing focus on 'comfort' is driven by apprehensions regarding climate change. The
indoor conditions that individuals have come to anticipate, along with the heating and
cooling systems that facilitate these environments, place significant strain on global energy
resources. The present standards of comfort are unlikely to remain viable in the future,
particularly if their maintenance necessitates a greater reliance on air conditioning to

counteract the impacts of global warming. Consequently, it is increasingly urgent to assess
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alternative concepts of comfort that could promote less resource-intensive methods of

thermal regulation. (Chappells and Shove, 2004)

II.5 Thermal comfort
I1.5.1 Definition of thermal comfort

I1.5.1.1 Definition of comfort
The word comfort is derived from the Latin “Confortare” which means the strengthen,

certify, corroborate, provide comfort, relieve, aid, and assist. (Y.-C. Hou et al., 2021)

Comfort is a concept that eludes precise definition and varies greatly from one individual to

another. (Lin et al., 2023)

According to the dictionary “Larousse”, comfort refers to all the commodities and amenities
that produce material well-being. Well-being, ease brought by a clothing item, a piece of
furniture, a vehicle, etc. Psychological, intellectual and moral tranquillity achieved by

rejecting all preoccupations. (“Le petit larousse,” 2010)

In addition, From the definitions given by the Cambridge Dictionary and the Oxford
Languages, comfort is the state of being physically relaxed and free from pain, heat, cold,
etc; the state of having a pleasant life, with everything that you need. (“comfort noun -

Definition,” 2025; “confort,” 2025)

As indicated by Roulet, one of the key components of ensuring a high-quality indoor
environment is satisfying the occupants' requirements, which in turn guarantees their
comfort. Comfort is a subjective concept that encompasses a wide variety of sensations.

(Roulet, 2008)

A state of physical and mental well-being, a sense of coziness, or a feeling of contentment
may all be described by the term "comfort". The various interpretations of comfort have
shaped indoor spaces and the thermal regulation strategies they represent. The definitions of
comfort have evolved significantly over the past century, leading to substantial
consequences for the management of indoor environments and the demand for energy.

(Chappells and Shove, 2004)

In architecture, the notion of comfort within structures is primarily associated with sensory
comfort, which can be categorized into various types, including visual comfort, acoustic

comfort, thermal or hygrothermal comfort, and olfactory comfort, among others.
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Thermal comfort refers to the state of not experiencing excessive heat or cold; aeraulic
comfort pertains to maintaining acceptable or ideally pleasant indoor air quality; visual
comfort involves creating an environment that is both clearly visible and aesthetically
pleasing; and acoustic comfort ensures that the space is not overly noisy while allowing

important sounds to be distinctly heard. (Roulet, 2008)

I1.5.1.2 Thermal comfort definition

Thermal comfort is a complex and multi-dimensional concept, largely influenced by its
subjective characteristics. Recognizing its importance, extensive research has been
dedicated to this topic, with experts and researchers offering diverse definitions and

perspectives over the years. (Mansouri, 2023)

Thermal comfort, according to Fanger (1970), is the state of mind that conveys contentment
with the thermal surroundings. The goal is to establish ideal thermal comfort such that the
largest proportion of a group experiences thermal comfort, taking into account the biological

differences among individuals. (Wong, 2008)

Givoni (1976) defined thermal comfort as « the absence of irritation and discomfort due to

heat or cold, and as a state involving pleasantness ». (Omoya, 2023)

According to O' Callaghan (1978), thermal comfort is the study of how human reaction is
affected by climate. (Wong, 2008)

It is also defined by Hensen in 1991 as «a state in which there are no driving impulses to

correct the environment by the behaviour». (Omoya, 2023)

ASHRAE present thermal comfort as « That condition of mind that expresses satisfaction
with the thermal environment. Because there are large variations, physiologically and
psychologically, from person to person, it is difficult to satisfy everyone in a space ».

(ASHRAE Standard 55, 2022)

According to Roulet, the concept of thermal comfort refers to the satisfaction derived from

an agreeable arrangement of temperature and heat distribution. (Roulet, 2008)

As indicated by Regnier in his report thermal comfort is an individual's subjective evaluation
of their immediate thermal surroundings, reflecting their level of satisfaction with the

temperature conditions they experience. (Regnier, 2012)
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There are three persuasive reasons to acknowledge the importance of thermal comfort:

(Boulebbina, 2022)

- To create an enjoyable atmosphere for individuals,
- To optimize energy consumption efficiently.

- To recommend and enforce recognized standards.

I1.5.2 Thermal comfort in buildings

Currently, half of the global population resides in urban areas and spends nearly 90% of
their time indoors. Structures are increasingly functioning as thermal machines designed to
sustain climate conditions that are conducive to human comfort. People continuously

respond to this environment, both consciously and subconsciously. (Batier, 2016)

The comfort of an indoor environment significantly influences individuals' emotional states.
In office settings, optimal working conditions enhance our cognitive abilities and overall
performance, while thermal comfort plays a crucial role in both well-being and productivity.
Additionally, addressing potential health risks is essential for achieving ideal thermal

comfort. (Crahmaliuc, 2016)

I1.5.3 Parameters affecting thermal comfort

Thermal perception is influenced by the factors of thermal comfort within a specific
environment and moment. The thermal balance between the body and its environment is
influenced by environmental elements and personal characteristics, while the physical
environment and spatial conditions are the main influencing factors. (Regnier, 2012;

Mansouri, 2023; Omoya, 2023)
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Figure I1.1. Factors affecting human thermal comfort.

Source: (Kumar, 2019)

11.5.3.1 Environmental Factors

e Air temperature:
The ambient temperature (Ta) in degrees Celsius refers to the air temperature surrounding
the occupants, influenced by both location and time. (“ANSI/ASHRAE Standard 55-,”
2013)

The temperature of the surrounding air is the most significant factor affecting the thermal

comfort experienced by the occupant. (Berkouk, 2017)

It helps to discern the variations in temperature between the human body and its immediate

environment. (Omoya, 2023)

e Mean radiant temperature
It represents the average temperature of the surrounding surfaces, weighted by their solid
angles, in relation to an occupant. Additionally, it serves as a method to convey how these
surface temperatures affect the comfort of individuals within the indoor environment.

(Omoya, 2023)
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e Relative humidity
The relative humidity (RH) of the air is defined as the percentage ratio of the actual quantity
of water vapor in the air at a specific temperature, Ta, to the maximum quantity of water
vapor that the air can accommodate at that same temperature. (LIEBARD and de HERDE,
2005)

Relative humidity levels ranging from 30% to 70% have a minimal effect on the perception
of thermal comfort; however, they remain significant because, under these temperature
conditions, the primary mode of heat exchange occurs through evaporation from the skin's
surface. Consequently, in a saturated environment where perspiration is no longer feasible,

the body frequently experiences discomfort. (LIEBARD and de HERDE, 2005)

e Air speed
As defined by ASHRAE 2013 the air speed is the rate of air movement at a point, without
regard to direction. (“ANSI/ASHRAE Standard 55-,” 2013)

In residential environments, air velocity is required, ensuring it does not exceed 0.2 m/s.

(LIEBARD and de HERDE, 2005)

ASHRAE standard 55-2017 stated that air velocity can be increased to adjust for ambient

temperatures that beyond the upper limit of tolerable temperatures. (Mansouri, 2023)

11.5.3.2 Personal factors

e Clothing insulation
ASHRAE defined clothing insulation as « The resistance to sensible heat transfer provided
by a clothing ensemble (expressed in units of clo) ». (“ANSI/ASHRAE Standard 55-,” 2013)

Clothing serves as insulation, safeguarding the human body from external conditions and
offering thermal resistance between the body and its environment. Consequently, clothing is
a critical element influencing heat loss from the human body, which needs to be regulated
to ensure a comfortable thermal state across various climates. The effectiveness of clothing
insulation is quantified using a unit known as Clo. Specifically, 1 Clo represents the
insulating capacity of an outfit that includes cotton undergarments, equivalent to the thermal
resistance provided by a blanket covering the entire body, with a resistance value of 0.155

m?K/W. (Boulebbina, 2022)
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Source: (Rijal et al., 2019)
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The conversion rate of chemical energy into heat and mechanical work through an

individual's metabolic processes, measured per unit of skin surface area, is determined to be

58.2 W/m? (equivalent to 18.4 Btu/h-ft?). (“ANSI/ASHRAE Standard 55-,” 2013)

Table I1.1. Metabolic rates for typical task.

Source : (Arendt, 2012)

Activity Met units  Metabolic rate [W/m?|
Sleeping 0.7 40
Scated, reading, writing 1.0 60
Typing 1.1 65
Standing, relaxed 1.2 70
Walking on level surface (3.2 km/h) 2.0 115
Driving automobile 1.0-2.0 60-115
House cleaning 2.0-3.4 115-200
Handling 50 kg bags 4.0 235
Dancing, social 2.4-4.4 140-225
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Figure I1.3. A chart showing the metabolic rates linked to various physical activities

Source: (Jenkins, 2019)

I1.5.4 Thermal discomfort factors

While overall thermal comfort may be attained, certain areas within buildings can still
experience discomfort. An inconsistent thermal environment can lead to discomfort in
specific body regions. This thermal dissatisfaction may arise from undesirable cooling or
heating of particular body parts, such as the head, feet, or hands, due to air currents.
Additionally, local discomfort can result from significant temperature disparities between
the head and ankle, excessively hot or cold flooring, or uneven thermal radiation. Various

factors can influence thermal comfort: (HEBBAL, 2022)

11.5.4.1 Effect of air currents:

Air currents can induce discomfort and a sensation of cold due to heightened convection
between the skin and the surrounding air. The standards suggest maintaining an average air
velocity of below 0.15 m/s during winter and 0.25 m/s in summer for individuals engaged in

sedentary activities. (MAZARI, 2012)
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11.5.4.2 Effect of asymmetric thermal radiation.

Radiation imbalances occur due to heated or cooled surfaces like warm ceilings or thermal
glazing. A strong vertical temperature gradient can also cause discomfort, making the head

feel warm while the feet stay cool, even if the body is thermally balanced. (MAZARI, 2012)

11.5.4.3 Effect of vertical thermal gradient.
The standard allows a maximum air temperature difference of 3°C between 0.1 m from the
ground (ankle level) and 1.1 m from the ground (head level for a seated person).

(MAZARI, 2012)

11.5.4.4 Effect of ground temperature.
Excessively high or low floor temperatures can cause foot discomfort. Research indicates
that optimal floor temperatures for thermal neutrality are 23°C for standing individuals and

25°C for seated ones, with a dissatisfaction rate of at least 6%. (MAZARI, 2012)

I1.5.5 Evaluation of thermal comfort in buildings

Evaluating thermal comfort within buildings enables the identification of internal conditions
and environments, as well as the comfort levels experienced by occupants. A variety of
methods have been established for this assessment, encompassing both subjective and
objective measures, as well as quantitative and qualitative evaluations, employing diverse

approaches and indices. (Mansouri, 2023)

I1.5.5.1 Evaluation through thermal indices

Thermal indices are essential tools for describing, designing, and evaluating thermal
environments. Givoni (1978) emphasized that human responses to thermal conditions cannot
be accurately quantified using a single variable like temperature, humidity, or air velocity,
as these factors interact and depend on each other. Therefore, it is necessary to assess the
combined effect of environmental factors on the body's physiological and sensory responses

in a single parameter.

The use of thermal indices in scientific literature varies, with different studies using different
indices to assess thermal comfort, such as Hill, Barnard, and Sequeira's 1897 work was based
on heat transfer theory, while Winslow, Herrington, and Gagge's 1937 study focused on
operative temperature indices. More recently, Fanger's 1970 research introduced the

predicted mean vote (PMV) index, and ISO (2005) included average predicted percentage
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dissatisfied (PPD) and cumulative PPD measures. The subsequent indices are the primary

ones frequently utilized. (Mansouri, 2023)

I1.5.5.1.1 Environmental models
Several physical environmental factors and indices have been developed to facilitate an easy

evaluation of thermal comfort. (Mansouri, 2023)

o [Effective temperature: Givoni (1978) defines this index as a combination of
temperature, humidity, and air velocity, requiring specific comfort limits for each
region, ideally between 22 to 27°C. This is calculated through the interaction of wet
and dry bulb temperatures and air speed.

e Equivalent temperature: This index considers air temperature, radiant temperature,
and air velocity.

e Operative temperature: Known as perceived comfort temperature or resultant dry
temperature, it is calculated by averaging air and surface temperatures: Operative
temperature = (Ambient temperature + Surface temperature) / 2.

e Resultant temperature: Established through experiments that reach thermal
equilibrium between the body and its surroundings.

I1.5.5.1.2 The PMYV and PPD indices

Fanger (1970) created the two indices: PPD (Predicted Percentage of Dissatisfaction)
predicts the percentage of unhappiness with the thermal environment, whereas PMV
(Predicted Main Vote) forecasts the average thermal sensation of a group of people.

(Mansouri, 2023)

e The PMYV indice
In practical evaluations of thermal conditions within a space, it is frequently beneficial to
evaluate the level of discomfort experienced by occupants. To facilitate this, the PMV-index
(Predicted Mean Vote) has been developed. This index uses the psycho-physical scale in
Figure below (Figure I1.4) to provide a subjective thermal response of a large number of

participants.

The PMV index estimates the average thermal sensation of an experienced by a large group
of people in a shared environment. However, individual thermal sensations vary around this
average, making it important to anticipate the number of people who may experience
discomfort due to excessive warmth or coolness. These thermally dissatisfied individuals are

often the ones who voice complaints about their surroundings. PMV values vary between -
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3 and 3 on the thermal sensation scale. (“https://www.bksv.com/media/doc/BO0016.pdf,”
n.d.)

Thermal
-3 =cold -2 = cool -1 = slight cool Comfort +i-= slightly warm +2=warm  +3 = hot

Figure I1.4. Rating Scale of Thermal Comfort.

Source: (“What is thermal comfort?,” 2023)

The PMV equation can be expressed in accordance with the standard (ISO 7730) as follows:

PMV = (0.303e-0.036M + 0.028) {(M — W) —3.05 x [5.733 — 0.007 (M — W) — pa] — 0.42
X[ (M—-W)-5815]-0.0173 x M (5.87 —pa) — 0.0014 x M (34 —ta) — 3.96 x 10-8 x fcl x
[(tcl +273)4 — (tr+273)4] — fcl x he (tcl —ta)} (Wong, 2008)

e The PPD indice
The Predicted Percentage of Dissatisfaction is defined by ASHRAE as « An index that
establishes a quantitative prediction of the percentage of thermally dissatisfied people
determined from PMV». (“ANSI/ASHRAE Standard 55-,” 2013)
The PPD index (Predicted Percentage of Dissatistied) provides a quantitative estimate of the
number of individuals likely to experience thermal discomfort. It forecasts the proportion of
a sizable population that may report feelings of thermal unease, categorized as voting hot
(+3), warm (+2), or cool. Once the PMV values are established, the corresponding PPD can
be derived. This index indicates the expected number of individuals who will be thermally
dissatisfied within a larger group, while the remainder will report feelings of thermal
neutrality, slight warmth, or slight coolness. (b00016)
(“https://www.bksv.com/media/doc/BO0016.pdf,” n.d.)
It can be determined using the following equation:

PPD = 100 — 95exp [- (0,03353 PMV4 + 0,2179 PMV2)]
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Figure IL.5. The percentage of PPD in relation to PMV.

Source: (Batier, 2016)
In this context, the ISO 7730 (2005) standard defines the thermal comfort zone using the

Predicted Mean Vote (PMV) and the Predicted Percentage of Dissatisfied (PPD). The
comfort zone is characterized by a PMV range of -0.5 to 0.5, corresponding to a PPD of less

than 10%. (Mansouri, 2023)

I1.5.5.2 Evaluation using graphic tools

Various graphical tools have been created to evaluate thermal comfort and analyze the
effects of climate conditions on buildings. These include bioclimatic diagrams, which help
identify key architectural strategies for thermal comfort and climate considerations. Notable
examples are the Olgyay bioclimatic diagram, the Givoni diagram, the Mahoney tables, and

the Szokolay method.

Olgyay's diagram, created in 1953, is regarded as the first bioclimatic diagram. According
to Givoni (1976), it pioneered a systematic method of tailoring building design to human
requirements and climatic factors. The technique establishes the human comfort zone based
on ambient air temperature and humidity, locating it centrally while detailing separate winter

and summer ranges that account for seasonal adaptation. (Mansouri, 2023)
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Figure 11.6. Olgyay’s Bioclimatic Chart.

Source: (N. Al-Azri et al., 2012)

The Givoni diagram serves as a psychometric tool that assesses the thermal comfort of
individuals by analyzing the ambient air's temperature and humidity. This diagram identifies
the comfort zone for a specific duration and outlines the necessary heating and cooling

measures to sustain optimal comfort levels.(Mansouri, 2023)

Givoni's chart delineates appropriate cooling methods according to the prevailing outdoor
climate. It categorizes five distinct zones: thermal comfort, natural ventilation, high mass,

high mass with night ventilation, and evaporative cooling. (N. Al-Azri et al., 2012)
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Figure IL.7. Psychrometric chart adapted from Givoni.

Source: (Manzano-Agugliaro et al., 2015)

I1.5.5.3 Evaluation by on-site survey

In situ studies play a crucial role in evaluating thermal comfort within buildings, as they
examine the subject in real-time conditions. These studies may encompass various methods,
including physical measurements, surveys, observations, and interviews. Fabbri (2015)
notes that the earliest in situ survey was conducted by Bedford in 1936, who assessed the
thermal environment experienced by approximately 2,500 workers in a British industry
through a questionnaire focused on thermal comfort, utilizing the thermal sensation scale.

(Mansouri, 2023)

Nicol (1993) proposed a three-tier classification framework for in situ surveys, which is

outlined as follows:

Level 1 focuses on gathering physical measurements of air temperature, potentially
including air humidity, at a specific site within a building over a defined period. This data
collection employs a range of instruments and devices, yielding objective and quantitative

results.
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Level 2 involves subjective evaluations obtained through conventional questionnaires that
assess thermal comfort. These assessments are conducted concurrently with the
measurement of various physical parameters of the thermal environment, such as air
temperature, radiant temperature, air velocity, and humidity. The subjective evaluations
employ judgment scales, including perception votes, evaluation votes, and preference votes.
Level 3 addresses the evaluation of the clothing and activity levels of the participants, which
enables the calculation of various comfort indices, notably the Predicted Mean Vote (PMV)
and the Predicted Percentage of Dissatisfied (PPD). The comfort levels indicated by these
indices can be compared to the actual comfort experienced by the subjects in situ. (Mansouri,

2023)

11.5.5.4 Evaluation by digital simulation

This evaluation approach emerged alongside advancements in digital modeling systems,
which utilize software to replicate various building behaviors. This innovation simplifies the
process of modeling and simulating the diverse elements and variables associated with

structures. (Mansouri, 2023)

I1.5.6 Thermal comfort standards

The concept of thermal comfort within buildings has generated considerable discussion,
leading to the establishment of limit or guideline values by numerous professional
organizations, which have subsequently been integrated into legal frameworks over time.
Several international standards have played a crucial role in enhancing the understanding of
thermal comfort, with the objective of ensuring ideal indoor conditions for occupants.

(Mansouri, 2023; Wong, 2008)

I1.5.6.1 The ISO standard
ISO, the International Organization for Standardization, serves as a global federation
comprising national standards organizations. Throughout the years, ISO has introduced

several standards related to building heating and thermal comfort. (Mansouri, 2023)

e ISO 7243, Ergonomics in High Temperatures: Evaluating Thermal Stress in the
Workplace.
e ISO 7726, which focuses on the ergonomics of thermal environments, provides

guidelines for instruments designed to measure various physical parameters.

58



CHAPTER IT

RESULTS AND DISCUSSION

e ISO 7933, dedicated to the ergonomics of thermal environments, offers a systematic
framework for assessing and understanding thermal stress by calculating expected
thermal conditions.

e ISO 8996, relates to ergonomics in thermal environments, with a particular emphasis
on evaluating energy metabolism, outlines six methods for estimating metabolic heat
production.

e ISO 9920, ergonomics of thermal environments: specifically focusing on the
assessment of thermal insulation and the resistance to evaporation provided by
clothing. It contains a detailed database of clothing thermal properties based on
measurements from heated manikins

e ISO 10551, focuses on the ergonomics of thermal environments by evaluating the
impact of these environments through the use of subjective judgment scales.

e ISO/TR 11079, Evaluation of cold environments: Establishing the necessary
insulation for clothing.

e ISO 7730, 1994: has been updated to include a long-term assessment method,
insights on local thermal discomfort, variable thermal conditions, and adaptation
strategies. A detailed annex now categorizes thermal comfort requirements.

e ISO 7730, 2005: is based on the predicted mean vote (PMV) and predicted
percentage of dissatisfied (PPD) indices developed by Fanger in 1970. It also
provides methods for assessing local discomfort caused by draughts, uneven
radiation, and temperature fluctuations. (Mansouri, 2023; Wong, 2008)

I1.5.6.2 ASHRAE Standard
ASHRAE (American Society of Heating, Refrigerating, and Air Conditioning Engineers)

In the mid-20th century research on thermal comfort in Europe and the United States
primarily involved climate chamber experiments. ASHRAE Standard 55, introduced in
1966, addresses Thermal Environmental Conditions for Human Occupancy using a thermal-
balance model of the human body. It identifies six key variables affecting thermal comfort:

air temperature, radiation, relative humidity, air movement, clothing, and metabolic rate.

The standard aims to provide an objective criterion for thermal comfort by defining personal
and environmental factors that can ensure an acceptable indoor thermal environment for at
least 80% of occupants. It characterizes thermal sensation as a conscious feeling commonly

graded into categories of cold to neutral to hot.
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Originally, ASHRAE Standard 55 was designed to guide centrally controlled HVAC
systems, its broad application has hindered the development of personalized thermal
regulation strategies in naturally ventilated or mixed-mode buildings, which could enhance
occupant satisfaction and productivity while reducing energy consumption, particularly in

office settings.

The standard is updated every 3 to 7 years based on current research, practical experience,
and recommendations from designers, manufacturers, and end-users. The most significant

iterations of the standard include the revised editions from 2004, 2010, and 2017.

e ASHRAE 55-2004: recognized the high-speed preference for general comfort
temperature, adopted the computer model technique, and provided an adaptive
research-based strategy that promotes natural ventilation designs.

e ASHRAE 55-2010: has reestablished the Standard Effect Temperature (SET) as a
means to evaluate and quantify the cooling impact of elevated air velocities and
overall indoor air circulation.

e ASHRAE 55-2017: introduces an innovative component that considers the impact
of direct solar radiation on the thermal comfort of occupants.

I1.5.7 Standards and regulations in Algeria

Algerian building regulations categorize documents into four distinct levels.

Level 1 encompasses decrees, orders, and circulars, which outline the general requirements

applicable to residential and administrative structures.

Level 2 includes standards or calculation rules, designed to establish the fundamental

principles that should be followed during the development of building projects.

Level 3 pertains to execution standards that guide the implementation of construction

practices.

Finally, Level 4 consists of quality standards that govern the materials, products, and
components used in construction.

(“http://revue.enstp.edu.dz/files/article/28/article%208.pdf,” n.d.)

In the realm of building thermal efficiency, a foundational regulatory document addressing
winter thermal challenges was developed at CNERIB, driven by the Ministry of Housing.
This level 2 regulatory text received approval in January 1997 from a specialized technical

group (GTS) and is known as the regulatory technical document (DTR C 3-2) titled ‘Thermal
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Regulation of Residential Buildings - Guidelines for Calculating Heat Losses.” Aligned with
international standards, the DTR introduces a streamlined approach for assessing heat loss.

(“http://revue.enstp.edu.dz/files/article/28/article%208.pdf,” n.d.)

The National Centre for Integrated Building Studies and Research (CNERIB) has reported
that the Algerian government has enacted a policy aimed at enhancing the management of
energy resources. This initiative is encapsulated in Law No. 99-09, established on 28 July
1999, which focuses on energy management, alongside Executive Decree No. 2000-90,
issued on 24 April 2000, which outlines thermal regulations for new constructions. Presently,
Algeria adheres to the thermal regulation DTR C3.2/4, necessitating distinct compliance

assessments for both winter and summer seasons. (Mansouri, 2023)

I1.6 Impact of the building envelope on thermal comfort
The envelope of a building is the structural feature that isolates the heated volume from the

surrounding environment.

Its major role is to shield its inhabitants from outside threats (climate and noise). Its
performance is judged on the one hand by its capacity to handle internal and external passive
contributions, and on the other by the amount of comfort it provides to its users. The
perception of comfort is often stated in terms of thermal, auditory, visual, and hygienic

parameters. (“E-learning,” n.d.)

The building envelope, which includes walls, roofs, floors, and openings, is crucial for
ensuring thermal comfort as it acts as a barrier between the building's interior and the outside
environment. It must not only serve its structural purpose but also withstand thermal and
environmental pressures. Key factors that greatly influence this goal include the design and

selection of materials for the envelope. (Bahrar, 2018)

Selecting materials based on their thermal properties, including insulation and thermal
inertia, plays a crucial role in enhancing the efficiency of the building envelope. Effective
thermal insulation minimizes heat loss during winter months, consequently lowering heating
demands. Furthermore, high-quality insulation, when paired with external solar shading, aids
in preventing excessive heat accumulation in the summer. Additionally, while this is not an
exhaustive enumeration, other elements that significantly influence the energy efficiency of

the structure include the orientation of the fagades and a compact architectural design.
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Concurrent with these investigations, a number of writers have shown interest in how

thermal inertia affects a building's energy efficiency.

When calculating the value of thermal inertia, external climatic factors like sun radiation and
temperature fluctuations must be considered. By storing daily solar gains, thermal inertia,
when combined with high-performance insulation, helps lower winter heating energy usage.
Additionally, thermal inertia has the effect of reducing the issue of summertime overheating
by offering a phase shift for peaks in interior temperatures. According to research by
Kossecka and Kosny (2002), high-inertia materials should be positioned within the building
envelope, with an emphasis on external insulation. In light of this, phase-change materials

are used to increase thin walls' thermal inertia. (Bahrar, 2018)

Optimal indoor environmental quality and thermal comfort for individuals within a building

may be maintained via the use of both passive and active measures.

Passive measures include architectural and structural thermal protection strategies including
passive solar heating, passive cooling, solar protection, internal heat gain, thermal insulation
of the envelope, and thermal inertia of the envelope components. Quality of comfort is also
significantly influenced by the way the space is laid out. The following illustrates both hot

and cold techniques. (“E-learning,” n.d.)

Active measures should ideally be implemented alongside passive measures. These
measures utilize technologies that ensure thermal comfort through mechanical means,

including heating and cooling systems. (“E-learning,” n.d.)

.,,\H’Il
r”\

R Y7
/

5 . b
Protéger —_— N\
Conserver //I \\
Capter Minimiser
r Distribuer I A
-’ Dissiper
Stocker |

Figure I1.8. Passive hot and cold strategies.

Source: (“E-learning,” n.d.)
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I1.7  Double skin facade and thermal comfort

High-quality fagade systems require the careful selection and application of top-quality
materials, state-of-the-art technologies, and meticulous detailing and installation tailored to
the unique context and purpose. An elegantly crafted facade not only shields a structure from
the sweltering summer heat but also curtails heat loss in the winter months while harnessing
natural elements for optimal heating, cooling, and illumination. Recently, there has been a
surge in research and innovation surrounding building facades, especially glazing systems,
owing to their remarkable potential to enhance energy efficiency and mitigate the

environmental footprint of architectural designs. (Naddaf and Baper, 2023)

Double-skin facades provide demonstrable energy efficiency benefits, including a
significant decrease in heating and cooling requirements, due to the cavity's natural thermal
control.

In terms of interior comfort, regulated ventilation controls thermal changes and efficiently
renews the air, resulting in a more constant temperature and higher air quality. (“Tout savoir

sur la fagade double peau,” n.d.)

The thermal performance of a system refers to its capacity to adapt to the surrounding
environment in a manner that effectively maintains the intended indoor thermal conditions.
This involves minimizing heat loss during heating periods and preventing excessive heat
during cooling periods. Various design elements play a role in this, including the type of
climate and geographical location, the height of the building, the orientation and type of
double-skin facade (DSF), the geometry and arrangement of the DSF cavity, the materials
used for the external and internal glazing, the presence of perforated ventilated facades, and
the implementation of shading devices. It is important to recognize that the performance of
DSF technology is not constant; it fluctuates throughout the day, with certain periods

experiencing no ventilation at all. (Pelletier et al., 2023)

Heat transfer transpires concurrently across all layers of the double-skin fagade, influenced
by external environmental factors, the characteristics of the fagade layers, and the integrated
ventilation system. The air gap between the double skins experiences heightened overheating
during elevated ambient temperatures, which can be mitigated by adjusting the openings of
the glazing fagade, strategically placing shading devices, and optimizing the width of the air
gap between the glazing panels. (Wong, 2008)
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I1.8 DSF and thermal comfort - the state of the art

According to the research conducted by Heinberg et al. (2007), an energy-efficient building
envelope is intricately designed with thermal and air barrier components. The findings
suggest that the installation of appropriate insulation materials is crucial for establishing an
effective thermal barrier; conversely, the use of inadequate insulation can lead to a
staggering 30 percent reduction in a building's energy performance. Thus, to achieve a design
that maximizes energy efficiency, a comprehensive layer of insulation must envelop the
entire structure. Furthermore, as noted by EREC and NREL (2000), the key components of
an energy-efficient building include walls, roofs, windows, insulation, air vapor retarders,
and caulking. This study emphasizes that the thermal envelope serves to shield indoor
environments from external conditions. Additionally, it highlights that energy-efficient
buildings typically possess a high R-value, which measures a material's resistance to heat

transfer. A low R-value, on the other hand, can result in rapid heat loss. (Daneshkadeh, 2013)

Numerous research studies advocate for the implementation of double-skin facades as a
means to mitigate heat gains, thereby enhancing the energy efficiency of low-energy
buildings. Shameri et al. specifically highlight the adoption of double-skin facades as a
viable strategy for achieving energy conservation in architectural design. Essentially, the
concept of double-skin facades (DSFs) involves the integration of two fagade layers
separated by an air gap or cavity. Gratia elaborates that the evolution of double-skin facades
stems from the idea of a fagade constructed entirely of glass. Conversely, the research
conducted by Mingotti et al. emphasizes the necessity for adaptable openings in both the
external and internal layers of DSFs to facilitate adequate air circulation within the cavity
and maintain a comfortable atmosphere in the adjacent interior spaces. Consequently, it is
evident that temperature regulation and air circulation are intrinsically linked to the
dimensions of the cavity; thus, studies by Balocco and Colombari and Balocco indicate that
areduction in cavity width significantly increases the likelihood of overheating in the fagade
layer, particularly during the summer months. Nevertheless, double-skin facades present an
opportunity to incorporate an additional glazing layer, which can enhance visual comfort,
improve daylight access, and contribute to superior energy performance. The integration of
external and internal facade layers in DSFs also influences the greenhouse effect.
Furthermore, regarding the sustainable energy performance of DSFs, Chan et al. illustrate

the dynamics of heat transfer and air movement within a section of a DSF. It is crucial to
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acknowledge that air movement within DSFs is adaptable to meet environmental demands;

thus, Haase et al. categorize five distinct types of air movement applicable to DSFs.

In addition to the advantages of double-skin facades, Yilmaz and Cetintas emphasize other
beneficial aspects such as sound insulation and improved aesthetic qualities, alongside their
sustainable energy performance. Likewise, Byrd and Leardini underscore the function of
double-skin facades in noise reduction, while contending that, despite the frequently
highlighted advantages of these systems in terms of energy efficiency, quantifying their
effectiveness remains challenging, as noted by the Lawrence Berkeley National
Laboratories. Conversely, other research has definitively demonstrated the efficacy of
double-skin facades in lowering energy consumption, particularly concerning cooling
requirements. Consequently, it is suggested that further investigation is necessary to analyze,
verify, and potentially enhance these facades to optimize building energy performance.
Historically, these facades can also be categorized based on their construction types and
ventilation conditions. In terms of construction, they can be classified as continuous or
interrupted, while regarding ventilation, they are divided into naturally ventilated,
mechanically ventilated, and those employing both methods. Research by Yilmaz and
Cetintas, along with Chou et al., indicates that during summer, the primary benefit of double-
skin facades is the reduction of solar heat gain, whereas in winter, they contribute to
minimizing heat loss and improving thermal performance. Hoseggen et al.'s study further
supports this by showing that simulations comparing single and double-skin facades confirm
that the implementation of double-skin facades leads to a decrease in heating energy demand

within buildings. (Ahmed et al., 2015)

I1.9 Conclusion

Thermal comfort has been defined as a state of mind and a feeling of environmental thermal
satisfaction, making it a highly subjective concept that is complex to assess and achieve. The
state of thermal discomfort leads space users to try to cope and achieve thermal comfort
through the use of energy by HVAC systems. Excessive use of HVAC systems, which is
very common especially in regions with difficult and extreme climatic conditions, negatively
affects the energy performance of the building and makes it look energy-intensive. A global
orientation towards energy-efficient buildings has emerged to ensure thermal comfort for the
building user and a low-energy building through the adoption of different energy efficiency
programmes and the application of different strategies on the building envelope to meet the

challenge of a climatically integrated and energy-efficient architecture.
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III.1 Introduction

This chapter is devoted to presenting the context of the study along with the three edifices
selected as case studies for this research work. We will commence by introducing the city of
Constantine, which acts as the backdrop for our investigation. We will accompany this with
a brief historical overview and a summary of its climatic conditions. We will then clarify the
reasoning behind our choice of case studies, followed by a presentation of the three buildings

selected for analysis.

III.2 Presentation of the city of Constantine

« Constantine has no need for presentations. She presents herself and is duly greeted. She
discovers herself and we discover ourselves. She bursts out like a flash at dawn and plays
her light along the horizon that she astonishes and arouses » (Haddad, 1966) that’s how
Malek Haddad describes Constantine. Also, Guy de Maupassant said « And here is
Constantine, the phenomenal city, Constantine the strange, guarded as if by a serpent coiled
at its feet, by the Rhumel, the fantastic Rhumel, a hellish river, flowing at the bottom of a red
abyss, as though eternal flames had burnt it » (Merdaci, 2015)

Magnificent on a rock that is more than 600 meters high. It is traversed by the Rhummel
River and encircled by extensive gorges. Because of all of this, it has the strength of an
invincible city and provides an incredibly interesting historical and archaeological itinerary.

(Benterki, 2016)

Unlike other towns across the world, Constantine is built on a strong limestone foundation.
Throughout various historical periods, multiple bridges have been established to facilitate
movement from one location to another, leading to its designation as 'the suspended city.'

(“Constantine | PDF,” n.d.)
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Figure 111.1. Constantine.

Source : (“Visiter Médina de Constantine - Préparez son voyage en Algérie,” n.d.)

I11.2.1 Geographic location

Constantine is a town in northeastern Algeria (Figure I11.2). It has a latitude of 36.17 North
and a longitude of 07.23 East, with an altitude of 694 m above sea level. It is located roughly
430 km away from Algiers, the capital, and 80 km away from the coast. It occupies a pivotal
geographical location between the Tell and the High Plains, equidistant from the littoral to
the north and the Aures Massif to the south.

With a total area of 2,278.20km?, as shown in (Figure I11.3) the town is bounded to the north
by the wilaya of Skikda, to the south by the wilaya of Oum EIl Bouaghi, to the east by the
wilaya of Guelma, and to the west by the wilaya of Mila. (“Notre Wilaya - Direction du

Tourisme et de I’ Artisanat Constantine,” 2021)

The wilaya of Constantine is divided into six daira capitals, or twelve municipalities,

according to the most recent administrative division.
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Séville

Figure I11.2. The location of Constantine.

Source: (“Google Maps,” n.d.)
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Figure I11.3. Constantine within geographical surroundings.

Source : (Benterki, 2016)
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II1.2.2 Historical overview of Constantine

Constantine, one of the oldest cities in the world, known as Cirta before, crossed the
thresholds of prehistory. Australopithecines are believed to have inhabited the Mansourah
plateau for approximately one million years, with their tools being unearthed following the
discovery of faceted spheroids in 1945. During the Palaeolithic period (45,000 BC),
Neanderthals built enduring dwellings within caves, notably the Mouflon and Ours caves

located at the foot of Sidi M'Cid's northern incline.

During the Capsian period, which spanned approximately from 14,000 to 9,000 BC, the
Pigeons cave, situated beneath the Boulevard de 1'Abime near the lift, was likely utilized as
a refuge by the residents of the Ours and Mouflon caves. Various tools originating from the
Neolithic period, approximately between 10,000 and 2,000 BC, have been discovered at this
location. The megalithic civilization has left numerous remnants in this area, including
dolmens and various monuments. From the Metal Age, artifacts such as a bronze punch and
an iron club have been unearthed. Subsequently, the site was inhabited by eight distinct
civilizations: Numido-Berber, Phoenician, Roman, Byzantine, Arab, Turkish, French, and
Arab-Berber, particularly following the incursion of the Vandals in 429. (“APERCU
HISTORIQUE : DE CIRTA A CONSTANTINE.,” n.d.)

Constantine received a distinguished status by the Numidian Carthaginian and Numidian

Roman civilizations. It served as the capital of the Massyls in the east.

A city with a remarkable history that was minimally changed by the Vandals and the
Byzantines. It endured and flourished with the emergence of Arab Islamic civilization in the
seventh century, particularly during the Fatimid and subsequently the Hammadid periods,
which significantly shaped the city's developmental trajectory.

Numerous iconic structures were constructed within it, enhancing its renown. Regarding its
Kasbah, that beautiful creation of the Almohad constructed atop the remnants of the Roman

Capitol, it stands as a small enclave within the vastness of the larger city.

The Hafsids (11th to 13th century), deeply invested in the cultural evolution of the city, saw
its influence radiate throughout the Maghreb. (Redjel and Benssedik-Bdeir, 2015)

During the Ottoman era (1515-1830), successive rulers prioritized culture, each contributing
their unique influence to the artwork of Constantine. During the era of Ahmed Bey, the most

recent bey of Constantine, we observed the decline of this dynasty. He strongly resisted the
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initial French incursion in 1836, and in 1837, Cirta faced a siege. The French colonisation
for 130 years left one of the oldest cities in the world with a majestic European city centre
as a legacy, showcasing neoclassical features that enhanced its rich architectural heritage,
marking the conclusion of a tumultuous history that will forever be embedded in the

cobblestones. (Kermiche, 2015)

After the independence in 1962, the city has emerged as Algeria's third largest in population,

earning the reputation of the ‘capital of the east’.

III.3 Climate in Constantine

Algeria's climate is divided into four distinct climatic zones (A, B, C, and D), each with two
sub-zones designated for winter heating assessments, alongside four climatic zones and four
sub-zones tailored for summer air conditioning evaluations, in accordance with the thermal
regulations DTR 3.2 and DTR 3.4. For this study, the city of Constantine, situated in Zone
B, has been chosen. This city experiences a semi-arid climate. The attributes of the selected
in Table IIL.1. (“DTR/Document Technique Reéglementaire.

city are illustrated

Réglementation thermique du batiment,” 2016)

Table I11.1. Characteristics of Zone B.

Source:(“DTR/Document Technique Réglementaire. Réglementation thermique du bdtiment,” 2016)

Climate | City Global monthly | Horizontal Monthly direct | Basic external
zone horizontal radiation | monthly  diffuse | radiation temperature
(kWh/m2) radiation (kWh/m2) ©C)
(kWh/m2)

Zone B | Constantine | Max : 227 Max : 90 Max : 208 Tbe hiver : 01
Al :694 Min : 53 Min : 34 Min : 40 Tbe ét¢ : 37
Long:6.37E | Total annual: 1649 | Total annual: 733 Total annual: | Moy. annuel:
Lat:36.17 N 1496 15.4

I11.3.1 Air temperature

According to the graphs (Figure 111.4), the coldest months in Constantine are January and
February, with daily temperatures not exceeding 18°C in winter and night temperature below
0°C. On the other hand, the temperatures go above 40 degrees Celsius during the months of

July and August, marking them as the hottest months of the year.
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Source: (“Meteonorm 8,” n.d.)

I11.3.2 Relative humidity
The annual relative humidity typically varies from 60 to 80%, while in summer it falls
between 20 and 40%, and in winter it exceeds 60%. The peak value occurs in December,

reaching approximately 90%, whereas the lowest point is observed in July, at around 30%.
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Figure I11.5. Monthly relative humidity of Constantine.

Source: (“Climate Consultant 6.0,” n.d.)

I11.3.3 Precipitation
In a year, there is an average of 500 mm of precipitation, which is spread out over
approximately 70 days. The months of December and January are the wettest months; both

receive an average rainfall of 65 mm, whereas the months of June (11 mm) and July (17

mm) are the driest months.
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Figure I11.6. Monthly precipitation of Constantine city.

Source: (“Meteonorm 8,” n.d.).

I11.3.4 Wind velocity

The mean yearly wind velocity in Constantine is approximately 2.5 m/s. In Constantine, the
mean yearly wind velocity is approximately 2.5 m/s. September and October exhibit the
lowest speeds, while March, April, and November demonstrate the fastest speeds. The

maximum speed attained is approximately 15 m/s.
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Figure I11.7. Monthly wind velocity of Constantine.

Source: (“Climate Consultant 6.0, n.d.)

I11.3.5 Insolation

The figures (Figure I111.8, Figure I11.9) indicate that global radiation fluctuates between 2 and
3 KWh/m2 in the winter and exceeds 8 KWh/m2 in the summer. Additionally, the sunshine
duration is at its lowest in January, with 4.5 hours, and it exceeds 10 hours during the

summer.
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Figure I11.8. Monthly global radiation of Constantine.

Source: (“Meteonorm 8,” n.d.)
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Figure II1.9. Monthly Sunshine duration.

Source: (“Meteonorm 8,” n.d.)

II1.4 Choice and presentation of case studies
In December 2012, Constantine was appointed Capital of Arab Culture 2015 by ALESCO
and has gained from several initiatives. (FANTAZI, 2021)

The “Constantine, Capital of Arab Culture” event has sparked a number of initiatives,
including the construction of new buildings and rehabilitation efforts. Future plans include
the main public library and the 3,000-seat Zenith Constantine theater, among other projects.
The restoration will include the “Tiddis” archaeological site, the Massinissa tomb, the
mosques and Zaouias, the Malek Haddad and Al Khalifa cultural institutions, the Medersa,
and others. (BENDAOUD, 2016)
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For case study analysis, we selected three cultural public buildings among these major
projects, each featuring a DSF envelope treatment. Two new edifices were constructed in

2014-2015, and an existing structure was renovated and rebuilt during the same period.

e Example 1: The palace of culture “Al Khalifa” (Ex.1).
e Example 2: The public library “MOSTAPHA NATOUR” (Ex.2).
“AHMED BEY” (Zenith Constantine) (Ex.3).

e Example 3: The performance hall
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Figure I11.10. The position of the three studied buildings.

Source: (“Google Maps,” n.d.), Author’s photos 2022.

I11.4.1 The palace of culture “MOHAMMED LAID AL KHALIFA”
111.4.1.1 Presentation and history

Located in the Place of Martyrs, at the city's core, in a strategic and panoramic position.

(“Palais de la culture Mohamed Laid Al Khalifa a Constantine,” n.d.)
TN T L oy < p

Figure I11.11. The position of the palace of culture.

Source: (“Google Maps,” n.d.)
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A colonial edifice, constructed by the Citroén company to replace the old seed hall (1851-
1933), was inaugurated in 1933. Following independence, at the conclusion of the 1980s,
the Citroén garage, characterized by its imposing and colossal architecture, was repurposed
into a cultural center. (Courrier, 2015 ; “Histoire de Constantine et de ses communautgs,”

n.d.)
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Figure II1.12. The old seed hall.

Source : (Adcha, 2008)

= ‘ 1'_ . T, -
Figure I11.13. The Citroen garage.

Source : (Adcha, 2008)

During 2014-2015, for the Constantine Capital of Arab Culture initiative, the building
underwent refurbishment, refitting, and enhancement, resulting in an entire transformation.
The center has experienced a remarkable enhancement in its aesthetic attractiveness and it

has been converted from a cultural center into a palace of culture. (courrier, 2015a)
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Figure 111.14. The palace of Culture “MOHAMMED LAID AL KHALIFA” before rehabilitation.

Source: D.E.P (Direction of public buildings).

Figure I11.15. The palace of Culture “MOHAMMED LAID AL KHALIFA” after rehabilitation.

Source: Author 2022.

111.4.1.2 Architectural composition

This neo-Moorish-style edifice has a total area of 8,795.37 m? and is structured across three
levels. The upper level features a spacious reading area (120 places); the middle level
comprises two large exhibition rooms (400 m2 and 270 m2) beside a 255-seat conference
room, while the ground floor contains a 666-seat auditorium, a VIP room, and halls.
Following the 2015 cultural event, a section of the palace was designated as the headquarters
for the wilaya's Department of Culture. (BENDAOUD, 2016 ; “Palais de la culture
Mohamed Laid Al Khalifa a Constantine,” n.d.)
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Table I11.2. different spaces of the palace of culture.

Source: Author.

Spaces Area
Performance room 980.40 m? / 666 Seat.
VIP room 172.55 m?
Hall leading to the VIP 270.85 m?
lounge
Hall leading to the 297.4 m?
performance room
Conference room 355.62 m?/ 255 Seat.
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Reading area

711.35 m?

Reading Area

284.84 m?

111.4.1.3 Building's different facades

The building has a double-skin envelope, but the treatment of the double-skin facades is

different on each side, in terms of techniques and materials.

The northeastern facade features a double-skin design (Figure 111.16). The inner layer consists
of a facade made from a double wall of hollow terracotta bricks, which includes double-
glazed openings, while the outer layer is composed of a metal mashrabiya panel.

Additionally, a portion of the facade incorporates a curtain wall with double glazing.

Figure I11.16. The North-East facade of the palace of culture, Constantine.

The northern and eastern facades feature a double-skin design, where the outer layer is made

up of metal mashrabiya panels.

Source: Author 2022.
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This architectural approach not only enhances the aesthetic appeal but also provides

functional benefits such as improved insulation and ventilation while maintaining privacy.

Figure II1.17. The North facade of the palace of culture, Constantine.

Source: Author 2022.

Although they use different materials, the northwestern, southwestern, southeastern, and
southern facades are all built similarly to double-skin facades. The interior layer has two
walls made of hollow terracotta bricks, while the outside layer is made up of terracotta

panels.

This architectural decision aims to improve both the aesthetic appeal and the weather

resistance of the building.

Figure I11.18. The South-East and East facades of the palace of culture, Constantine.

Source: Author 2022.
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Figure II1.19. The South-West and North-west facades of the palace of culture, Constantine.

Source: Author 2022.

The figure (Figure 111.20) show the different facades of the palace of culture “AL KHALIFA™.

PLAN D 'ENSEMBLE

Figure I11.20. Different facades of the palace of culture.

Source: Author 2022.
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I11.4.2 The public library “MOSTAPHA NATOUR?”

111.4.2.1 Presentation

On Boulevard des "Freres Zaamouche" in central Constantine, the principal public reading
library, "Mustapha Nettour," stands in an advantageous location next to the railway station

and directly across from the taxi and bus terminal. It replaced an old, destroyed building.

id 3 e .
\ L?céo aoufik
:, AKraZRada |

iPont Mellah Slimane

y, @

Figure I11.21. The position of the public library.

Source: (“Google Maps,” n.d.).

The library was built in the Maghreb architectural style by an Algerian design office and

construction company and opened its doors to the public in 2015.

The facility, situated on an archaeological site and in close proximity to four bridges (Salah
Bey, Sidi Rached, Bab El Kantara, and Mellah Slimane), provides tourists with a magnificent
panoramic view of ancient Cirta and its rock formations. Within the reading rooms, members
can pause to unwind and reorganize their thoughts while reflecting on the Mellah Slimane
footbridge. Gazing south and west, people can admire the charm of the historic town prior
to crossing the Bab El Kantara bridge to the north. The environment and the distant war
memorial atop Sidi M'cid rock will captivate the visitor. The facility is the first of its kind in
the wilaya, featuring modern Islamic architecture and offering a unique experience for
visitors to appreciate the historic town's charm. (“Bibliothéque principale de la lecture
publique a Constantine,” n.d.; “Constantine - Bibliotheque urbaine de Bab El Kantara « Une

bouffée d’oxygene » culturelle pour la ville,” n.d.)
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Figure II1.22. The public library “MOSTAPHA NATTOUR”

Source: Author.

111.4.2.2 Architectural composition

The library spans an impressive 3,000 m2, thoughtfully arranged across three levels and an
underground. The lower level features a children's reading room and workshops, while the
main floor boasts a conference room accommodating 200 attendees, a reading area for
researchers, a lending space, a multifunctional room, and a spacious hall. On the first floor,
there is a 170 m? reading area, an internet facility, and administrative offices. The highest

level features a 222 m2 reading room and a lending area.

Table 111.3. Different spaces of the main library.

Source: Author 2022.

Spaces Area Photos

Main reading room 222.10 m?

Second reading room 170.81 m?
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Children’s reading room 169 m?
Children's workshop 37.61 m?
Researcher’s reading room 88.67 m?

Hall / Reception 150.20 m?
Conference room 305.46 m? / 200 seat
Internet room 52.51 m?
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111.4.3 Building’s different facades

The building features different facades characterized by distinct construction techniques and

materials.

The northeastern, southeastern and northwestern facades consist of double-glazed curtain
walls integrated with double-skin facades. In the sections featuring double-skin facades, the
inner layer is constructed from reinforced concrete, serving as an integral component of the
structure (including load-bearing walls, etc.), whereas the outer layer is composed of

terracotta panels.

Figure I11.23. Southeastern facade of the public library of Constantine.

Source: Author 2022.

Figure I11.24. The northeast facade of the public library of Constantine.

Source: Author 2022.
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Figure I11.25. The northwestern facade of the public library of Constantine.
Source: Author 2022.
The facades situated on the southeast, southwest and northeast sides of the building feature
a double-skin design. The inner layer consists of double walls in hollow terracotta brick. In

contrast, the outer layer is composed of arranged terracotta panels.

This innovative facade system which enhances the aesthetic appeal and contributes to the
building's overall energy efficiency, effectively combines functionality with modern

architectural style.

Figure I11.26. The southwestern facade of the public library of Constantine.

Source: Author 2022.
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Figure I11.27. The southeastern facade of the public library of Constantine.

Source: Author 2022.

Figure I11.28. The northeastern facade of the public library of Constantine.

Source: Author 2022.

The traditional single-skin facade on the west and southwest sides consists of double walls

in hollow terracotta brick paired with double-glazed windows.
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Figure I11.29. The northwest facade of the public library of Constantine.

Source: Author 2022.

Figure I11.30. The southwest facade of the public library of Constantine.

Source: Author 2022.

The figure presented below (Figure 111.29) show the different facades on each side of the

public library building in Constantine.
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Figure II1.31. Different facades of the public library.

Source: Author 2022.

I11.4.4 The performance hall “AHMED BEY” (Zenith Constantine)
111.4.4.1 Presentation of the building

The site is located on a sloping site on the southern outskirts of the city of Constantine,
looking north towards the city and south towards the airport. The site is easily accessible,
with two main roads leading to various locations in the vicinity. The Airport Expressway on
the west side provides access to the airport to the south, while the same road leads to the

N79 and the city to the north. (CSCEC, 2013)

The Zenith Constantine project was completed under the supervision of the DEP, in
collaboration with the Chinese design office CCDI Group, the Lebanese design office “Dar
al-Handasa” as an assistant to the project owner, and the Chinese construction company

CSCEC. It opened its doors for public access on April 16, 2015. (courrier, 2015b)
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Figure I11.32. The position of the performance hall (Zenith Constantine)

Source: (“Google Maps,” n.d.).

Figure I11.33. The performance hall “AHMED BEY”

Source: Author 2022.
I11.4.5 Architectural composition

The building has a surface area of 38220 m2, whereas the site covers approximately 60,000

m2. It has four levels above and one below ground.

The performance hall features a striking zenith design, encompassing a stage area of 38.5 by
26 meters, complemented by a stage width of 53 meters. The seating arrangement consists
of three distinct areas: standing, temporary, and fixed, accommodating approximately 3,000

individuals in total.
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On either side of the stage, there are spaces designated for performances: the ground floor
primarily accommodates the make-up and dressing rooms; the first floor houses the
producer's room, a lounge for actors and actresses, a restaurant, a café, and other
performance-related facilities; the second floor contains the rehearsal room, recording
studio, and multimedia and audio-visual data rooms; the third floor is allocated for the

gymnasium, office, and staff rest areas.

The audience accesses the theatre from the first-floor platform, going to their seats via the
staircase. Atriums have been erected in specific areas of the hall, providing spectators access

to the service hall on the ground floor.

The building also features two small performance halls with 300 and 150 seats, arranged
symmetrically along the building's axis. In the basement, which is the base level of the stage,
there is an evacuation hall. On the ground floor, where the spectators' entrance is located,
there are spectator service rooms, such as a café and snack bar around the auditorium. There
is a staircase leading to the platform on the first floor, where the main entrance hall for

spectators of the large auditorium is located. (CSCEC, 2013)

Table I11.4. Different spaces of the performance hall “ZENITH .

Source: Author.

Spaces Area / Description Photos

Around 13000 m?/ 3000

seat (with the possibility of
The performance hall adding 1,000 removable

chairs)

The hall of spectators' At the first floor

access
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The two small | 150 and 300 seat (they are

auditoriums symmetric and similar)

At the second floor, it is a
space for gathering and
Gathering hall relaxation adjacent to the

recording studios

Exposition hall Around 2.400 m2
At the ground floor

V.I.P room At the ground floor

111.4.5.1 Building’s different facades
Despite employing various building techniques and materials, this third edifice similarly

includes double-skin facades on each side.

A double-skin facade is located on the northeast, north-west and southeast elevations. It
consists of an initial skin constructed from hollow terracotta brick or a reinforced concrete
wall for structural support, followed by a buffer zone (corridor), and finally, a second skin

that resembles the first, featuring decorative triangular openings.

92



~ CHAPTERIII RESULTS AND DISCUSSION

Figure I11.34. The North-East facade of the performance hall of Constantine.

Source: Author 2022.

Figure I11.35. The South-East facade of the performance hall of Constantine.

Source: Author 2022.
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Figure I11.36. The North-west facade of the performance hall of Constantine.

Source: Author 2022.

The northwest and southeast facades are entirely enveloped in glass. On the ground level,
the facade showcases a double-skin design, incorporating an internal layer of reinforced
concrete for robust structural support, complemented by a wall in hollow terracotta brick,
followed by a channel, and an external layer of white lacquered glass. On the other hand, a

curtain wall composed of tempered double glazing is present on the upper levels.

1

Figure I11.37. The South-east facade of the performance hall of Constantine.

Source: Author 2022.
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Figure II1.38. The North-west facade of the performance hall of Constantine.

Source: Author 2022.

e S

Figure I11.39. The North-west facade of the performance hall of Constantine.

Source: Author 2022.

The southern (Southwestern) facade of the auditorium features an arched double skin, with
doors that lead into the entrance hall for spectators. This hall is characterized by an arched
glass curtain wall facade that overlooks the square, providing a broad view (Figure I11.36).

Consequently, it can be described as a triple-skin facade, with the temple space (the hall).

The double skin consists of an inner layer made of reinforced concrete and an outer layer
constructed from aluminium panels, with a channel located between the two layers. (Figure

111.37)
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Figure I11.40. The South facade of the performance hall of Constantine.

Source: Author 2022.

Figure I11.41. The South DSF of the performance hall and the entrance hall.

Source: Author 2022.
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The picture below illustrates the various facades of the performance hall “AHMED BEY”

(Zenith Constantine), as well as the locations of each one.

Figure I11.42. Different facades of the performance hall.

Source: Author 2022.

IIL.S Conclusion

This chapter, dedicated to outlining the research context, commences with an overview of
the city of Constantine, recognized as the capital of eastern Algeria and characterized by a
semi-arid climate. This was followed by a historical review and an exposition of the city's
climatic conditions. The selection of case studies was subsequently implemented. The last
section of the chapter provides a detailed analysis of the three edifices with double-skin

facades, which serve as case studies in our research work.
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CHAPTERIV  METHODOLOGY AND MATERIALS

IV.1 Introduction
To investigate the role of double-skin facades in optimizing thermal comfort, two research

approaches were utilized: in-situ measurements and a questionnaire survey.

This chapter intends to provide a comprehensive and detailed explanation of the

methodologies employed in this investigation.

The initial section focuses on presenting and explaining the initial method, which is in situ

measurements, as well as the corresponding measuring tools employed.

The second half of the chapter describes the second approach, the in-situ questionnaire

survey, accompanied by the scaling calculation.

IV.2 Methodology
In order to achieve the main objective of our study, which is to analyse the impact of double
skin on thermal comfort in public buildings and to verify the proposed hypotheses, a

methodology consisting of two main steps was followed.

The first step concerns the qualitative approach and the preliminary survey and aims to

analyse the three buildings under study. It is carried out in several phases:
e Determination of case studies.

e Collecting data and information about the studied buildings: Descriptions, history,

plans, documentation, architectural features, construction details, etc.

e Preparing visits and appointments with the equipment managers to ensure study’s

SucCCess.

o Familiarizing oneself with the research sites.

Taking photos.

The second stage concerns the quantitative approach, which aims to analyse the impact of

the use of double skin on thermal comfort in the three buildings studied through:

e In-situ measurements: indoor and outdoor measurements taken in different spaces in

the three studied building which are compared to the comfort zone.

e A questionnaire survey: was conducted in the three public facilities studied using a
paper questionnaire distributed to various users of the buildings (employees, visitors,

etc.).
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Iv.3

Tools used

The climate data for the city of Constantine was compiled using “Meteonorm 8’ and
“Climate Consultant” software, while the data for 2021 was recorded at the Ain El
Bey weather station.

The plans and elevations of the study project, and the project specifications with
photos of the construction sites, were obtained from the Public Equipment Direction
“D.E.P” and the Culture Direction of Constantine.

The psychrometric diagram was created using “Climate Consultant” software.

For the calculation of the comfort zone temperature, we used the method of Szokolay.
Data management and visualisation obtained from the questionnaire is carried out
using Microsoft Excel.

To conduct the in-situ campaign measures, many thermo-hygrometers and

multifunction meters were utilized.

IV.3.1 Measurement instruments

For the in-situ measurements of the climatic data, many instruments were used: Temperature
and humidity data logger (USB PCE-HT 71N and PCE-HT 71N-ICA. 2015, 2019), thermo-
hygrometer: climate data logger TROTEC (BL30, Ed. 2015), thermo-hygrometer Chauvin
Arnoux (C.A846, 692670A00, Ed.5, 2013), and multifunction luxmeters Lutron (LM-8000).

Figure IV.1. Temperature and humidity data logger USB PCE-HT 71N and PCE-HT 71N-ICA.

Source: Author.

100



CHAPTERIV A METHODOLOGY AND MATERIALS

Figure IV.2. Climate data logger TROTEC BL.30.

Source: Author.

Figure IV.3. Thermo-hygrometer Chauvin Arnoux (Left). Multifunction Lutron LM-8000 (Right).

Source: Author.

The following table (Table VI.1) shows the technical characteristics of each used device.

Table IV.1. Presentation of measuring tools.

Source: Author.

Instrument Characteristics Use
Temperature and | Range: 0 to 100%RH; -40°F to 22°F (-40°C to | Facilitate the
humidity data logger | 105°C) measurement of
“USB PCE-HT 7IN” | Accuracy: £3%RH; +2°F/1°C temperature and
and “PCE-HT 71IN- | Resolution: 0.1%RH; 0.1°F/°C humidity; these
ICA”. instruments were used
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Memory: 21,000 readings each for temperature
and humidity
Measuring rate: Selectable from 1 sec to 24 hours

Battery life: Approximately 3 years

for the purpose of
measuring the relative
humidity and

temperature for various

Analysis software: Windows | interior and exterior
98/2000/XP/Win7/Win8/Vista/Mac OS spaces.
Size: 5.1"x 1.2" x 1" (130mm x 30mm X 25mm)
Weight: 0.880z (25g)
Battery: 3.6V Lithium (1pc)
Climate data logger | Memory p to 32.000 measured values This instrument was

“TROTEC BL.30”.

Include: battery, software CD and CD and
lockable wall holder
Measuring range relative humidity 0 to 100%

Measuring range temperature -40 to +70°C

used for measuring the
relative humidity and
temperature for various

interior spaces.

Thermo-hygrometer:
“Chauvin Arnoux

C.A846”.

Maximum absolute temperature measurement
+60°C

Maximum humidity measurement 100% RH
Optimal temperature measurement accuracy
+0.5°C

Temperature measurement resolution 0.1°C
Optimal humidity measurement accuracy +2.5%
RH

Humidity measurement resolution 0.1% RH
Minimum operating temperature -20°C

Maximum operating temperature +60°C

This instrument was
used for the purpose of
measuring the relative
humidity and
temperature for various

exterior spaces.

Multifunction lux
meter :

« Lutron LM-8000. »

Air Velocity marge: 80 to 5910 ft/min; 0.4 to
30.0 m/s; 1.4 to 108.0 km/h; 0.9 to 67.0 mile/h;
0.8 to 58.3 knots.

Accuracy: <20 m/s: + 3% F.S.

>20m/s: £4% F.S.

Temperature / Humidity rage: 10 to 95 %RH;
32 to 122°F; 0 to 50°C.

Accuracy: <70% RH: = 4 %RH; >70% RH:

+ (4%rdg + 1.2 %RH); £ 2.5°F; = 1.2°C.

Light marge: 0 to 20,000 Lux; 0 to 2,000 Ft-cd
Accuracy: + 5% rdg + 8 dgt.

Temperature (Type K): -148 to 2372°F; -100
to 1300°C.

Accuracy: £ (1% rdg + 2°F); + (1% rdg + 1°C)

Permit the assessment
of temperature, relative
humidity, air speed, and
illumination. They were

utilized to measure the

air velocity, external
temperature, and
relative humidity in

both the outside and

inside of structures
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IV.4 Procedure for in-situ measurements
To showcase the effectiveness and the impact of double-skin facades in enhancing indoor

thermal comfort, three public buildings in Constantine city were studied.

Indoor and outdoor measurements were taken during the two extreme periods of the year

2021: during the winter, the cold period, and the summer period of excessive heat.

Several climate variables were measured in this study, including outdoor temperature (T/ex),

indoor temperature (T/in), relative humidity (RH) indoors and outside, and air speed (S/air).

After detailed study and analysis and regular visits to the three buildings, the most used and

most visited areas were identified as the bridges for measurement.

The first phase of measurements took place in the summer, from 8 to 20 August 2019.
However, measurements in winter, in February 2020, were interrupted by the closure of

buildings due to COVID.

Due to COVID, all facilities and public spaces were closed for almost a year. Even after
reopening in 2021, all cultural events were cancelled; then in 2022, they resumed but were

restricted.

Given that the three buildings studied are cultural facilities, we encountered several obstacles
when taking measurements. The facilities were partially occupied because of COVID
safeguards and social distancing measures, such as the public library, or were unoccupied or

solely occupied by personnel and employees, like AL KHALIFA and Zenith.

The data were collected over a period of around 10 days for each period; more accurately,
from 11 to 24 January 2021 for the cold period and from 4 to 14 August 2021 for the warm

period.

Our study utilized data from a single representative day, specifically the coldest or hottest of
the four. The typical days we pick for our study are January 15, 2021, during the under-
heating phase, and August 13, 2021, during the overheating season.

Initially, measurements were obtained in each structure, concurrently outside and in different
interior spaces, during a two-day period, using the identical technique for all three buildings.
To produce a more accurate comparison study, measurements were made in all three
buildings at the same time; however, due to a lack of measuring equipment, they were taken

in three interior places in each.
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To assess each structure for this study, we selected three interior environments featuring
double-skin facades (DSF): The initial space denotes the primary function, while the

subsequent spaces serve different functions. They possess various envelope treatments.

The interior measuring stations are positioned in the middle of the room to track the ambient
air temperature (the temperature users would encounter), therefore proving the effectiveness
of the DSF in improving thermal comfort. As for external measurement points, they were

taken in the shade next to the building or on the terrace (in Al Khalifa's case).

For more precise and accurate results, measurements were taken every half hour at all

measurement points in the three buildings.

In order to demonstrate the temperature differential between the interior and exterior of the
building, the measures were obtained without turning on the heating, air conditioning, or
ventilation systems. Additionally, the areas were left empty during the opening hours of the

equipment.

After acquiring the data for all measurements, we compared "T/ex," "T/in," and the comfort
zone temperature in order to assess whether or not a DSF could provide thermal comfort

without the utilization of heating or cooling systems.

IV.4.1 Identifying the hottest and coldest periods
The climate analysis of the city of Constantine has enabled identification of the underheating

period (the coldest months of the year) and the overheating period (the hottest months).

According to the graph depicting the temperature range (Figure VI1.6) alongside the dry bulb
temperature (Figures V1.4 and VIL.5), the underheating period, marked by temperatures
dipping below 20°C, spans from December to February. January stands out as the coldest
month, persistently remaining outside the comfort zone, with temperatures fluctuating
between -2 and 16°C. In contrast, the overheating period, characterized by temperatures
surpassing 24°C, takes place from June to September, with August acknowledged as the
hottest month, showcasing temperatures ranging from 14° to 39°C. The periods of thermal

comfort, situated within the comfort zone (20-24°C), are observed during the days of May, the

afternoons of October, and the evenings and mornings of June and September.
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Figure IV.4. Monthly dry bulb teperature.

Source: (“Climate Consultant 6.0,” n.d.)
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Figure IV.5. Daily dry bulb teperature.

Source: (“Climate Consultant 6.0,” n.d.)
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Figure IV.6. Teperature range of Constantine city.

Source: (“Climate Consultant 6.0,” n.d.).
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e Psychrometric diagram
Based on the location's climate data, the psychometric diagram is used as a decision-making
tool to establish a number of architectural design elements. It lists the necessities and

suggestions for every month of the year, along with the times of seasonal comfort.

The utilization of Szokolay's psychrometric chart in the context of the city of Constantine
indicates that passive solar heating can enhance comfort levels throughout the winter
months, specifically December, January, and February, along with a considerable portion of
March, April, and November. Although passive heating remains essential, a degree of
comfort is achieved during the relatively mild weather experienced in the late summer
months (September and October) and the early spring (May). The mass effect, which
facilitates direct evaporative cooling and promotes air movement via natural ventilation,
becomes necessary during the summer months beginning in May. Additionally, nighttime

ventilation is crucial during the hottest months, namely July and August.
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Figure IV.7. Psychrometric diagram (Constantine).

Source : (“Climate Consultant 6.0,” n.d.).

IV.4.2 Calculation of the comfort zone temperature
The "comfort zone" refers to the range of meteorological circumstances within which most

people would not experience any thermal discomfort, either of heat or of cold.(Givoni, 1992)

The Szokolay method of neutral temperature (Szokolay, 1986) was utilized in order to

determine the comfort zone temperature of Constantine city.

Tn=17.6 + (0.31x Tm)
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The comfort zone can be defined as Tn - 2.5 to Tn + 2.5°C.

In our analysis, the "Tm" of January is utilized to represent winter season, whereas the "Tm"

for August is employed for summer of the year 2021.

In winter (January): “Tm” = 9°C.

“Tn”=17.6 +(0.31 x 9). “Tn” =20.39°C.

So, comfort zone temperature in winter is between 17.9 and 22.9°C.
In summer (August): “Tm” = 32°C

“Tn”=17.6 + (0.31 x 32). “Tn” = 27.52°C.

So, comfort zone temperature in summer is between 25° and 30°C.

IV.S Questionnaire survey method

A survey was conducted to assess users' sensations, appreciation, evaluation, and satisfaction
with the thermal environment of the spaces in the three studied buildings. This questionnaire
was distributed during two distinct periods: the overheating phase in summer and the
underheating phase in winter. Although it was carried out in the same months as the in-situ

measurements, it took place in a different year due to the COVID lockdown.

The survey was executed in the field using a methodological tool grounded on a

questionnaire. It was executed after the utilization and occupation of the spaces in 2023.

The questionnaire is distributed in paper format directly to the users of the analysed spaces
in the three case studies and subsequently collected upon completion. A major challenge
faced during this survey is the refusal to participate, as the three buildings serve cultural
purposes and host exhibitions and musical performances; many users and visitors decline to

engage, stating that they are attending a show for enjoyment and choose not to respond.

The questionnaires were distributed in our presence during the opening hours of the

equipment, and the questions were explained separately, then collected on the same day.

The results were processed manually and the graphs were made with the “Microsoft Office

Excel”.

Considering that comfort is a feeling of warmth that is unique to each individual, this survey

aims to:
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e Evaluating if users are satisfied with the thermal environment.

e Estimating the level of thermal comfort in the spaces.

e Determining the level of clothing worn by users (PPE insulation).

e Determining the Work rate and metabolic heat, because the impact of work rate on
thermal comfort is critical because physical activity creates more body heat.

IV.5.1 Questionnaire organization

A study of earlier research served as the foundation for the questionnaire's development. It
is also important to note that the questionnaire was constructed utilizing the ASHRAE scale

and Fanger's model for measuring interior thermal environments.

The questionnaire was structured based on the following guidelines:

e Precise and direct inquiries.
e Queries utilizing clear and exact language.

e Questions that provide options and open-ended inquiries were avoided.

Before distributing the questionnaires, explanations of the study's objective and
recommendations were provided. We emphasized that all responses must be authentic and

not influenced by anyone else's answers.

The questionnaire delivered to users of the three buildings, includes four distinct sections

(Figure V1.7) which together include a total of eleven (11) questions.

e The first section: This section aims to construct a profile of the respondents; it
includes questions concerning users' general information, like age and gender, as
well as the position of the user within the building or space.

e The second axis: Where the respondents are invited to provide their level of clothing
and asked to give a description of their work rate.

e The third axis: Focuses on thermal sensation of the users and their thermal
preference.

e The fourth axis: The questions concern the evaluation of the thermal environment

and the satisfaction of users.
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Evaluation of
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(Metabolic) (winter/summer)

Figure IV.8. The main points of the questionnaire.

Source: Author 2025.

IV.5.2 Sample selection

Following the preliminary survey and several visits to the three buildings selected as case
studies, the questionnaire was submitted to all users present in the spaces studied, whether

visitors or employees.

The survey utilizes a random sampling technique, allowing it to include all users of the
spaces who have consented to participate. This method guarantees a varied representation of
perspectives. Conducted over four days, the questionnaire is accessible to all individuals in
the space who have opted to join the study. This approach facilitates thorough data collection
from a broad spectrum of participants, thereby improving the reliability of the survey

findings.

The following table (Table VI1.2) shows the number of people surveyed in the three buildings

studied.
Table IV.2. Number of respondents in each building.
Source: Author 2025.
Studied building Palace of culture “AL | Public library | Performance hall
KHALIFA” “Mostapha Natour” “Zenith Constantine”
Number of respondents | 40 106 80

IV.6 The studied spaces

In order to conduct a more in-depth study of the buildings and obtain more accurate results,
three areas were selected for on-site measurements and questionnaire surveys. These areas
are the most frequently used and most visited by building users and are those that house the
main functions of the buildings. The spaces studied all have double-skin facades with

different construction techniques and materials.
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Iv.6.1.1 The exhibition hall

This exhibition space is located on the ground floor (Figure IV.6) and consists of three halls:

e A large hall (297.4 m?) located at the main entrance on the southeast side of the
building, which also serves as the public entrance to the auditorium (Figure IV.8;
Figure IV.9). This space has different double-skin facades; those on the south and
southeast sides have a second skin made of terracotta panels, and the one on the east
side has a second skin made of metal mashrabiya panels, as shown in (Figure IV.7).

e A second hall (270.85 m?) to the northeast side which also serves as the entrance to
the auditorium's VIP lounge (Figure IV.11; Figure IV.12). This space has a double-
glazed curtain wall facade on northeast side, as shown in (Figure IV.7).

e And a small hall to the east that connects the two and serves as a distribution point
to the other levels of the building. This space has double-skin facades with a second

skin of metal mashrabiya panels on the east and northeast sides (Figure IV.7).

Figure IV.9. Location of the exhibition hall in the building.

Source: D.E.P, modified by author.
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Figure IV.10. Southeastern and eastern facades (Left); Northeastern facade (Right).

Source: Author 2025.

Figure IV.11. Hall of the main public entrance (Empty).

Source: Author 2023.

Figure IV.12. Hall of the main public entrance during an exhibition.

Source: Author 2022.
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Figure IV.13. Hall of the VIP Lounge entrance (Empty).

Source: Author 2023.

Figure IV.14. Hall of the VIP Lounge entrance during exhibition.

Source: Author 2022.

Figure IV.15. Hall of distribution (empty).

Source: Author 2022.
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1vV.6.1.2 The performance room

The auditorium is located on the ground floor on the west side of the building (Figure IV.13).
With a capacity of 666 seats, it occasionally hosts cultural events such as children's shows,

plays, musical performances, and others (Figure IV.15; Figure VI.16; Figure IV.17).

This space has a double-skin facade with a second skin made of terracotta panels on the

southwest side (Figure IV.14).

o\

N

Figure IV.16. Location of the performance room in the building.

Source: D.E.P, modified by author.

Figure IV.17. Southwestern facade of the performance room.

Source: Author 2022.
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Figure IV.18. The performance room (Empty).

Source: Author 2024.

Figure IV.19. The performance room during an event.

Source: Author 2024.

Figure IV.20. The performance room during an event.

Source: Author 2024.
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1vV.6.1.3 Conference room
It is located on the first floor, on the west side of the building (Figure IV.18). This room has

255 seats and is occasionally used for conferences and study days (Figure [V.20).

It has a double skin facade with a second skin made of terracotta panels on the southwest

side (Figure IV.19).

PLAN 1° ETAGE

Figure IV.21. The location of the conference room in the building.

Source: D.E.P, modified by author.

Figure IV.22. Southwestern facade of the conference room.

Source: Author 2022.
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Figure IV.23. The conference room (Empty).

Source: Author 2023.

IV.6.2 The public library of Constantine (Ex.2)
Four primary areas were examined to better study this building: the conference room, the
main reading room, the secondary reading room, and the children's reading room. They all

have double-skin facades.

1v.6.2.1 The conference room
Located on the ground floor at the south side of the building (Figure IV.21), it has 200 seats

and is occasionally used for various events for children or adults related to literature.

The conference room, along with its different sections, is situated in a distinct block that is
connected to the main building. All facades feature a double-skin design, with the outer layer

constructed from terracotta panels (Figure IV.22; Figure IV.23).

Figure IV.24. Location of the conference room in the building.

Source: D.E.P, modified by author.
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Figure IV.25. The southwest facade of the conference room.

Source: Author 2022.

Figure IV.26. The southeast facade of the conference room.

Source: Author 2022.

Figure IV.27. The conference room (Empty).

Source: Author 2022.
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Figure IV.28. The conference room during an event.

Source: Author 2023.

1v.6.2.2 The main reading room

Situated on the second floor (Figure IV.26), the main reading room is the largest, with an
area of 222.10 m?. It contains 50 tables seating four people each, giving it a capacity of 200
readers (Figure V1.29).

The facades on the northeast and southeast sides feature a double-skin design, with an outer
layer of terracotta panels harmoniously integrated with double-glazed curtain wall fagades
(Figure IV.27; Figure IV.28). In contrast, the southwest facade presents a conventional style,

characterized by double walls constructed from hollow terracotta bricks.
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Figure IV.29. Location of the main reading room in the building.

Source: D.E.P, modified by author.
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Figure IV.30. Southeastern facade of the main reading room.

Source: Author 2022.

Figure IV.31. Northeastern facade of the main reading room.

Source: Author 2022.

Figure IV.32. Interior view of the main reading room.

Source: Author 2022.
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1V.6.2.3 The secondary reading room
Situated on the first floor (Figure IV.30), this room has a surface area of 170.81 m? and is
equipped with 35 tables (each accommodating 4 individuals), resulting in a total capacity of

140 individuals (Figure IV.34).

The northeastern facade of this section has a double-skin design with a second layer of
terracotta panels, in addition to a double-glazed curtain wall (Figure IV.31). In contrast, the
northwest and southwest facades are more traditional, with double walls composed of hollow

terracotta bricks (Figure 1V.32; Figure IV.33).

&N

Figure IV.33. Location of the secondary reading room in the building.

Source: D.E.P, modified by author.

Figure IV.34. Northeastern facade of the secondary reading room.

Source: Author 2022.

120



CHAPTERIV A METHODOLOGY AND MATERIALS

Figure IV.35. Southwestern facade of the secondary reading room.

Source: Author 2022.

e R -

Figure IV.36. Northwestern facade of the secondary reading room.

Source: Author 2022.

Figure IV.37. Interior view of the secondary reading room.

Source: Author 2022.
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Iv.6.24 The children’s reading room

The reading room of children is Situated on the underground with an area of 169 m?, it is
surrounded by spaces designated to many activities for children (Figure IV.35; Figure
IV.36). It has a double skin facade with an outer skin made of terracotta panels, with double

glazed curtain wall, faced to the southeast (Figure 1V.37).

&N

Figure IV.38. Location of the children’s reading room in the building.

Source: D.E.P, modified by author.

Figure IV.39. Interior view of the children’s reading room.

Source: Author 2022.
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Figure 1V.40. Interior view of the children’s reading room.

Source: Author 2022.

I1V.6.3 The performance hall “Zenith Constantine” (Ex.3)
In this third case study, we examined three interior spaces: the performance hall, the public

entrance hall, and the relaxation area next to the recording studios.

IvV.6.3.1 The performance hall
Situated at the heart of the structure (Figure IV.38), with a surface area of approximately

13,000 m?, this space has a capacity of 3,000 seats spread over three levels, with the potential
to add 1,000 detachable chairs (Figure IV.39; Figure 1V.40).

The southern facade of the auditorium features an arched double skin composed of an inner
layer made of reinforced concrete and an outer layer constructed from aluminium panels;

between the two layers there is a cavity (Figure IV.41).

Figure IV.41. Location of the performance hall in the building.

Source: (CSCEC, 2013).
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Figure IV.42. Interior view of the performance hall (Empty).

Source: Author 2022.

Figure IV.43. Interior view of the performance hall during an event.

Source: Author 2023.

Figure 1V.44. The southern facade of the auditorium.

Source: Author 2022.
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1V.6.3.2 The public entrance hall

Situated on the first floor at the southern side of the building (Figure 1V.42), this area
functions as the primary entrance for spectators, with multiple doors granting access to the
auditorium. This area is characterized by an arched glazed curtain wall that overlooks the
square, offering a panoramic view (Figure IV.43). The facade serves as a tertiary layer for

the auditorium, designating this hall as a transitional space (Figure [V.41).
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Figure IV.45. Location of the public entrance hall in the building.

Source: (CSCEC, 2013).

Figure IV.46. Facade of the public entrance hall.

Source: Author 2022.
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1v.6.3.3 The relaxation and gathering area

This area is located next to the recording studio, on the second floor, specifically on the
northwest side of the building (Figure IV.45). The fagcade on this side is completely made of
glass; it features a double-glazed curtain wall (Figure IV.46). This is an open area with
masonry partitions that establish a buffer zone between the interior space and the curtain
wall, as illustrated in (Figures IV.47; Figure IV.48), from which the fagade can be regarded

as a double skin.
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Figure IV.47. Location of the relaxation and gathering area in the building.

Source: (CSCEC, 2013).

Figure IV.48. Facade of the relaxation and gathering area (Northwest fagade).

Source: Author 2022.
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Figure IV.49. Interior view of the relaxation and gathering area.

Source: Author 2022.

Figure IV.50. Interior view of the relaxation and gathering area.

Source: Author 2022.

IV.7 position of measurement points

The primary aim of our research is to investigate the influence of DSF on thermal comfort.
To achieve this, it is essential to assess various parameters, including outdoor temperature,
indoor ambient temperature, indoor and outdoor relative humidity, and air velocity. For the
measurement of these parameters, thermo-hygrometer data loggers were installed both inside
the studied spaces and outside, alongside manual multifunction devices. The indoor
instruments were positioned on a base 1.5 meters above the floor, located at the center of the
spaces, to measure the ambient temperature. This temperature reflects the conditions
experienced by the users of the spaces, with the objective of illustrating how DSF contributes

to the optimization of thermal comfort.
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IV.7.1 Palace of culture “AL Khalifa”

In this first case, the building is located in the city center in a very crowded area. In order
not to distort the results and to ensure the safety of the measuring devices, a data logger was
installed on the terrace of the building to record the outside temperature. I also took the
temperature myself in front of the building using manual devices, along with other

parameters.

The following figures show the locations of the measuring instruments inside the building.
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Figure IV.51. Position of the measurement points on the ground floor.

Source: D.E.P, modified by author.
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Figure IV.52.Position of the measurement points on the first floor (Conference room,).

Source: D.E.P, modified by author.
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IV.7.2 Public library of Constantine

To measure the outside temperature, a data logger was installed in the building's garden. In
addition, I made measurements of various characteristics myself in front of the building with
manual instruments. The images below indicate the positions of the measurement

instruments both within and outside the structure.

Figure IV.53. Position of the measurement points on the underground.

Source: D.E.P, modified by author.
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Figure IV.54. Position of the measurement points on the ground floor (Conference room).

Source: D.E.P, modified by author.

129



~  CHAPTERIV METHODOLOGY AND MATERIALS

3 K ® =
=
=1 54 = '
= = B
el i :
ot ™ E ®
W el
« ®
- ® i § -
i = I
‘:I - @
! -
b - p—
= @ @ =
< ® £l m
=-E el >4
® o
. e T o
£
@ =
R v

Figure IV.55. Position of the measurement points on the first floor.

Source: D.E.P, modified by author.
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Figure IV.56. Position of the measurement points on the first floor.

Source: D.E.P, modified by author.
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IV.7.3 The performance hall “Zenith Constantine”
Measurements in the auditorium are taken at several points, with data loggers placed at

different levels. External measurements are taken on the esplanade, sheltered from the sun.
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Figure IV.57. Position of the measurement points in the performance hall.

Source:(CSCEC, 2013).

a

ﬁ'ili =
\ db .
’V iﬂi
|
|

— k) F — —]
= [ = [=
\ 15 1 o
| e e 1 1 = |
= E i
P ; )
e % b " = N
y 5 p—
Pt5 i 25 >
(o R 4 —
e N 2 "*B
- i
) o/

&

Figure IV.58. Position of the measurement points in the relaxation and gathering area.

Source: (CSCEC, 2013).
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IV.8 Conclusion

This chapter is dedicated to presenting the methodologies, strategies, and instruments
employed. The initial section offers a comprehensive overview of the study's execution,
detailing all the methods and tools utilized throughout its various phases. Following this, a
meticulous account of the in-situ measurements is presented, encompassing the
identification of both hot and cold periods, as well as the calculation of the comfort
temperature zone. This is succeeded by an explanation of the questionnaire survey's
implementation and the organization of the questionnaire itself. The second section focuses
on justifying the selection of interior spaces for the study and measurement, providing a

description of each area, along with a demonstration of the location of measurement points.
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CHAPTERYV RESULTS AND DISCUSSION

V.1 Introduction

This chapter focuses on the presentation and interpretation of the findings from field
investigations. As previously detailed in the preceding chapter, the fieldwork encompasses
a series of in-situ measurements alongside a questionnaire survey carried out during two
distinct periods (underheating and overheating) across three public buildings, each featuring

double-skin facades (DSFs) constructed with varying techniques and materials.

This chapter presents, interprets, and discusses the outcomes of the in-situ measurements,
aiming to evaluate the influence of DSFs on thermal comfort within the selected buildings
and to compare the indoor hygrothermal conditions across them. Temperature and relative

humidity data will be illustrated in graphical format (utilizing Excel software).

The last part of the chapter summarizes and compares the results to assess the effectiveness
of DSFs in enhancing thermal comfort and to examine how different construction techniques

and materials affect their performance.

V.2 In-situ measurement results

Using the various measuring instruments and in accordance with the protocol explained in
the previous chapter, measurements were conducted in January 2021 for the underheating
phase and August 2021 for the overheating period. They were collected simultaneously
throughout multiple days in each period, but for our investigation, we selected the results

from three typical days (the coldest and hottest).

V.3 Underheating period
Over a span of three days (15,16 and 17 January 2021), measurements of the climatic
parameters (T/in, T/ex, RH, and S/air) were made concurrently at various locations within

the three public buildings that were studied.
V.3.1 Palace of Culture
V.3.1.1 Results of the first measurement day

Results of the first day of January are presented in the graphs below.
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Figure V.1. Outdoor temperature and relative humidity for “Ex.1”.
Source: Author 2025.
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Figure V.2. Indoor temperature for all measurement points “Ex.1”.

Source: Author 2025.
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Figure V.3. Indoor relative humidity for all measurement points “Ex.1”.

Source: Author 2025.

135



CHAPTER V

RESULTS AND DISCUSSION

Table V.1. Speed of air during the first measurement day at "Ex.1".

Source: Author 2025.

07:00 | 08:00 | 09:00 | 10:00 | 11:00 | 12:00 | 13:00 | 14:00 | 15:00 | 16:00 | 17:00 | 18:00 | 19:00
Ext. | 0.1 0.3 0.1 1.5 1.3 0.8 0.5 0.1 0.3 0.5 0.6 0.8 0.3
Pt1 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pt2 | 0.1 0.1 0.0 0.0 0.0 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0
Pt3 | 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.0 0.1 0.0 0.1
Pt4 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pt5 | 0.1 0.1 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.1 0.0

The ambient "T/in" varies from 10.1 to 10.9°C at the first measurement location "Pt.1," from
7.9 t0 9.3°C, at "Pt.2," from 9° to 9.8°C, at "Pt.3," from 11° to 11.3°C, at "Pt.4," and from 8
to 10.3 at "Pt.5", as the figures above demonstrate. The "T/ex" ranges from 3.8 to 7.9°C.

Consequently, the inside and outdoor temperatures differ between 3.3° and 7.2°C.

Despite the temperature differential between the outside and inside of the building, the "T/in"
is unable to reach the comfort zone (17.9°-22.9°C); thus, a heating system must be included

as a COI’anIlSEItOI'y measurc.

According to (Figure V.3) the relative humidity inside the building is between 35% and 75%

which is comfortable.

The data in the table above indicate that the “S/air” is about 1.5 m/s outside the building,

while at the inside it is about 0 m/s

We see that the north side at “Pt.4” has a greater RH because of the water basin and a lower

"T/in" despite the facade being a double-glazed curtain wall.
V.3.1.2 Results of the second measurement day

At this second measurement day, the "T/ex" ranges from 4.9 to 7.3°C. While, as shown in
figure V.5, the “T/in is between 10.8 and 12.1°C, at "Pt.1," from 8 to 9.7°C, at "Pt.2," from
9.4° t0 9.9°C, at "Pt.3," from 10.1° to 11°C, at "Pt.4," and from 11.1 to 11.6 at "Pt.5".

Consequently, the difference between the inside and outdoor temperatures is between 3° and

7°C. But this is not sufficient to reach the comfortable temperature.

Figure V.6, show that relative humidity inside the building ranges from 35% to 75% which

is comfortable.
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The air velocity is about 0 m/s in the building, and between 0.3 and 1.6 at the outdoor.
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Figure V.4. Outdoor temperature and relative humidity for “Ex.1”.

Source: Author 2025.
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Figure V.5. Indoor temperature for all measurement points “Ex.1”.

Source: Author 2025.

Indoor relative humidity
Pt2

— Pt 1

Pt3 Ptd oo PtS

70 \/

—~
BN /
f— —

a
3

=
S

w
S

N
by

Relative humidity (%)
o
aq

i
S

w
s

w
S

(=3 (=] (=3 (=3 = i=3 (=4 i=3 (=3 (=4 k=3 (=3 (=3

=1 =1 =1 =1 =1 =1 =1 =1 =] =1 =1 =1 =1

(g =] [ o — ol o hat i o ~ o0 o

=} S S B - - — - — - —_ - -
Time

Figure V.6. Indoor relative humidity for all measurement points “Ex.1”.

Source: Author 2025.
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Table V.2. Speed of air during the second measurement day at "Ex.1".

Source: Author 2025.

07:00 | 08:00 | 09:00 | 10:00 | 11:00 | 12:00 | 13:00 | 14:00 | 15:00 | 16:00 | 17:00 | 18:00 | 19:00
Ext. | 0.4 0.3 0.9 1.6 0.4 0.1 0.5 0.9 0.5 1.2 0.8 1.0 0.9
Pt1 | 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0
Pt2 | 0.0 0.1 0.0 0.1 0.0 0.1 0.1 0.0 0.0 0.1 0.0 0.1 0.0
Pt3 | 0.0 0.0 0.0 0.1 0.1 0.0 0.0 0.1 0.0 0.1 0.1 0.1 0.1
Pt4 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pt5 | 0.1 0.0 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.1 0.1

V.3.1.3 Results of the third measurement day

For the last measurement day as shown in the following figures, the "T/in" varies from 10.7
to 11.2°C, at "Pt.1," from 9 to 9.8°C, at "Pt.2," from 8.8° to 10°C, at "Pt.3," from 10.6° to
10.9°C, at "Pt.4," and from 11.4 to 11.6 at "Pt.5". The "T/ex" ranges from 3.8 to 7.9°C. The
“T/ex” is between 5.2 and 12°C

So, the inside and outdoor temperatures differ between 1° and 7°C.

The indoor temperatures inside the building are lower than the temperature of comfort, while

the relative humidity is comfortable (between 40 and 70%).

The external air speed ranges from 0.3 to 1.5 m/s, while inside the building, it hovers around

0 m/s throughout the day.
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Figure V.7. Outdoor temperature and relative humidity for “Ex.1” at the third day.

Source: Author 2025.
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Figure V.8. Indoor temperature for all measurement points “Ex.1” at the third day.

Source: Author 2025.
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Figure V.9. Indoor relative humidity for all measurement points “Ex.1” at the third day.

Source: Author 2025.

Table V.3. Speed of air during the third measurement day at "Ex.1".

Source: Author 2025.

07:00 | 08:00 | 09:00 | 10:00 | 11:00 | 12:00 | 13:00 | 14:00 | 15:00 | 16:00 | 17:00 | 18:00 | 19:00
Ext. | 0.4 0.3 0.6 0.8 1.4 1.2 0.6 1.2 1.5 0.8 0.5 0.4 1.0
Pt1 | 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0
Pt2 | 0.0 0.0 0.0 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.0 0.0 0.0
Pt3 | 0.0 0.0 0.0 0.1 0.1 0.0 0.0 0.1 0.0 0.1 0.1 0.1 0.1
Pt4 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pt5 | 0.0 0.0 0.0 0.0 0.1 0.1 0.0 0.0 0.1 0.0 0.0 0.0 0.1
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V.3.2 Public library of Constantine
V.3.2.1 Results of the first measurement day
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Table V.4. Speed of air during the first measurement day at "Ex.2".

Source: Author 2025.

07:00 | 08:00 | 09:00 | 10:00 | 11:00 | 12:00 | 13:00 | 14:00 | 15:00 | 16:00 | 17:00 | 18:00 | 19:00
Ext. | 1.6 1.1 0.8 1.7 1.0 1.1 1.6 1.9 1.9 1.8 1.9 2.0 2.2
Pt1 | 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0
Pt2 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pt3 | 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.1 0.1 0.0 0.1 0.1 0.1
Pt4 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

In the second building for the first day, the “T/in” ranges between 14.4° and 16.8°C, at “Pt.1,
between 12.8° and 13.2°C, at “Pt.2, between 14.6° and 17°C, at “Pt.3”, and between 14.5°
and 19.1°C, at “Pt.4”, while the “T/ex” ranges from 3.3 to 7.2°C. Therefore, the difference
between “T/in” and “T/ex” is from 7 to 12°C.

The results show that the “T/in” in the reading room has reached the comfort zone
temperature (18.4°-22.4°C) causing energy savings by eliminating the need for a heating
system. However, in the conference room, despite the temperature difference, this is
insufficient; but if the room is full, the temperature will rise and exceed the comfort zone
temperature, eliminating the need for the heating system.

The relative humidity varies from 42 to 58%, which is comfortable. And the wind blows at
a speed ranging from 0.8 to 2.2 m/s in front of the building, while it is 0 m/s inside the
building.

V.3.2.2 Results of the second measurement day

In the second measurement day, the “T/in” is from 14.7° to 16.7°C in “Pt.1”, from 13.1° and
13.4°C, at “Pt.2”, from 15.1° and 17.9°C, at “Pt.3”, and from 15.8 to 19.4°C, at “Pt.4”, while
the “T/ex” ranges from 4.9 to 7.8°C.

The difference between “T/in” and “T/ex” is about 8.1°C and 11.6°C.

The “T/in” in the secondary reading room reached the comfort temperature 17.9 during two
hours, so the thermal environment is acceptable. And in the reading room “Pt.4” it has
reached the comfort zone temperature (18.4°-22.4°C) so the heating system is not needed.
As shown in (Figure V.15), the relative humidity is comfortable because it varies between
42% and 58%.

The wind velocity in front of the building ranges from 0.1 to 1.6, while inside the building it
is 0 m/s.
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Figure V.13. Outdoor temperature and relative humidity for “Ex.2”.

Source: Author 2025.
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Figure V.14. Indoor temperature for all measurement points “Ex.2”.

Source: Author 2025.
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Figure V.15. Indoor relative humidity for all measurement points “Ex.2”.

Source: Author 2025.

142



CHAPTERYV RESULTS AND DISCUSSION

Table V.5. Speed of air during the second measurement day at "Ex.2".

Source: Author 2025.

07:00 | 08:00 | 09:00 | 10:00 | 11:00 | 12:00 | 13:00 | 14:00 | 15:00 | 16:00 | 17:00 | 18:00 | 19:00
Ext. | 2.2 2.1 1.9 23 2.1 2.0 1.8 1.7 1.6 1.9 1.8 1.9 1.7
Pt1 | 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1
Pt2 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pt3 | 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.1
Pt4 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

V.3.2.3 Results of the third measurement day

For the last day measurements, “T/ex” is from 5.6 to 12.4°C. Whereas, the ambient
temperature inside the building ranges from 14.8 to 17.6°C, at “Pt.1”, from 13.1 to 13.4°C,
at “Pt.2”, from 16.4 to 18.5°C, at “Pt.3”, and from 22.3 to 26.8°C, at “Pt.4”.

There is a great difference between the outdoor and indoor temperature, it is about 16.7°C.
The indoor relative humidity is from 44 to 66%, which mean a comfortable environment.
In front of the building, the wind speed is 0.1 to 1.6 m/s, while inside the building it is 0 m/s.

The comfort temperature is reached in the secondary reading room (during 5 hours), and in

the main reading room during all day.
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Figure V.16. Outdoor temperature and relative humidity for “Ex.2”.

Source: Author 2025.
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Figure V.17. Indoor temperature for all measurement points “Ex.2”.
Source: Author 2025.
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Figure V.18. Indoor relative humidity for all measurement points “Ex.2”.
Source: Author 2025.
Table V.6. Speed of air during the third measurement day at "Ex.2".
Source: Author 2025.

07:00 | 08:00 | 09:00 | 10:00 | 11:00 | 12:00 | 13:00 | 14:00 | 15:00 | 16:00 | 17:00 | 18:00 | 19:00
Ext. | 0.8 0.9 1.4 1.1 1.3 1.2 1.0 0.9 0.8 1.1 1.2 1.3 1.4
Pt1 | 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1
Pt2 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pt3 | 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.1
Pt4 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
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V.3.3 Performance hall “Zenith Constantine”
V.3.3.1 Results of the first measurement day

According to the data from the first day measurements, “T/ex” is from 6.2 to 9.4°C. Whereas,
the “T/in” ranges from 11.2 to 12°C, at “Pt.1”, from 12.5 to 12.9°C, at “Pt.2”, from 12.7 to
13.3°C, at “Pt.3”, from 12.9 to 13.8°C, at “Pt.4”, and from 13 to 13.3°C, at “Pt.5”.

Although the temperature difference between indoors and outdoors is between 4.4 and 6.8°C,

the comfort temperature is not maintained.

The indoor relative humidity ranges from 66% to 75%, which is considered comfortable.
Meanwhile, the air speed within the building hovers around 0 m/s, whereas it varies from

0.5 to 2.2 m/s outside.
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Figure V.19.0utdoor temperature and relative humidity for “Ex.3”.

Source: Author 2025.
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Figure V.20. Indoor temperature for all measurement points “Ex.3”.

Source: Author 2025.
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Figure V.21. Indoor relative humidity for all measurement points “Ex.2”.

Source: Author 2025.

Table V.7. Speed of air during the first measurement day at "Ex.3".

Source: Author 2025.

07:00 | 08:00 | 09:00 | 10:00 | 11:00 | 12:00 | 13:00 | 14:00 | 15:00 | 16:00 | 17:00 | 18:00 | 19:00
Ext. | 1.7 1.9 1.4 2.2 1.8 1.1 1.3 1.6 1.4 1.3 1.9 1.6 1.5
Pt1 | 0.1 0.1 0.1 0.1 0.0 0.0 0.1 0.1 0.1 0.1 0.0 0.0 0.0
Pt2 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pt3 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pt4 | 0.1 0.1 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pt5 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

V.3.3.2 Results of the second measurement day

In the second measurements day, “T/ex” is from 6.8 to 10.1°C, and the “T/in” varies from
13 to 13.3°C, at “Pt.1”, from 12.5 to 12.9°C, at “Pt.2”, from 13.2 to 13.6°C, at “Pt.3”, from
12.4 to 15°C, at “Pt.4”, and from 13.4 to 13.8°C, at “Pt.5”. The relative humidity indoor at

the all spaces is from 44 to 58%, which is comfortable.

Despite the difference of temperature between “T/ex” and “T/in” is about 5.6 to 6.2°C, the

comfort temperature is not reached.

Outside the edifice the wind velocity ranges from 3.3 to 5.5 m/s, whereas within the indoor

spaces it registers at 0 and 0.2 m/s.
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Figure V.22. Outdoor temperature and relative humidity for “Ex.3”.

Source: Author 2025.
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Figure V.23. Indoor temperature for all measurement points “Ex.3”.
Source: Author 2025.
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Figure V.24. Indoor relative humidity for all measurement points “Ex.2”.

Source: Author 2025.
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Table V.8. Speed of air during the second measurement day at "Ex.3".

Source: Author 2025.

07:00 | 08:00 | 09:00 | 10:00 | 11:00 | 12:00 | 13:00 | 14:00 | 15:00 | 16:00 | 17:00 | 18:00 | 19:00
Ext. | 3.8 3.3 4.1 4.7 5.2 55 33 3.0 3.8 5.0 3.6 3.5 33
Pt1 | 0.1 0.1 0.2 0.2 0.2 0.2 0.1 0.1 0.1 0.2 0.1 0.1 0.1
Pt2 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pt3 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pt4 | 0.1 0.1 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pt5 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

V.3.3.3 Results of the third measurement day

The measurements of the third day represented in the following figures shows that, “T/ex”
is from 6.1 to 16.1°C, and the “T/in” at “Pt.1” varies from 13.2 to 13.9°C, from 12.9 to
13.1°C, at “Pt.2”, from 13.9 to 14.2°C, at “Pt.3”, from 11.9 to 22.7°C, at “Pt.4”, and from
14.2 to 14.5°C, at “Pt.5”. And the indoor RH rangers between 35 to 55%, which is

comfortable.

The difference of temperature between “T/ex” and “T/in” is about 8°C, the comfort

temperature is reached at “Pt.4”, where the facade is double glazed curtain wall.

The table presented below indicates that the velocity of the air within the building is about

0 m/s, while the external air speed varies between 0.3 and 1.4 m/s.

Temperature (°C)

¥

_/

07:00

08:00

09:00

10:00

Outdoor temperature

11:00

e T/ex (°C)

:00

2

1

14:00

=1
3
Time

RH %

00

16:00

17:00

18:00
19:00

=]
Relative humidity (%)

30

Figure V.25. Outdoor temperature and relative humidity for “Ex.3".

Source: Author 2025.
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Figure V.27. Indoor relative humidity for all measurement points “Ex.2”.

Source: Author 2025.

Table V.9. Speed of air during the third measurement day at "Ex.3".

Source: Author 2025.

07:00 | 08:00 | 09:00 | 10:00 | 11:00 | 12:00 | 13:00 | 14:00 | 15:00 | 16:00 | 17:00 | 18:00 | 19:00
Ext. | 1.1 1.2 0.3 0.4 0.6 0.5 0.3 0.4 0.6 0.5 0.6 1.1 1.4
Pt1 | 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1
Pt2 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pt3 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pt4 | 0.1 0.1 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pt5 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
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V.3.4 Discussion and observation

Table V.10. Temperature in the three buildings in winter.

Source: Author 2025.

Case study Ex.1: AL KHALIFA Ex.2: Public Library Ex.3: Zenith Constantine
Date | Hours | Pt.1 | Pt2 | Pt3 | Pt4 | Pt.5 | Pt.1 | Pt2 | Pt3 | Pt4 | Pt.1 | Pt2 | Pt3 | Pt4 | Pt5
07:00 [ 10,3 | 79 | 9 11,2 | 8 144 | 12,8 | 148 | 14,6 | 11,2 | 12,5 | 12,7 | 12,9 | 13
08:00 | 10,4 | 8 9 11.1 | 8 144 | 12.8 | 153 | 145 | 11.3 | 12.5 | 129 | 13 13
09:00 | 109 | 82 | 9.1 | 112 |8 149 | 12.8 | 162 | 157 | 11.4 | 12.5 | 129 | 13.1 | 13.1
10:00 | 103 |93 |92 | 112 |83 | 153 | 128 | 16.5| 17.7 | 11.5 | 12.5 | 12.8 | 13.3 | 13
= 11:00 | 102 | 87 |93 | 11.2 | 87 | 159 | 12.8 | 16.8 | 18.7 | 11.5 | 12.6 | 12.8 | 13.5 | 13.1
Q 12:00 | 103 | 84 | 9.5 | 112 |93 | 16.1 | 129 | 17 19.1 | 11.8 | 12.6 | 13.1 | 13.8 | 13.1
g 13:00 | 103 | 87 |95 | 113 | 9.6 | 163|129 | 169 | 18.7 | 119 | 12.7 | 13.1 | 13.8 | 13.2
A 14:00 | 10.3 | 88 | 9.7 | 11.2 | 10.1 | 16.8 | 13 16.6 | 18 12 12.7 | 13.1 | 13.8 | 13.2
15:00 | 10.3 | 89 | 9.7 | 11.2 | 10.1 | 164 | 13 162 | 17.8 | 11.9 | 12.8 | 13.1 | 13.8 | 13.3
16:00 | 10.3 | 9 9.8 | 11.2 | 10 162 | 13.1 | 159 | 17.5 | 11.8 | 12.8 | 13.3 | 13.7 | 13.3
17:00 | 104 | 89 | 9.7 | 11.1 [ 99 | 16 13.1 | 152 | 172 | 11.8 | 12.8 | 13.2 | 13.7 | 133
18:00 | 104 | 88 | 9.7 | 112 | 9.8 | 158 | 132 | I5 16.8 | 11.7 | 129 | 13.1 | 13.6 | 13.1
19:00 | 104 | 8.7 | 9.6 | 11 9.6 | 15.6 | 132 | 146 | 164 | 11.6 | 129 | 13 134 | 13.1
07:00 | 11,6 | 8 94 | 11 11,1 | 14,7 | 13,1 | 15,1 | 15,8 | 13,3 | 12,9 | 13,6 | 12,6 | 13,8
08:00 | 11.8 | 81 | 9.4 | 10.8 | 11.1 | 15 13.1 | 158 | 164 | 13.2 | 12.8 | 13.6 | 124 | 13.8
09:00 | 12.1 | 84 |94 | 10.8 | 11.1 | 157 | 13.1 | 16.2 | 17.3 | 13.1 | 12.8 | 13.6 | 12.8 | 13.6
10:00 | 11.5 | 88 | 9.5 | 10.8 | 11.1 | 16.6 | 13.2 | 16.8 | 17.7 | 13.2 | 129 | 13.5 | 129 | 13.5
I~ 11:00 | 113 | 9.2 | 9.5 | 10.6 | 11.2 | 164 | 132 | 17 183 | 13.2 | 12.7 | 13.5 | 13 13.6
5 12:00 | 112 | 9.1 | 9.6 | 10.6 | 11.2 | 163 | 133 | 17.2 | 18.7 | 13.2 | 12.7 | 134 | 13.6 | 13.5
g 13:00 | 11.1 | 9.2 | 9.7 | 10.6 | 11.3 | 164 | 133 | 17.6 | 18.8 | 13.1 | 12.7 | 134 | 143 | 13.5
° 14:00 | 11.1 | 93 | 9.8 | 10.5 | 11.3 | 16.7 | 133 | 179 | 19.1 | 13.1 | 12.7 | 134 | 15 13.5
15:00 | 11 95 |99 | 104 | 114 | 164 | 133 | 17.7 | 193 | 13 12.6 | 13.2 | 143 | 135
16:00 | 109 | 9.6 |99 | 102 | 11.4 | 16.5 | 133 | 17.2 | 194 | 13 12.6 | 13.3 | 139 | 134
17:00 | 10.8 | 9.7 | 9.8 | 10.1 | 11.5 | 164 | 133 | 16.8 | 19.2 | 13.1 | 125 | 13.3 | 13.6 | 13.5
18:00 | 10.8 | 92 | 9.7 | 102 | 11.6 | 164 | 13.4 | 16.2 | 19 13.1 | 12.7 | 133 | 13.1 | 13.4
19:00 | 10.8 | 8.7 | 9.6 | 10.2 | 11.5 | 16.2 | 134 | 16 184 | 13 12.7 | 13.2 | 13 13.5
07:00 | 11,2 | 9 88 [ 10,6 | 11,5 | 14,8 | 13,2 | 16,4 | 22,3 | 13,3 | 129 | 13,9 | 12 14,2
08:00 | 113 | 9.2 | 88 | 10.7 | 11.5 | 14.8 | 13.1 | 16.6 | 22.7 | 13.4 | 129 | 14.1 | 11.9 | 143
09:00 | 12.1 | 9.2 | 9.1 | 10.7 | 11.4 | 15.7 | 13.1 | 16.8 | 23.1 | 13.3 | 129 | 14.1 | 12 14.3
10:00 | 11.6 | 93 | 9.3 | 10.7 | 11.5 | 17.1 | 132 | 17.1 | 23.8 | 134 | 129 | 14.1 | 12.6 | 143
= 11:00 | 11.1 | 9.5 | 9.5 | 10.7 | 11.5 | 17.6 | 133 | 17.2 | 243 | 13.2 | 13 14 133 | 144
51 12:00 | 109 | 94 | 9.7 | 10.7 | 11.5 | 17.5 | 133 | 17.5 | 243 | 13.6 | 129 | 14.1 | 144 | 143
g 13:00 [ 109 | 96 | 98 | 10.7 | 11.5 | 17.2 | 133 | 179 | 24.6 | 13.8 | 13 14.1 | 16.1 | 143
= 14:00 | 109 | 98 |99 | 10.7 | 11.5 | 17.2 | 133 | 185 | 252 | 139 | 13 142 | 18.6 | 14.3
15:00 | 10.8 [ 9.8 | 10 | 10.8 | 11.5 | 17 134 | 18 26.7 | 13.8 | 13.1 | 142 | 20.6 | 144
16:00 | 109 | 9.8 | 10 | 10.8 | 11.6 | 16.8 | 13.3 | 17.8 | 26.8 | 13.8 | 13.1 | 14.1 | 22.7 | 144
17:00 | 10.8 | 9.7 | 99 | 10.8 | 11.6 | 163 | 132 | 174 | 259 | 13.7 | 13.1 | 14.1 | 22.5 | 145
18:00 | 10.7 | 9.7 | 9.8 | 109 | 11.6 | 16.2 | 13.1 | 169 | 253 | 13.8 | 13.2 | 14.1 | 189 | 144
19:00 | 10.7 | 9.5 | 9.7 | 109 | 11.6 | 16.1 | 13.1 | 16.3 | 25 13.7 | 13.1 | 14 17.1 | 143
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Table V.11. Relative humidity in the three buildings in winter.

Source: Author 2025.

Case study Ex.1: AL KHALIFA Ex.2: Public Library Ex.3: Zenith Constantine
Date | Hours | Pt.1 | Pt2 | Pt3 | Pt4 | Pt5 | Pt1 | Pt.2 | Pt.3 | Pt4 | Pt.1 | Pt2 | Pt3 | Pt4 | Pt.5
07:00 | 44,3 | 39,5 | 62,3 | 58,9 | 52,6 | 57,9 | 50,7 | 45,7 | 49,3 | 51,5 | 52,7 | 48,9 | 52,2 | 40,9
08:00 | 45.2 | 39.5 | 62.4 | 58.7 | 52.6 | 57.4 | 50.8 | 45.6 | 489 | 51.3 | 52.3 | 48.7 | 52.2 | 40.6
09:00 | 45.9 | 389 | 62.4 | 585 | 52.8 | 52.2 | 50.9 | 45.2 | 46.8 | 54.8 | 52.5 | 48.5 | 51.8 | 40.5
10:00 | 46.6 | 40.7 | 63.4 | 584 | 52.4 | 47.1 | 51.1 | 44.1 | 44.1 | 55.1 | 52.7 | 50.1 | 52 413
= 11:00 | 47 39.4 | 65.1 | 58.8 | 52.2 | 46.7 | 51.2 | 42.8 | 42.8 | 55.2 | 53 50.6 | 52.4 | 42.5
;5 12:00 | 46.8 | 40.9 | 66.9 | 59.1 | 52 47.7 | 513 | 42.7 | 42.7 | 53.7 | 53.4 | 50 529 | 45.1
g 13:00 | 46.9 | 414 | 68.8 | 60.4 | 53.3 | 48 51.5 | 434 | 434 | 53.7 | 54 50.7 | 54.1 | 46.2
5 14:00 | 47 42 70 61.8 | 53.6 | 48.5 | 51.5 | 44 44 54.8 | 549 | 51.3 | 55.6 | 46.6
15:00 | 47.1 | 41.8 | 70.5 | 64 548 | 492 | 51.5 | 444 | 444 | 553 | 55.6 | 51.5 | 57.1 | 464
16:00 | 47.3 | 42 71.1 | 65.3 | 55.1 | 498 | 51.6 | 46.8 | 46.8 | 54.9 | 564 | 51.5 | 58.4 | 46.2
17:00 | 479 | 313 | 714 | 66.8 | 56.8 | 50 51.7 | 483 | 483 | 55.1 | 573 | 51.4 | 58.8 | 46.8
18:00 | 479 | 41.5 | 71.8 | 672 | 57.2 | 51.5 | 51.8 | 52.1 | 52.1 | 54.1 | 57.2 | 51.5 | 59.2 | 46.1
19:00 | 48.1 | 40.7 | 72.5 | 67.2 | 58.4 | 53.5 | 52 529 | 539 | 56 57.8 | 51.7 | 59 46.2
07:00 | 40,8 | 61,4 | 72,2 | 65,6 | 55,4 | 55,7 | 54,3 | 43,7 | 58,8 | 56,7 | 56,2 | 53,2 | 56,4 | 46,9
08:00 | 41.7 | 584 | 72.8 | 66.1 | 55.5 | 54.6 | 54.1 | 44 53.7 | 56.2 | 56.3 | 53.2 | 57.1 | 46.5
09:00 | 42.3 | 52 733 | 66.1 | 55.7 | 53.3 | 54 44.1 | 58.9 | 56.2 | 56.6 | 53.1 | 57.1 | 46.1
10:00 | 42.7 | 42.8 | 729 | 66.9 | 56 519 | 53.6 | 444 | 53.5 | 55.8 | 56.7 | 52.9 | 57.7 | 453
I~ 11:00 | 43.5 | 35.6 | 72.8 | 67.8 | 56.6 | 51.8 | 53.5 | 45 53.4 | 55.7 | 572 | 52.7 | 57.6 | 45.1
5 12:00 | 44.6 | 39.2 | 729 | 67.8 | 56.8 | 49.2 | 53.2 | 46.8 | 53.2 | 554 | 57.3 | 52.6 | 56.2 | 44.8
g 13:00 | 45 39.7 | 73 68 569 | 49.6 | 53.1 | 47.2 | 519 | 553 | 57.7 | 52.3 | 55.2 | 44.6
° 14:00 | 453 | 40.7 | 724 | 68.3 | 57.1 | 42.6 | 53.1 | 483 | 53.5 | 559 | 58 52.7 | 54 46
15:00 | 45.7 | 41.2 | 70.1 | 66.4 | 57.3 | 43 529 | 51.3 | 54 56.1 | 57.7 | 52.8 | 54.5 | 46.1
16:00 | 46.3 | 419 | 68.6 | 652 | 582 | 442 | 52.9 | 52.1 | 53.6 | 552 | 57.3 | 52.5 | 54.5 | 44.7
17:00 | 46.6 | 41.3 | 69.2 | 65.8 | 59.1 | 45 529 | 533 | 532 | 54.8 | 573 | 523 | 55.1 | 44.7
18:00 | 46.9 | 58.2 | 70.2 | 66.6 | 58.9 | 45.5 | 53.1 | 53.9 | 52.4 | 55.6 | 57.2 | 52.4 | 56.5 | 45.5
19:00 | 47.1 | 60.1 | 71.1 | 67.7 | 58.7 | 45.7 | 52.9 | 54 514 | 559 | 574 | 52.6 | 57.6 | 46.1
07:00 | 44,8 | 63,7 | 68,7 | 64,3 | 60,4 | 58,1 | 51,7 | 53,9 | 65,9 | 51,5 | 55,4 | 55,3 | 55,8 | 47,7
08:00 | 48 60.6 | 67.9 | 64.2 | 589 | 57.6 | 51.3 | 53.3 | 644 | 51.3 | 54.6 | 549 | 55.6 | 47.8
09:00 | 49.7 | 56.8 | 67 63.8 | 58 56.8 | 51.2 | 52.1 | 63.1 | 54.8 | 54.8 | 55.1 | 54.5 | 47.1
10:00 | 51.6 | 51.1 | 66.9 | 63.5 | 57.5 | 574 | 514 | 513 | 63.4 | 55.1 | 54.8 | 54.6 | 53.6 | 48.6
= 11:00 | 54.2 | 52.7 | 67.3 | 63.2 | 55.7 | 55.2 | 51.6 | 483 | 643 | 552 | 54.8 | 55 529 | 485
Q 12:00 | 56.5 | 53.6 | 67.8 | 63.3 | 549 | 55 529 | 46.8 | 65.1 | 53.7 | 549 | 55.1 | 50.7 | 48.3
g 13:00 | 57.5 | 54.7 | 68 634 | 542 | 56.2 | 52.9 | 44.1 | 652 | 53.7 | 54.8 | 54.4 | 45.5 | 46.2
= 14:00 | 57.5 | 55.3 | 68 62.7 | 50.9 | 57.5 | 53 437 | 65.8 | 54.8 | 54.4 | 534 | 412 | 413
15:00 | 56.7 | 55 67.8 | 63.2 | 50.3 | 58.1 | 53.1 | 44 60 553 | 543 | 52.9 | 39.1 | 39.6
16:00 | 57.1 | 56.3 | 67.8 | 62.4 | 50.7 | 52.8 | 52.9 | 444 | 59.7 | 549 | 54.4 | 52.1 | 37.9 | 40.7
17:00 | 56.7 | 59.4 | 684 | 62.1 | 51.2 | 56.2 | 53.1 | 47.2 | 57 55.1 | 54 51.3 | 37.6 | 39.1
18:00 | 57.2 | 60 67.8 | 62.1 | 51.8 | 58.5 | 53 492 | 61.6 | 54.1 | 53.9 | 51.1 | 42 41.1
19:00 | 58.6 | 60.3 | 70.1 | 62.3 | 52.7 | 58.2 | 53.1 | 51.9 | 63.1 | 56 53.6 | 51.2 | 43.8 | 42.1

The comfort zone temperature in winter (17.9° to 22.9°C) is reached in the second building
(Ex. 2) in two spaces, the main and the secondary reading rooms, and in the third building
(Ex. 3) at the public entrance hall. However, the comfort temperature has not been achieved

in the other spaces.
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The relative humidity is generally comfortable in all spaces over the three buildings, except
for the VIP hall in the palace of culture, “Pt.3”, because of the presence of the water basin.
Based on the analysis of the various examples over the three days, it can be observed that the
ambient temperature in spaces with a glass curtain wall reached a comfortable level, while
completely enclosed spaces were the coldest (such as the conference rooms and performance
hall in Ex. 1 and Ex. 2, which are occasionally used).

The spaces with double-glazed curtain-walls oriented north are colder than those oriented
west, east, or south.

From the analysis of the (03) three cases, the “DSF” allows a substantial difference in “T/in”
in comparison with “T/ex” about 7°C in the palace of culture, about 16.7°C in the public

library, and about 8°C in the performance hall.

V.4 Overheating period

Over a span of three days (12,13 and 14 August 2021), measurements of the climatic
parameters (T/in, T/ex, RH, and S/air) were made concurrently at various locations within
the three public buildings that were studied.

V.4.1 Palace of Culture

V.4.1.1 Results of the first measurement day
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Figure V.28. Outdoor temperature and relative humidity for “Ex.1”.

Source: Author 2025.
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Figure V.29. Indoor temperature for all measurement points “Ex.1”.

Source: Author 2025.
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Figure V.30. Indoor relative humidity for all measurement points “Ex.1”.

Source: Author 2025.

Table V.12. Speed of air during the first measurement day at "Ex.1".

Source: Author 2025.

07:00 | 08:00 | 09:00 | 10:00 | 11:00 | 12:00 | 13:00 | 14:00 | 15:00 | 16:00 | 17:00 | 18:00 | 19:00
Ext. | 2.2 1.5 1.2 1.9 0.6 1.7 1.6 1.9 2.5 3.0 33 2.2 2.1
Pt.1 | 0.1 0.1 0.0 0.0 0.0 0.1 0.1 0.1 0.2 0.2 0.1 0.1 0.1
Pt2 | 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.2 0.2 0.2 0.1 0.1 0.2
Pt3 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pt4 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pt5 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
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Based on the prior data, the “T/ex” fluctuates between 33.2 and 48.5°C. At the initial
measurement point, “Pt. 17, the “T/in” ranges from 30.1° to 34.1°C; at “Pt. 27, it varies
between 28.6° and 34.5°C; at “Pt. 37, it is between 28.9° and 30.3°C; at “Pt. 4”, it is between
26.3° and 26.6°C; and at “Pt. 57, it ranges from 29.4° to 31.6°C. The graph indicates that the
temperature is elevated in “Pt.1” and “Pt.2”, located on the northeast, east, and southeast
sides. Conversely, the “T/in” is lower at “Pt.4”, which is in the performance room. The
disparity between “T/in” and “T/ex” is recorded as 7°C to 21.9°C; however, this range
remains inadequate to reach the comfort zone temperature (25°-30°C), thereby necessitating
the implementation of an air conditioning system, especially at “Pt.1” and “Pt.2”. In the
performance hall “Pt.4” and in the northeastern side of the exhibition hall “Pt.3”, the indoor
temperature is within the comfort zone, thus eliminating the requirement for air conditioning
in these spaces, except during events when the hall is occasionally at full capacity (688 seats).
The relative humidity inside the building is between 28 and 48%, which is acceptable and
comfortable.

The air velocity ranges from 0.6 to 3.3 m/s outside the building and from 0 to 0.2 m/s inside
the spaces.

V.4.1.2 Results of the second measurement day
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Figure V.31. Outdoor temperature and relative humidity for “Ex.1".

Source: Author 2025.
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Figure V.32. Indoor temperature for all measurement points “Ex.1”.
Source: Author 2025.
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Figure V.33. Indoor relative humidity for all measurement points “Ex.1”.
Source: Author 2025.
Table V.13. Speed of air during the second measurement day at "Ex.1".
Source: Author 2025.

07:00 | 08:00 | 09:00 | 10:00 | 11:00 | 12:00 | 13:00 | 14:00 | 15:00 | 16:00 | 17:00 | 18:00 | 19:00
Ext. | 0.8 1.6 1.9 0.9 0.6 1.7 1.6 1.9 2.5 33 2.3 2.2 3.0
Pt1 | 0.1 0.1 0.0 0.0 0.0 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Pt2 | 0.0 0.1 0.0 0.0 0.0 0.1 0.1 0.2 0.1 0.2 0.1 0.1 0.2
Pt3 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pt4 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pt5 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
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The graphs above show that the “T/ex” varies from 26.7 to 44.1°C. In the performance room
“Pt.4,” the “T/in” is about 26°C, and in the northeastern exhibition hall “Pt.3,” the “T/in” is
between 28.8 and 30.1°C, which means that “T/in” in these spaces is within the comfort
zone. The hottest space, the biggest exhibition hall “Pt.1”, has a “T/in” between 30.2 and
33.2°C, while “Pt.2” and “Pt.5” have “T/in” between 27.6 and 32.3°C and between 30.1 and

31.5°C, respectively, with three hours within the comfort zone.

A difference of 10.6 to 17.5°C is observed between the external temperature “T/ex” and the

internal temperature “T/in”.

Inside the building, the relative humidity ranges from 23 to 30% at “Pt.2”, which results in

a dry indoor environment. While at the other measurements points, it is between 30 and 60%.

Outside the building, the wind blows at a speed ranging from 0.6 to 3.3 m/s, while inside the

spaces it ranges from 0 to 0.2 m/s.
V.4.1.3 Results of the third measurement day

According to data in the figures below, “T/ex” ranges from 26.1 to 41.1°C. Whereas the
“T/in” 1s between 29.2 and 33°C, at “Pt.1”, between 27 and 31.7°C, at “Pt.2”, between 28.6
and 29.9°C, at “Pt.3”, between 26.3 and 26.8°C, at “Pt.4”, and between 27.3 and 30.1°C.

There is a variance of 8.1 to 14.3°C between “T/in” and “T/ex”. Despite this difference,
“T/in” at “Pt.1” and “Pt.2” 1s outside the comfort zone, but at “Pt.3”, “Pt.4” and “Pt.5” the

temperatures are within the comfort zone.
At all measurement places within the building, the relative humidity ranges from 30 to 65%.

whereas the wind speed is between 0 and 0.2 m/s inside the building and between 0.8 and

3.3 m/s outside.

Table V.14. Speed of air during the third measurement day at "Ex.1".

Source: Author 2025.

07:00 | 08:00 | 09:00 | 10:00 | 11:00 | 12:00 | 13:00 | 14:00 | 15:00 | 16:00 | 17:00 | 18:00 | 19:00
Ext. | 2.5 33 1.9 1.1 2.2 1.7 1.6 0.8 1.7 22 3.0 2.5 2.2
Pt.1 | 0.1 0.1 0.0 0.0 0.0 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Pt2 | 0.0 0.1 0.0 0.0 0.0 0.1 0.1 0.2 0.1 0.2 0.1 0.1 0.2
Pt3 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pt4 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pt5 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
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Figure V.34. Outdoor temperature and relative humidity for “Ex.1”.

Source: Author 2025.
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Figure V.35. Indoor temperature for all measurement points “Ex.1”.

Source: Author 2025.
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Figure V.36. Indoor relative humidity for all measurement points "Ex.1"

Source: Author 2025.
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V.4.2 Public library of Constantine
V.4.2.1 Results of the first measurement day

On the first day of measurement in the second building, “T/in” ranges from 28.8 to 30.8°C,
at “Pt.17, from 27.2 to 28.9°C, at “Pt.2”, from 32.5 to 34.5°C, at “Pt.3”, and from 34.2 to
36.8°C, at “Pt.4”. On the outside, “T/ex” varies from 32.8 to 41.4°C. As a result, the

temperature differential between the inside and outdoors ranges from 4.6 to 12.5°C.

Although the relative humidity at “Pt.2” is between 50.4 and 64.2%, which is comfortable,

it is between 11 and 29% at the other measurement points, resulting in a dry atmosphere.

While the air velocity varies between 0.2 and 4.7 m/s around the building, and between 0
and 0.2 m/s inside the spaces.

The conference room and children's reading room are comfortable, but the other rooms are

hotter.

Table V.15. Speed of air during the first measurement day at "Ex.2".

Source: Author 2025.

07:00 | 08:00 | 09:00 | 10:00 | 11:00 | 12:00 | 13:00 | 14:00 | 15:00 | 16:00 | 17:00 | 18:00 | 19:00
Ext. | 1.1 2.5 0.9 0.3 0.2 0.8 0.8 1.7 3.6 3.6 4.7 4.4 2.2
Pt1 | 0.1 0.1 0.0 0.0 0.0 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Pt2 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pt3 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pt4 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
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Figure V.37. Outdoor temperature and relative humidity for “Ex.2”.

Source: Author 2025.
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Figure V.38. Indoor temperature for all measurement points “Ex.2”.

Source: Author 2025.
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Figure V.39. Indoor relative humidity for all measurement points "Ex.2".

Source: Author 2025.

V.4.2.2 Results of the second measurement day

The data presented below indicate that the "T/ex" fluctuates between 27.1° and 40.4°C. At
“Pt.17, the temperature “T/in” varies from 29° to 30.4°C; at “Pt.2”, it is from 28.3 to 28.9°C;
at “Pt.3”, from 30.1 to 32.4 °C; and at “Pt.4”, it is from 34 to 36.2°C. While “T/ex” ranges
from 28.4° to 29°C.

Consequently, the temperature difference between "T/in" and "T/ex" is between 8°C and
11.5°C. It is observed that “T/in” at “Pt.1” and “Pt.2” falls within the comfort zone,

suggesting that these spaces are relatively comfortable, and air conditioning is not needed.
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Conversely, at “Pt.3” and “Pt.4”, where the "T/in" exceeds the comfort zone temperature, an

air conditioning system is deemed necessary.

The speed of the air within spaces is between 0 and 0.2 m/s, and between 0.1 and 2.2 m/s in
front of the building.
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Figure V.40. Outdoor temperature and relative humidity for “Ex.2”.

Source: Author 2025.
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Figure V.41. Indoor temperature for all measurement points “Ex.2”.

Source: Author 2025.
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Figure V.42. Indoor relative humidity for all measurement points "Ex.2".

Source: Author 2025.

Table V.16. Speed of air during the second measurement day at "Ex.2".

Source: Author 2025.

07:00 | 08:00 | 09:00 | 10:00 | 11:00 | 12:00 | 13:00 | 14:00 | 15:00 | 16:00 | 17:00 | 18:00 | 19:00
Ext. | 0.2 0.3 0.1 0.3 0.6 0.8 1.7 2.0 2.2 0.9 1.4 1.6 1.2
Pt1 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pt2 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pt3 | 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.2 0.0 0.1 0.1 0.0
Pt4 | 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.1 0.2 0.1 0.1 0.2 0.0

V.4.2.3 Results of the third measurement day

The data presented below indicate that the temperature "T/ex" fluctuates between 28.6 and
39.5°C. Meanwhile, "T/in" varies from 28.9 to 30.9°C, at "Pt.1"; from 28.5 to 29.2°C, at
"Pt.2"; from 29.1 to 31.5°C, at "Pt.3"; and from 32.2 to 34.7°C, at "Pt.4". The relative

humidity (RH) within the building is recorded at 20 to 25% at "Pt.1", resulting in a dry

environment, whereas in the other areas, it ranges from 32 to 48%, providing a more

comfortable atmosphere. It is evident that the temperature "T/in" at both "Pt.1" and "Pt.2"

falls within the comfort zone, ensuring a comfortable environment, while the other locations

are notably less comfortable due to higher temperatures.

However, Table V.17 shows that the air velocity varies between 0.2 and 4.3 m/s at the

exterior of the building and between 0 and 0.2 m/s inside the spaces.
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Figure V.43. Outdoor temperature and relative humidity for “Ex.2”.

Source: Author 2025.
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Figure V.44. Indoor temperature for all measurement points “Ex.2”.
Source: Author 2025.
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Figure V.45. Indoor relative humidity for all measurement points "Ex.2".
Source: Author 2025.
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Table V.17. Speed of air during the third measurement day at "Ex.2".

Source: Author 2025.

07:00 | 08:00 | 09:00 | 10:00 | 11:00 | 12:00 | 13:00 | 14:00 | 15:00 | 16:00 | 17:00 | 18:00 | 19:00
Ext. | 0.3 0.4 0.6 0.2 0.7 0.6 1.1 23 33 0.9 1.4 43 2.2
Pt1 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pt2 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pt3 | 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.2 0.0 0.1 0.2 0.1
Pt4 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.2 0.0 0.0 0.2 0.1

V.4.3 Performance hall “Zenith Constantine”
V.4.3.1 Results of the first measurement day

The measurements taken on the first day in the third building indicate that the “T/ex” varies
between 27.9 and 44.3°C. The “T/in” fluctuates from 27.5 to 28.5°C, at “Pt.1”’; from 29.1 to
30.6°C, at “Pt.2”; from 28.4 to 30.1°C, at “Pt.3”’; from 30.4 to 36.9°C, at “Pt.4”; and from
31.8t0 33.6°C, at “Pt.5”. Consequently, the temperature differential between the interior and
exterior ranges from 7.4 to 15.8°C. The indoor relative humidity is recorded between 12.4
and 30% at “Pt.4” and “Pt.5”, indicating a dry environment. At “Pt.2”, it ranges from 22.4
to 38.2%, which is considered dry in the morning but acceptable in the evening. In contrast,

at “Pt.1” and “Pt.3”, the RH is between 36 and 48%, providing a comfortable atmosphere.

Around the building, outside, the air speed ranges from 0.2 to 3.9 m/s, while inside it ranges

from 0 to 0.2 m/s.

It is noted that the internal temperature (“T/in”’) within the performance hall (“Pt.1”, “Pt.2”,

“Pt.3”) remains within the comfort zone, thereby ensuring a comfortable environment.

Conversely, in the south-facing glazed corridor (“Pt.4”") and the gathering hall (“Pt.5”), the

temperatures are elevated, resulting in discomfort within these spaces.

Table V.18. Speed of air during the first measurement day at "Ex.3".

Source: Author 2025.

07:00 | 08:00 | 09:00 | 10:00 | 11:00 | 12:00 | 13:00 | 14:00 | 15:00 | 16:00 | 17:00 | 18:00 | 19:00
Ext. | 0.3 0.2 0.8 1.4 0.3 0.2 2.5 3.6 1.4 3.1 2.8 3.9 2.5
Pt.1 | 0.0 0.0 0.0 0.1 0.0 0.0 0.1 0.2 0.1 0.1 0.1 0.1 0.1
Pt2 | 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.2 0.0 0.2 0.1 0.1 0.1
Pt3 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pt4 | 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.0 0.1 0.1 0.1 0.0
Pt5 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
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Figure V.46. Outdoor temperature and relative humidity for “Ex.3”.
Source: Author 2025.
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Figure V.47. Indoor temperature for all measurement points “Ex.3”.
Source: Author 2025.
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Figure V.48. Indoor relative humidity for all measurement points “Ex.3”.

Source: Author 2025.
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V.4.3.2 Results of the second measurement day

The figures below show that “T/in” spans from 26.9 to 28.5°C, at “Pt.1”; from 29.1 to
30.4°C, at “Pt.2”; from 28.3 to 30°C, at “Pt.3”, from 29.9 to 34.8°C, at “Pt.4”; and from 28.5
to 33.1°C, at “Pt.5”. While “T/ex” fluctuates between 26.6 and 42.6°C. As a result, the

difference between “T/ex” and “T/in” is between 7.8 and 14.1°C.

Whereas the air velocity is between 0.1 and 2.2 m/s outside and between 0 and 0.2 m/s within

the building.

The relative humidity inside the building varies from 19.7 to 31% at “Pt.4” and “Pt.5”,
resulting in a dry atmosphere. However, at the other points it is from 32 to 58% making the

environment comfortable.

It is observed that the temperature within the performance hall is in the comfort zone, which
is comfortable. In contrast, temperatures at “Pt.4” and “Pt.5” exceed the comfort zone,

making the spaces uncomfortable.

Table V.19. Speed of air during the second measurement day at "Ex.3".

Source: Author 2025.

07:00 | 08:00 | 09:00 | 10:00 | 11:00 | 12:00 | 13:00 | 14:00 | 15:00 | 16:00 | 17:00 | 18:00 | 19:00
Ext. | 2.2 0.8 0.2 0.1 1.3 0.3 1.4 0.2 0.1 1.7 2.2 1.6 0.9
Pt1 | 0.2 0.1 0.0 0.0 0.1 0.0 0.1 0.0 0.0 0.1 0.1 0.1 0.1
Pt2 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.1 0.0
Pt3 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pt4 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pt5 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
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Figure V.49. Outdoor temperature and relative humidity for “Ex.3”.
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Source: Author 2025.
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Figure V.50. Indoor temperature for all measurement points “Ex.3”.

Source: Author 2025.
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Figure V.51. Indoor relative humidity for all measurement points “Ex.3”.

Source: Author 2025.

V.4.3.3 Results of the third measurement day

The results show that the "T/ex" varies between 21° and 41.6°C. In the performance hall,
"T/in" fluctuates from 26.8° to 27.9°C, at "Pt.1"; from 28.5 to 29.8°C, at "Pt.2"; and from
28.3 to 29.3°C, at “Pt.3”; while in the south-facing glazed corridor "Pt.4", it ranges from
30.1 to 33.3°C. In the gathering hall "Pt.5", it is recorded between 27.8 and 32.9°C.

Consequently, there exists a temperature differential from 8.7 to 13.7°C. Yet the "T/in"

remains within a comfortable range in the performance hall. Nevertheless, in the glazed
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corridor "Pt.4" and the gathering hall "Pt.5", the "T/in" surpasses the comfortable level,

thereby requiring the use of an air conditioning system.

Furthermore, it is observed that the wind speed ranges from 0 to 0.2 m/s within the building,

while it varies from 0.3 to 3.9 m/s in the external environment.

In the gathering hall “Pt.5” the relative humidity is between 17 and 27%, creating a dry
environment in the space. While at the other spaces it is between 30 and 65%, offering a

more comfortable atmosphere.
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Figure V.52. Outdoor temperature and relative humidity for “Ex.3”.
Source: Author 2025.
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Figure V.53. Indoor temperature for all measurement points “Ex.3”.

Source: Author 2025.
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Figure V.54. Indoor relative humidity for all measurement points “Ex.3”.

Source: Author 2025.

Table V.20. Speed of air during the third measurement day at "Ex.3".

Source: Author 2025.

07:00 | 08:00 | 09:00 | 10:00 | 11:00 | 12:00 | 13:00 | 14:00 | 15:00 | 16:00 | 17:00 | 18:00 | 19:00
Ext. | 1.3 0.5 0.8 0.3 0.6 1.4 0.8 0.3 2.8 39 1.9 1.6 1.4
Pt1 | 0.1 0.0 0.0 0.0 0.0 0.1 0.1 0.0 0.2 0.2 0.2 0.1 0.1
Pt2 | 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.1 0.2 0.1 0.1 0.0
Pt3 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pt4 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pt5 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

V.4.4 Discussion and observations

To enable comparison, the tables below summarize the data collected in the three buildings
over the period of three days of measurements. The first table highlights the temperatures

measured (Table V.21), while the second table displays the relative humidity (Table V.22).
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Table V.21. Temperature in the three buildings in summer.

Source: Author 2025.

Case study Ex.1: AL KHALIFA Ex.2: Public Library Ex.3: Zenith Constantine
Date | Hours | Pt.1 | Pt2 | Pt3 | Pt4 | Pt5 | Pt1 | Pt.2 | Pt.3 | Pt4 | Pt.1 | Pt2 | Pt3 | Pt4 | Pt.5
07:00 | 30,1 | 28,6 | 28,9 | 26,3 | 29,5 | 28,8 | 27,2 | 32,5 | 34,2 | 27,6 | 29,1 | 28,4 | 30,4 | 31,8
08:00 | 31 294 | 29.7 | 263 | 294 | 299 | 274 | 32.9 | 345 | 27.5 | 29.1 | 284 | 31 32
09:00 | 314 | 294 | 29.7 | 264 | 29.7 | 30.3 | 27.8 | 33.4 | 353 | 27.6 | 29.2 | 28.5 | 31.9 | 32.2
10:00 | 32.8 | 31 29.7 | 26.4 | 30.1 | 30.6 | 28.7 | 33.8 | 36 27.6 | 294 | 285 | 32.7 | 324
= 11:00 | 32.8 | 31.5 | 29.7 | 26.4 | 30.4 | 30.8 | 28.7 | 34.1 | 36.5 | 27.6 | 29.5 | 28.8 | 33.4 | 32.6
;5 12:00 | 32.9 | 31.2 | 29.8 | 26.4 | 30.7 | 30.6 | 28.7 | 343 | 36.8 | 27.7 | 29.6 | 29.1 | 33.8 | 32.7
g 13:00 | 33.3 | 33.2 | 29.7 | 26.3 | 30.8 | 30.3 | 28.8 | 34.5 | 36.6 | 279 | 30 29.5 | 34.7 | 32.8
S 14:00 | 33.5 | 33.8 | 29.6 | 26.4 | 31.2 | 30.1 | 28.8 | 344 | 36.2 | 28 303 | 29.8 | 35.8 | 33.1
15:00 | 33.9 | 34.1 | 29.8 | 26.4 | 31.6 | 30.1 | 28.8 | 344 | 36 28.2 | 304 | 299 | 369 | 33.3
16:00 | 34.1 | 34.3 | 30.3 | 26.4 | 31.6 | 30 28.8 | 34.6 | 36.2 | 28.3 | 30.5 | 30 352 | 33.6
17:00 | 33.5 | 345 | 30.3 | 26.5 | 31.5 | 30 289 | 34.6 | 36.2 | 284 | 30.6 | 30 34 329
18:00 | 32.5 | 32.8 | 30.1 | 26.6 | 31.4 | 30 28.9 | 345 | 36 28.5 | 30.6 | 30.1 | 33.5 | 324
19:00 | 31.2 | 31.5 | 29.8 | 26.6 | 31.3 | 29.9 | 28.8 | 343 | 35.8 | 28.4 | 30.6 | 30.1 | 32.9 | 31.9
07:00 | 30,2 | 27,6 | 28,8 | 26,5 | 30,1 | 29 28,3 | 30,1 | 34 26,9 | 29,2 | 28,5 | 29,9 | 28,5
08:00 | 32.1 | 28.6 | 29.3 | 26.4 | 30.1 | 29.6 | 28.3 | 30.2 | 34.6 | 26.9 | 29.1 | 28.5 | 30.3 | 29.9
09:00 | 32.2 | 299 | 29.6 | 26.5 | 30.2 | 30.1 | 284 | 30.4 | 354 | 27 292 | 28.5 | 31.1 | 30.4
10:00 | 32.5 | 30.8 | 29.8 | 26.5 | 30.4 | 30.5 | 28.5 | 30.8 [ 359 | 27.1 | 29.5 | 28.7 | 31.9 | 32.1
I~ 11:00 | 32.4 | 31.3 | 299 | 264 | 30.5 | 30.7 | 28.6 | 31 362 | 27.2 | 29.8 | 289 | 32.7 | 322
5 12:00 | 32.9 | 31.9 | 30 26.4 | 30.8 | 30.6 | 28.6 | 31.1 | 36.1 | 27.6 | 28.9 | 285 | 335 | 324
g 13:00 | 33.2 | 319 | 299 | 264 | 31.1 | 304 | 28.7 | 31.4 | 35.7 | 279 | 284 | 28.3 | 342 | 325
A 14:00 | 33.1 | 32.1 | 30.1 | 26.5 | 31.3 | 30.2 | 28.7 | 31.9 | 354 | 28.2 | 28.7 | 28.9 | 34.8 | 32.7
15:00 | 33 32 299 | 26.5 | 31.5 | 30.1 | 28.8 | 32.1 | 35.5 | 28.2 | 29.6 | 29.2 | 34.7 | 33
16:00 | 33 323 | 29.8 | 26.6 | 31.5 | 30.1 [ 289 | 31.3 | 354 | 28.5 | 29.8 | 29.5 | 344 | 33.1
17:00 | 32.7 | 32.4 | 29.6 | 26.6 | 31.3 | 30 289 | 324 | 352 | 284 | 299 | 29.6 | 33.7 | 33
18:00 | 32.5 | 32.3 | 29.5 | 26.6 | 31 30 28.9 | 32.2 | 35.1 | 28.4 | 30.2 | 29.9 | 33.1 | 32.7
19:00 | 32.9 | 31.2 | 29.1 | 26.7 | 304 | 29.9 | 28.9 | 31.8 | 34.8 | 28.3 | 30.4 | 30 32.8 | 32
07:00 | 29,2 | 27 28,6 | 26,3 | 27,3 | 28,9 | 28,5 | 29,1 | 32,2 | 26,8 | 28,5 | 29,1 | 30,1 | 27,8
08:00 | 29.8 | 28.3 | 29.1 | 26.3 | 27.8 | 29.9 | 28.6 | 29.5 | 32.4 | 26.8 | 28.5 | 29.1 | 30.5 | 28.6
09:00 | 30 29.6 | 29.6 | 26.3 | 27.9 | 30.5 | 28.7 | 29.8 | 33.2 | 27 28.6 | 29.1 | 309 | 30.2
10:00 | 31.4 | 30.2 | 29.7 | 26.4 | 28.1 | 30.9 | 28.7 | 30 34 273 | 28.7 | 299 | 31.3 | 319
= 11:00 | 31.6 | 30.8 | 29.7 | 26.5 | 28.4 | 30.9 | 28.8 | 30.2 | 342 | 27.9 | 289 | 29.9 | 31.5 | 32.6
Q 12:00 | 31.7 | 31.2 | 29.6 | 26.6 | 28.7 | 30.7 | 28.8 | 30.4 | 34.4 | 26.1 | 29 299 | 32 32.6
g 13:00 | 32.1 | 31.6 | 29.6 | 26.6 | 29.1 | 30.4 | 28.8 | 30.6 | 34.5 | 26.1 | 29.2 | 28.3 | 32.4 | 3255
5 14:00 | 32.2 | 31.5 | 29.6 | 26.7 | 29.4 | 30.2 | 28.9 | 30.6 | 34.7 | 26.8 | 29.4 | 28.5 | 32.9 | 32.7
15:00 | 32.6 | 31.6 | 29.6 | 26.7 | 29.5 | 30 29 309 | 34.7 | 27.3 | 29.6 | 28.6 | 33.3 | 32.8
16:00 | 32.3 | 31.7 | 29.8 | 26.8 | 30.1 | 30 29.1 | 31.2 | 345 | 27.4 | 29.8 | 28.7 | 31.1 | 32.9
17:00 | 32.9 | 31.2 | 299 | 26.7 | 29.7 | 30 29.2 | 31.5 | 343 | 27.9 | 29.6 | 29 31.5 | 32.6
18:00 | 33 309 | 299 | 26.6 | 29.4 | 299 | 29.2 | 31.3 | 34.1 | 27.7 | 29.5 | 29.1 | 31.1 | 31.8
19:00 | 32.4 | 29.5 | 29.7 | 26.6 | 29.2 | 29.8 | 29.2 | 30.9 | 33.8 | 27.6 | 29.6 | 29.3 | 30.3 | 30.5
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Table V.22. Relative humidity in the three buildings in summer.

Source: Author 2025.

Case study Ex.1: AL KHALIFA Ex.2: Public Library Ex.3: Zenith Constantine
Date | Hours | Pt.1 | Pt2 | Pt3 | Pt4 | Pt5 | Pt1 | Pt.2 | Pt.3 | Pt4 | Pt.1 | Pt2 | Pt3 | Pt4 | Pt.5
07:00 | 28,3 | 43,5 | 38,1 | 41,7 | 37,5 | 23,6 | 64,2 | 188 | 252 | 44 22,4 | 36,4 | 30,1 | 25,1
08:00 | 28.5 | 44.5 | 38.7 | 41.5 | 37.9 | 23.7 | 64.1 | 19.1 | 254 | 43.6 | 224 | 36.3 | 29.1 | 25
09:00 | 28.6 | 47 41.1 | 41.7 | 37.7 | 23.8 | 63.4 | 193 | 254 | 43.4 | 224 | 36.2 | 27.2 | 24.7
10:00 | 29.9 | 46.3 | 39.2 | 42.1 | 37.7 | 23.7 | 57.2 | 194 | 25.6 | 43.7 | 22.5 | 359 | 224 | 242
b 11:00 | 30.4 | 46.3 | 40 424 | 373 | 244 | 563 | 19.1 | 25.8 | 43.5 | 22.3 | 36 19.2 | 22.2
§ 12:00 | 30.5 | 42.8 | 42 424 | 36.1 | 252 | 55.6 | 182 | 254 | 433 | 242 | 373 | 189 | 19.7
® 13:00 | 30.9 | 42.8 | 42.6 | 42 35.1 | 253 | 54.6 | 16.5 | 25 42 246 | 383 | 163 | 189
Q 14:00 | 31 372 | 434 | 40.2 | 34.6 | 24.7 | 54 13.6 | 24.6 | 40 2441 40.8 | 134 | 17.1
- 15:00 | 31.3 | 37.1 | 403 | 39.4 | 33.9 | 19.8 | 53.6 | 12.7 | 242 | 39.7 | 30.2 | 43.7 | 124 | 17
16:00 | 31.7 | 38.1 | 30.4 | 382 | 332 | 189 | 52.8 | 11.3 | 248 | 37.7 | 349 | 45.6 | 15.6 | 16.3
17:00 | 31.2 | 39.1 | 33.5 | 388 | 33.9 | 174 | 523 | 11.2 | 26.1 | 40 37 473 | 203 | 223
18:00 | 30.6 | 42.2 | 35.8 | 409 | 364 | 17.8 | 52.1 | 11.1 | 289 | 39 382 | 479 | 22.5 | 26.8
19:00 | 28.5 | 43.8 | 41.1 | 42.1 | 36.5 | 183 | 504 | 11.4 | 299 | 39.5 | 38.3 | 48.1 | 23.8 | 28.6
07:00 | 45,6 | 26,5 | 52,4 | 36 45,3 | 16,7 | 48.1 | 37,6 | 28,2 | 39,2 | 46 574 | 324 | 31,2
08:00 | 31 26 514 | 35.8 | 469 | 174 | 48.4 | 37 28.6 | 39.6 | 46.3 | 57.6 | 31.2 | 27.5
09:00 | 30 252 | 522 | 358 | 50.6 | 17.5 | 483 | 37.4 | 29.1 | 394 | 463 | 57.5 | 29.8 | 26.1
10:00 | 27.5 | 253 | 519 | 36.1 | 50.8 | 18.8 | 48.4 | 38 29.6 | 40 46.7 | 57.7 | 255 | 25
hae 11:00 | 28.9 | 24.2 | 51 36.1 | 524 | 19.8 | 484 | 379 | 304 | 38.6 | 449 | 573 | 224 | 24
§ 12:00 | 30.3 | 23.5 | 52.6 | 35.6 | 52.7 | 20.1 | 484 | 379 | 28.7 | 433 | 444 | 56.6 | 20.6 | 23
® 13:00 | 33 252 | 52.8 | 352 | 52.4 | 20.2 | 48 384 | 272 | 47.1 | 419 | 53.7 | 19.7 | 23.6
- 14:00 | 33.5 | 254 | 52.6 | 32.6 | 50.9 | 19.9 | 483 | 37.6 | 25.7 | 50.3 | 32.2 | 52.5 | 20 214
- 15:00 | 35.6 | 25.2 | 55.5 | 31.3 | 51.6 | 19.2 | 47.6 | 36.6 | 27.5 | 52.3 | 37.8 | 51.6 | 20.5 | 20.3
16:00 | 35.6 | 26.1 | 55.2 | 30 52 19.2 | 46.5 | 37.4 | 30.2 | 54.6 | 35.6 | 50.1 | 21 19.9
17:00 | 38.3 | 27 55.7 | 33.1 | 53.6 | 19.9 | 45.8 | 40 31 552 | 339 | 483 | 234 | 275
18:00 | 39.2 | 309 | 56.2 | 355 | 53.5 | 21.4 | 45.7 | 42.3 | 30.5 | 56.4 | 32.6 | 47.3 | 23.5 | 26.9
19:00 | 51.6 | 31 60.5 | 36.1 | 53.6 | 23 45.8 | 43.5 | 30.8 | 54.7 | 32.1 | 46.7 | 25.7 | 28.2
07:00 | 36,1 | 31,5 | 47,8 | 61,5 | 63,8 | 20,3 | 44,5 | 47,6 | 33,9 | 64,5 | 43,7 | 46,9 | 29,9 | 27,5
08:00 | 36.2 | 31.7 | 484 | 61 62 204 | 435 | 473 | 33.8 | 64.7 | 43.2 | 46.8 | 29.5 | 26.6
09:00 | 36.9 | 33.7 | 49.2 | 60.3 | 61.3 | 21.8 | 44.6 | 47 329 | 64.7 | 42.8 | 46.7 | 29.3 | 25.6
10:00 | 39.9 | 343 | 37.6 | 60.2 | 60.9 | 23 446 | 46.8 | 334 | 63.2 | 423 | 46.6 | 29.1 | 24.8
b 11:00 | 38.2 | 33.4 | 36.6 | 60 59.8 | 24 449 | 47 335 | 61.3 | 42.1 | 48.8 | 30 229
§ 12:00 | 37.5 | 29.5 | 41.6 | 59.6 | 57 242 | 45 464 | 33.6 | 61.9 | 40.5 | 423 | 30.6 | 21.3
® 13:00 | 34.8 | 28.1 [ 414 | 572 | 545 | 22.8 | 45 445 | 34.1 | 594 | 38.8 | 40.5 | 309 | 193
= 14:00 | 33.3 | 274 | 422 | 55.7 | 54.7 | 21.3 | 45 42.7 | 33 56.1 | 37.8 | 38.1 | 309 | 18.8
- 15:00 | 33.3 | 28.5 | 38.5 | 56.6 | 555 | 21.5 | 44 40.3 | 319 | 54 36.7 | 374 | 31 18.2
16:00 | 344 | 333 | 352 | 582 | 60.1 | 23.3 | 43.7 | 404 | 34.1 | 51.5 | 35.6 | 37.1 | 39.3 | 17.1
17:00 | 36.1 | 554 | 333 | 442 | 64.6 | 24.6 | 44 41.7 | 36.6 | 49.6 | 36.2 | 362 | 37.6 | 224
18:00 | 354 | 513 | 354 | 41.6 | 654 | 249 | 434 | 422 | 392 | 49.6 | 37.6 | 34.7 | 39.2 | 24.1
19:00 | 35.2 | 54.2 | 33.9 | 43.7 | 653 | 249 | 41.8 | 42.7 | 39.6 | 48.6 | 37.5 | 34.6 | 44.5 | 24.6

During the summer, the ideal comfort zone temperature, ranging from 25°C to 30°C, is
attained in the VIP hall, the performance room and conference room of “Ex.1”, as well as in
the conference room and children's reading room of “Ex.2”, and in the performance hall of

the third building, “Ex.3”.
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Relative humidity is generally comfortable in the three buildings studied, except in the
children's reading room (Pt. 1), where the environment is a little dry (below 20% at certain

times of the day) and in the gathering hall (Pt. 5) of the performance hall.

The areas featuring facades of double-glazed curtain walls facing south, east, or west
experienced a greenhouse effect due to insufficient ventilation within the building, as users
tend to close all openings to activate the air conditioning system (“Ex.2” and “Ex.3”). In

contrast, spaces oriented towards the north maintain comfortable temperatures, as proved in

“Ex.1”.

It is observed that completely enclosed spaces without openings are more comfortable
compared to the others during the summer season. These spaces are characterized by double-

skin facades, with the exterior layer made of terracotta panels.

The data collected from the three buildings show that the DSF produces a large temperature
difference between the inside and outside throughout the summer. The difference is around
22°C in the cultural palace “Ex.1”, 12.5°C in the public library “Ex.2”, and 16°C in the

performance hall “Ex.3”.

V.5 Conclusion

In this chapter, which was devoted to the results and discussion of in situ measurements, the
first part was the presentation and discussion of the results for the winter period, followed
by summary tables and observations. Then, the second part was the discussion of the results

for the summer period, also followed by summary tables with observations.

Analysis and comparison of the results of the measured climate parameters (T/ex, T/in, RH,

S/air) shows that

e The DSF increases the temperature differential between the inside and outside
environments by up to 16°C in winter and 22°C in summer.

e The DSF’s performance is influenced by the kind of building material and its
orientation.

e When a material is oriented differently, its performance changes.

e In the cases studied, DSFs combined with double-glazed curtain walls are effective
in winter, especially when south-facing, and provide thermal comfort without the
need for a heating system. Conversely, in summer, they provide a greenhouse effect

because of inadequate ventilation.
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e Spaces featuring ‘DSF’ with terracotta panels are more comfortable than others in
summer.

e The spaces with less opening have a more comfortable temperature than the others,
especially in summer.

e “DSF” provides significant energy savings.

e The way the space is used significantly affects the effectiveness of the “DSF”,
because it influences the ventilation, which is an essential point in the “DSF’s”

functioning.
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CHAPTER VI

RESULTS AND DISCUSSION

VI.1 Introduction
This chapter presents the results and discussions obtained from the second method used,

namely the questionnaire survey.

The first section of this chapter is dedicated to presenting the findings from the questionnaire
survey, which serves to enhance the credibility of the in-situ measurement results. The

gathered data will be analysed using Excel software.

The second part is reserved for observations made following the results obtained in the three

buildings studied.

V1.2 Palace of Culture

VI.2.1 General information
The age and the gender of the respondents must be required to obtain more faithful results.

Based on the results obtained from the data in this first building studied, men represented
64% of respondents in terms of gender, and in terms of age, 15.8% were under 25, 15.8%
were between 25 and 30, 27.3% were between 30 and 40, 22.8% were between 40 and 50,

16% between 50 and 60, and only 2.3% were over 60 years old.

Table VI.1. Gender of the respondents in the palace of culture “Ex.1”.

Source: Author 2025.

Gender Male

63.6

Female

36.4

Percentage (%)

Table VI.2. Age of the respondents in the palace of culture “Ex.1”.

Source: Author 2025.

-25
15.8

25-30
15.8

30-40
273

40 -50
22.8

50 - 60
16

+60
2.3

Percentage
(%)

The participants are distributed throughout the building as follows: 61.4% are in the large
exhibition hall at the main public entry, 18.2% are in the first-floor conference room, 11.3%

are in the hall at the entrance of the VIP lounge, and 9.1% are in the distribution hall.
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Table VI.3. Emplacement of the respondents in the palace of culture

Source: Author 2025.

“Ex.1”.

Emplacement

“Pt.1”

“Pt.2”

“Pt.3

“Pt.5”

Percentage (%)

61.4

9.1

11.3

18.2

VI1.2.2 Hall of the main public entrance

V1.2.2.1 General information

In the vast exhibition hall at the primary public entry to the performance room, 70.4% of
those polled were men, while 29.6% were women. 26% are between 30 and 40 years old,

22% are under 25, 18.5% are between 25 and 30, 15% are between 40 and 50, 15% are

between 50 and 60, and 3.8% are above 60.

Furthermore, according to the numbers below, around 60% of respondents have a clothing
level of 0.4 Clo, 22% have a level of 0.6 Clo, 11% have a level of 0.3 Clo, and 7% have a
level of 0.5 Clo. In terms of activity level, 33% said 2 MET, 30% said 1.4 MET, 22% said

1.6 MET, and 15% said 1.2 MET.

Table VI.4. Gender of the respondents in the hall of the main public entrance “Pt.1”.

Source: Author 2025.

Gender

Male

Female

Percentage (%)

70.4

29.6

Table V1.5. Age of the respondents in the hall of the main public entrance “Pt.1”.

Source: Author 2025.

-25 25-30 30-40 40 -50 50 - 60 +60

Male (%) 18.5 14.8 14.8 7.4 11.1 3.8
Female (%) 3.7 3.7 11.1 7.4 3.7 0
Total (%) 222 18.5 259 14.8 14.8 3.8
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Clothing insulation
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Figure VI1. Clothing insulation of the respondents in the hall of the main public entrance “Pt.1”.

Source: Author 2025.
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Figure VI.2. Metabolic rate of the respondents in the hall of the main public entrance “Pt.1".

Source: Author 2025.
V1.2.2.2 Thermal comfort evaluation
e Thermal sensation

According to the statistics, 33% of respondents were feeling fresh, 30% were feeling slightly
fresh, 26% were feeling neutral, and 11% were experiencing cold. In the summer, 30% feel

slightly warm, 26% feel warm, 18% feel hot, and 26% feel neutral.
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Thermal sensation
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Figure VI.3. Thermal sensation of respondents in the hall of the main public entrance “Pt.1"”".

Source: Author 2025.

e Comfort

Based on the graph, in winter, 44.5% of participants said the space was just uncomfortable,
25.9% said it was uncomfortable, 3.7% said it was very uncomfortable, and just 3.7% said
it was comfortable. In the summer, 48% find that the space is just comfortable, 19% find it

comfortable, 22% think it is just uncomfortable, and 11% find it uncomfortable.

Comfort
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=
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Very comfortable Comfortable  Just comfortable Just Uncomfortable Very
uncomfortable uncomfortahle

Figure VI.4. Thermal comfort according to respondents in the hall of the main public entrance “Pt.1”".

Source: Author 2025.

e Thermal preference

In winter, 44.4% of interviewees in this space prefer to have it a little warmer, 40.8% prefer

to have it warmer, and 7.4% prefer to have it much warmer, while 7.4% are neutral. In

summer, 44.4% prefer to have it cooler, 44.4% prefer to have it cooler, and 11.2% are

neutral.

177



CHAPTER VI

RESULTS AND DISCUSSION

Thermal preference
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Figure VI.5. Thermal Preference of respondents in the hall of the main public entrance “Pt.1".

Source: Author 2025.

e Thermal environment acceptability

The thermal conditions in this space are considered "just unacceptable” by 48% of users
during the winter season, with 26% deeming them unacceptable, 18.5% finding them just
acceptable, and 7.5% remaining neutral. In contrast, 78% of respondents regard the thermal
environment as satisfactory (just acceptable) in the summer, while 11% view it as very

unacceptable, 7% as just unacceptable, and 4% as neutral.

Thermal environment acceptability

%0 = Winter = Summer

778
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Figure VI.6. Thermal environment acceptability of respondents in the main public entrance hall “Pt.1”.

Source: Author 2025.

e Satisfaction

The majority, with 66.7% of those surveyed, find the thermal environment usually

unsatisfactory in the winter, whereas 89% find it generally satisfactory in the summer.
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According to the poll, the thermal environment in the hall of the main public entrance is

more comfortable in the summer than in the winter.

Satisfaction

W Winter N Summer

388

Yes Neo
Figure VI.7. Thermal satisfaction in the hall of the main public entrance “Pt.1".

Source: Author 2025.

V1.2.3 The hall of distribution

V1.2.3.1 General information

In the modest exhibition space, known as the distribution hall, the participant consists of
50% men and 50% women. Among these individuals, 50% fall within the age range of 30 to
40 years, 25% are aged between 40 and 50 years, and the remaining 25% are between 25

and 30 years.

The graphical data reveal that in the winter season, 50% of participants show a clothing
insulation level of 1.2 Clo, while 25% indicate a level of 1.1 Clo, and the remaining 25%
report a level of 1.0 Clo. Conversely, in the summer season, 50% of respondents exhibit a
clothing insulation level of 0.4 Clo, with 25% at 0.5 Clo and another 25% at 0.6 Clo. In terms
of metabolic activity, 50% of participants indicated an activity level of 1.6 MET, 25%
reported 1.2 MET, and the remaining 25% noted a level of 2.0 MET.

Table VI1.6. Gender of the respondents in the hall of distribution "Pt.2".

Source: Author 2025.

Gender Male Female

Percentage (%) 50 50
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Table VI.7. Age of the respondents in the hall of distribution "Pt.2".

Source: Author 2025.

-25 25-30 30-40 40 -50 50 - 60 +60
Male (%) 0 25 0 25 0 0
Female (%) 0 0 50 0 0 0
Total (%) 0 25 50 25 0 0
Cloyhing insulation
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Figure V1.8. Clothing insulation of the respondents in the hall of distribution "Pt.2".

Figure V1.9. Metabolic rate of the respondents in the hall of distribution "Pt.2".

Percentage (%)
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Source: Author 2025.

Metabolic rate
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25

1,2 Met

30

1.6 Met

Source: Author 2025.

VI1.2.3.2 Thermal comfort evaluation

e Thermal sensation

0

2 Met

According to the data collected, 50% of participants report feeling slightly fresh, and 50%

report feeling fresh throughout the winter. 50% of people feel neutral, 25% are somewhat

warm, and 25% are warm during the summer.

180




CHAPTER VI = RESULTS AND DISCUSSION

Thermal sensation
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Figure VI.10. Thermal sensation of the respondents in the hall of distribution "Pt.2".

Source: Author 2025.

e Comfort

In winter, half of the participants feel the space is thermally uncomfortable, 25% just
uncomfortable, and 25% just comfortable. In the summer, 50% find it comfortable, 25% find
it just comfortable, and 25% find it just uncomfortable.

Comfort
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Figure VI.11. Thermal comfort according to respondents in the hall of distribution "Pt.2".

Source: Author 2025.

e Thermal preference

According to the replies, in the winter, 50% like it to be slightly warmer, 25% prefer it to be
warmer, and 25% prefer it to be much warmer. In the summer, 50% are neutral, 25% prefer

it slightly colder, and 25% prefer it colder.
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Thermal preference
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Figure VI.12. Thermal preference of the respondents in the hall of distribution "Pt.2".

Source: Author 2025.

e Thermal environment acceptability

During winter, 50% of survey participants consider the thermal environment in this space to
be totally unacceptable, 25% consider it unacceptable, and 25% consider it just acceptable.

During summer, 75% consider it acceptable, while 25% are neutral.

Thermal environment acceptability
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Figure VI.13. Thermal environment acceptability by the respondents in the hall of distribution "Pt.2".

Source: Author 2025.

e Thermal satisfaction

All users who participated in our survey are satisfied with the thermal environment in

summer, but in winter only 25% are satisfied and 75% are dissatisfied.

To summarize, the thermal environment in the distribution hall (Pt.2) is more comfortable

in the summer than in the winter.
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Satisfaction

m Winter = Summer
100

100
90

80

60

50

Percentage (%)

30

20
10
0

Yes No

Figure VI.14. Thermal satisfaction in the hall of distribution "Pt.2".

Source: Author 2025.

VI1.2.4 Hall of the VIP lounge entrance

V1.2.4.1 General information

In the third exhibition hall located northeast at the entrance to the main hall, 60% of survey

participants are men. 40% are between 30 and 40 years old, 20% are under 25, 20% are
between 40 and 50, and 20% are between 50 and 60.

The winter clothing insulation among the participants is as follows: 40% have 1 Clo, 20%
have 1.1 Clo, and 40% have 1.2 Clo. During the summer, the distribution is 40% at 0.4 Clo,
20% at 0.3 Clo, 20% at 0.5 Clo, and 20% at 0.6 Clo. Their metabolic rate is recorded as 1.6
MET for 40%, 1.2 MET for 20%, 1.4 MET for 20%, and 2 MET for 20%.

Table VI.8. Gender of the respondents in the hall of the VIP lounge entrance "Pt.3".

Source: Author 2025.

Gender Male Female

Percentage (%) 60 40

Table VI.9. Age of the respondents in the hall of the VIP lounge entrance "Pt.3".

Source: Author 2025.

25 25-30 30-40 40 -50 50 - 60 +60
Male (%) 20 0 20 0 20 0

Female (%) 0 0 20 20 0 0
Total (%) 20 0 40 20 20 0
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Clothing insulation
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Figure VI.15. Clothing insulation of the respondents in the hall of the VIP lounge entrance “Pt.3”.

Source: Author 2025.
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Figure VI.16. Metabolic rate of the respondents in the hall of the VIP lounge entrance “Pt.3”.

Source: Author 2025.

VI1.2.4.2 Thermal comfort evaluation
e Thermal sensation

During the winter season, 40% of participants say they feel a little cold, 40% say they feel
cold, and 20% feel very cold. During the summer season, 80% say they feel neutral, and

20% say they feel slightly warm.
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Figure VI.17. Thermal sensation of the respondents in the hall of the VIP lounge entrance “Pt.3”.

Source: Author 2025.

e Comfort

Concerning thermal comfort, 20% of participants find the area just comfortable, 40% find it
just uncomfortable, and 40% find it uncomfortable during the winter. 40% find it

comfortable, and 60% find it just comfortable in the summertime.
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Figure VI.18. Thermal comfort according to respondents in the hall of the VIP lounge entrance “Pt.3”.

Source: Author 2025.

e Thermal preference

40% of participants prefer to have a slightly warmer environment during winter, 40% prefer
to have a warmer setting, and 20% prefer to feel much warmer. In summer, 20% prefer to

have a slightly cooler environment, while 80% prefer that the thermal conditions remain

unchanged.
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Figure VI.19. Thermal preference of the respondents in the hall of the VIP lounge entrance “Pt.3”.

Source: Author 2025.

e Thermal environment acceptability

In winter, 40% of respondents consider the thermal environment to be totally unacceptable,
40% consider it just unacceptable, and only 20% consider it just acceptable. In summer,

however, 80% consider it just acceptable, and 20% consider it totally acceptable.
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Figure VI.20. Thermal environment acceptability by the respondents in the VIP lounge entrance hall “Pt.3”.
Source: Author 2025.
e Thermal satisfaction

The entire participant group is satisfied with the thermal environment in this space during

the summer, but in contrast to the winter, only 20% are satisfied, while 80% are dissatisfied

with this environment.

The hall of the VIP lounge entrance is comfortable in summer, not in winter, as indicated by
the survey results.
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Figure VI.21. Thermal satisfaction in the hall of the VIP lounge entrance “Pt.3”.

Source: Author 2025.

V1.2.5 The conference room
V1.2.5.1 General information

On the first floor, in the conference room, 50% of the respondents are men, while the rest
are women. Among these individuals surveyed, 62.5% fall within the age range of 40 to 50

years, 25% are aged between 50 and 60 years, and 12.5% are between 25 and 30 years.

The winter clothing insulation among responders is 1.2 Clo for 75%, 1.1 Clo for 12.5%, and
0.9 Clo for 12.5%. In the summer, it is 0.6 Clo for 50%, 0.5 Clo for 12.5%, and 0.4 Clo for
37.5%. In terms of metabolic rate, 50% of responders have 1.6 MET, whereas the other 50%
have 2 MET.

Table VI.10. Gender of the respondents in the conference room "Pt.5".

Source: Author 2025.

Gender Male Female

Percentage 50 50

Table VI.11. Age of the respondents in the conference room “Pt.5”.

Source: Author 2025.

-25 25-30 30-40 40-50 50 - 60 +60
Male (%) 0 12.5 0 25 12.5 0
Female (%) 0 0 0 37.5 12.5 0
Total (%) 0 12.5 0 62.5 25 0

187



~ CHAPTERVI = RESULTS AND DISCUSSION

Clothing insulation

uWnter = Sunmer

_
s
g 30
£
20
10
00 0 0 0 0 0 o 0 0
0

03Cl 04Cl 05Cl 06Clo 09Cl 10Cl 11Ch 12Ch
Figure V1.22. Clothing insulation of the respondents in the conference room “Pt.5”.

Source: Author 2025.
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Figure VI.23. Metabolic rate of the respondents in the conference room “Pt.5”.

Source: Author 2025.

V1.2.5.2 Thermal comfort evaluation

e Thermal sensation

In winter, 50% of participants report that it is extremely cold in this space, while 25% say it
is cold, 12.5% describe it as fresh, and another 12.5% find it slightly fresh. During the
summer, 62.5% feel that it is very hot, 12.5% consider it warm, 12.5% perceive it as slightly

warm, and 12.5% remain neutral.

188



CHAPTER VI = RESULTS AND DISCUSSION

Thermal sensation

mWinter = Summer

Percentage (%)
ks b o L
oos Loa O

—
[P

125 125 125
0 00 0 0 0 [} 0 0

0
Very hot Hot ‘Warm Slightly ~ Nemtral Slightly Fresh Cold Very cold

warm fresh

Figure VI.24. Thermal sensation of the respondents in the conference room “Pt.5”.

Source: Author 2025.

e Comfort

Regarding thermal comfort in this ‘Pt.5 space, it is very uncomfortable in both winter and
summer for 62.5% of respondents, uncomfortable for 25% in winter and 12.5% in summer,

just uncomfortable in winter for 12.5%, just comfortable in summer for 12.5%, and

comfortable only in summer for 12.5%.
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Figure VI.25. Thermal comfort according to the respondents in the conference room “Pt.5”.

Source: Author 2025.

e Thermal preference

In winter, 75% of respondents prefer a warmer temperature, and 25% prefer it to be warmer.

In summer, 62.5% prefer a cooler temperature, 25% prefer it to be a little cooler, and 12.5%

prefer it to remain unchanged.
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Thermal preference
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Figure V1.26. Thermal preference of the respondents in the conference room “Pt.5”.

Source: Author 2025.

e Thermal environment acceptability

The thermal environment in winter is unacceptable, as 75% of participants find it totally
unacceptable and 25% find it just unacceptable. In summer, 62.5% consider it totally

unacceptable, 12.5% consider it just unacceptable, 12.5% find it just acceptable, and 12.5%
find it acceptable.

Thermal environment acceptability
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Figure V1.27. Acceptability of the thermal environment by the respondents in the conference room “Pt.5”.

Source: Author 2025.

e Thermal satisfaction

In summer, 62.5% of survey participants are satisfied with the temperature in the conference

room, whereas in winter, all respondents are dissatisfied with these conditions.

The conference room experiences thermal conditions that are somewhat comfortable during

the summer, yet completely uncomfortable in the winter.
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Figure VI.28. Thermal satisfaction in the conference room “Pt.5”.

Source: Author 2025.

VI.3 Public Library of Constantine

V1.3.1 General information

To acquire reliable findings, the participants' gender and age have to be determined.
According to the data, women account for 73% of respondents. In terms of age, 51.9% of

the population is under 25, 33% are between 25 and 30, 13.2% are between 30 and 40, and

just 1.9% are between 40 and 50.

Participants are dispersed as follows among the three study areas: The main reading room

has 47.2% of the total, the secondary reading room has 46.2%, and the children's reading

room has 6.6%.

Table VI.12. Gender of the participants in the public library.

Source: Author 2025.

Gender Male Female
Percentage (%) 27 73
Table VI.13. Age of the respondents in the public library.
Source: Author 2025.
-25 25-30 30-40 40 - 50 50 - 60 +60
Percentage (%) 51.9 33 13.2 1.9 0 0
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Table VI.14. Emplacement of the respondents in the public reading room.

Source: Author 2025.

Emplacement

Main reading room

Secondary reading room

Children’s reading room

Percentage (%)

47.2

46.2 6.6

VI1.3.2 The main reading room

V1.3.2.1 General information

The majority of responses in the main reading room (78%) are from women. 58% of the

respondents are under 25 years old, 30% are in the 25-30 age range, and 12% are in the 30—

40 age range.

Table VI.15. Gender of the respondents in the main reading room “Pt.4”.

Source: Author 2025.

Gender

Male

Female

Percentage (%)

78

22

Table VI.16. Gender of the respondents in the main reading room “Pt.4”.

Source: Author 2025.

-25 25-30 30-40 40 -50 50 - 60 +60
Male 10 8 4 0 0 0
Female 48 22 8 0 0 0
Total 58 30 12 0 0 0
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Figure VI.29. Clothing insulation of respondents in the main reading room “Pt.4”.

Source: Author 2025.
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Figure VI.30. Metabolic rate of respondents in the main reading room “Pt.4”.

Source: Author 2025.

V1.3.2.2 Thermal comfort evaluation

e Thermal sensation

As the Figure shows, 50% of people using the space in winter feel neutral (neither hot nor
cold), 18% feel slightly cold, 14% feel slightly hot, and 6% feel cold. During the summer,

44% of users report feeling neutral, 16% slightly warm, 14% warm, 10% hot, and 8% very
hot.

As a result, most respondents feel neither hot nor cold in the winter (50%) and are neutral or

even a little hot (22%). In the summer, most users are more or less hot (48%) and neutral
(44%).
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Figure V1.31. Thermal sensation of respondents in the main reading room.

Source: Author 2025.
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e Comfort
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Figure VI1.32. Thermal comfort according to respondents in the main reading room.

Source: Author 2025.

As illustrated in the figure above, a majority of users experience comfort during winter, with
68% expressing this sentiment. Following closely, 10% report feeling extremely
comfortable, while 8% indicate they feel either just comfortable or just uncomfortable. A
mere 6% of users report feeling uncomfortable. During the summer months, 52% of users
claim to feel comfortable, with 22% stating they are just comfortable. Additionally, 10% feel

very uncomfortable, 6% are just comfortable, and 4% express discomfort.

e Thermal preference
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Figure V1.33. Thermal preference of respondents in the main reading room.

Source: Author 2025.

During the winter season, 58% of the users of this space prefer to maintain the existing
thermal conditions, 28% opt for a slight increase in warmth, 10% desire a warmer
environment, and 4% would like to experience slightly cooler temperatures. In the summer,
44% of users wish for no changes, 34% prefer a slight decrease in temperature, 18% favour

a cooler atmosphere, and 4% seek a significantly cooler environment.
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Thus, in winter, the majority of users favour maintaining the existing conditions, whereas in

summer, a larger portion (56%) prefers a cooler environment compared to the 44% who wish

for no changes.
e Thermal environment acceptability

In the winter, 44% of respondents find the thermal environment acceptable, 26% are neutral,
16% say it is completely acceptable, 12% find it unacceptable, and 2% find it absolutely
unacceptable. In the summer, 40% find the temperature environment acceptable, 34% are

neutral, 22% find it completely acceptable, and 4% find it unacceptable.
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Figure V1.34. Thermal environment acceptability by respondents in the main reading room.

Source: Author 2025.

e Satisfaction

In both summer and winter, the data indicates that most users are typically satisfied with the
thermal climate in the main reading room. The majority is represented by 88% in the winter

and 78% in the summer. They are more satisfied in winter than in summer.
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Figure VI1.35. Thermal satisfaction in the main reading room.

Source: Author 2025.
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VI1.3.3 The secondary reading room

V1.3.3.1 General information

In this secondary reading room, 67% of the respondents are female, while 33% are male.

Among those surveyed, 49% are below the age of 25, 37% fall within the 25-30 age bracket,
and 14% are in the 3040 age category.

Table VI.17. Thermal satisfaction in the main reading room “Pt.3”.

Source: Author 2025.

Gender
Percentage (%)

Male
33

Female
67

Table VI.18. Age of respondents in the secondary reading room “Pt.3”.

Source: Author 2025.

-25 25-30 30-40 40 - 50 50 - 60 +60
Male 18.3 8.2 6.1 0 0 0
Female 30.6 28.6 8.2 0 0 0
Total 48.9 36.8 14.3 0 0 0

V1.3.3.2 Thermal comfort evaluation

According to data, in winter, 45% of respondents are neutral, 21% feel fresh, 12% feel
slightly fresh, while 14% have slightly warm and 8% feel warm. In summer, 39% are neutral,
16% have slightly warm, 16% feeling warm, 4% feel hot and 4% have very hot, while 14%
have slightly fresh and 6% feel fresh.
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Figure VI1.36. Thermal sensation of respondents in the secondary reading room “Pt.3”.

Source: Author 2025.
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e Comfort

During the winter, 63.3% of users consider the space to be comfortable, while 14.2% regard
it as just comfortable. Additionally, 10.2% believe it to be very comfortable, 8.2% perceive
it as just uncomfortable, and 4% find it uncomfortable. In the summer, 55.2% of users think
the space is comfortable, 18.3% find it just comfortable, and 10.2% consider it very
comfortable. Furthermore, 10.2% find it just uncomfortable, 4.1% are very uncomfortable,

and 2% deem it uncomfortable.
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Figure V1.37. Thermal comfort according respondents in the secondary reading room “Pt.3”.

Source: Author 2025.

e Thermal preference

During the winter, 45% of users express a desire for the thermal conditions of the space to
remain constant, while 35% would prefer a slight increase in warmth. Additionally, 18%
seek a warmer environment, and a mere 2% wish for a notable decrease in temperature. In
the summer, 46.9% of users favour no alteration in temperature, 37% desire a slight chill,
8% would like it to be cooler, 2% prefer a significant drop in temperature, and 6% would

opt for a slight increase in warmth .

Consequently, the majority of users indicate a preference for warmer temperature conditions
throughout the winter season. During the summer, those who favour cooler temperatures and

those who advocate for stable temperatures are equally represented.
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Figure V1.38. Thermal preference respondents in the secondary reading room “Pt.3”.

Source: Author 2025.

e Thermal environment acceptability

According to the data, during the winter, 32.7% of respondents find the thermal environment
just adequate, 30.6% find it very acceptable, 26.5% are neutral, and 10.2% find it just
intolerable. In the summer, 34.8% find the thermal environment completely acceptable,

32.6% find it neutral, 22.4% find it barely tolerable, and 10.2% find it extremely undesirable.

Thermal environment acceptability

.
=

L
o

= Winter

34,8
32,6 Summer
22,4
B 10,2
0 0
0

Totally acceptable Just acceptable Neuftral Just unacceptable Totally
unacceptable

Percentage (%)
e s w
2 5B BB

w

Figure V1.39. Thermal environment acceptability by respondents in the secondary reading room “Pt.3”.

Source: Author 2025.

e Satisfaction

As shown in the graph, the thermal environment in this secondary reading room is deemed
satisfactory by 80% of users during the winter season. Additionally, a significant majority

(78%) express thermal satisfaction throughout the summer months.
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Figure V1.40. Thermal satisfaction in the secondary reading room

VI1.3.4 Children’s reading room

V1.3.4.1 General information

In this space, designated as the children's reading room, the individuals surveyed were
predominantly the companions of the children and those accountable for their care.
According to the statistics, the majority of respondents (71%) were female. 28.5% of

respondents were under 25, 28.6% were between 25 and 30, 14.3% were between 30 and 40,

Source: Author 2025.

and 28.6% were between 40 and 50 years old.

Winter clothing insulation is 1.2 Clo for 57% of responders and 1 Clo for 43%. During the
summer, 0.5 Clo accounts for 57%, 0.7 Clo for 28.5%, and 0.4 Clo for 14.5%. In addition,
71.4% of respondents reported a metabolic rate of 1.2 MET, whereas 28.6% reported a rate

of 2 MET.

“Pt.3".

Table VI.19. Gender of respondents in the children’s reading room “Pt.1".

Source: Author 2025.

Gender

Male

Female

Percentage (%)

29

71

Table V1.20. Age of respondents in the children’s reading room “Pt.1”.

Source: Author 2025.

-25 25-30 30-40 40 - 50 50 - 60 +60
Male 0 143 0 14.3 0
Female 28.5 14.3 14.3 14.3 0
Total 28.5 28.6 14.3 28.6 0

199




CHAPTER VI

RESULTS AND DISCUSSION

Clothing insulation
uWinter ® Summer

2

572

Percentage (%)
= & 2

=

143

—
=

0.4 Clo 0.5 Clo 0.7 Clo 1Clo 12Clo
Figure VI.41. Clothing insulation of respondents in the children’s reading room “Pt.1".

Source: Author 2025.
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Figure VI.42. Metabolic rate of respondents in the children’s reading room “Pt.1".

Source: Author 2025.

V1.3.4.2 Thermal comfort evaluation

e Thermal sensation

As seen in the figure, in the winter, 28.5% of respondents answer neutrally, with 28.5%

feeling fresh, 14.3% feeling slightly fresh, 14.3% feeling very cold, and 14.3% feeling warm.

In the summer, the majority (71.4%) are neither hot nor cold, while 28.6% feel warm.
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Thermal sensation
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Figure VI.43. Thermal sensation of respondents in the children’s reading room “Pt.1”.
Source: Author 2025.

¢ Comfort

In the winter, 43% of respondents find the thermal environment comfortable, 28.5% find it
just comfortable, and 28.6% find it extremely uncomfortable. 71.4% find the place thermally
comfortable in the summer, 14.3% find it just comfortable, and 14.3% find it uncomfortable.

So, the space is thermally comfortable in summer more than in winter.
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Figure VI.44. Thermal comfort according to respondents in the children’s reading room “Pt.1”.

Source: Author 2025.

e Thermal preference

A notable percentage of users (43%) prefer somewhat warmer conditions in winter; 29%
want to maintain the current thermal environment; 14% favour warmer temperatures, and
another 14% choose much warmer settings. During summer, most participants (57%) prefer
a slightly cooler environment; 29% wish for no changes, while 14% desire a colder

atmosphere.
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Figure VI.45. Thermal preference of respondents in the children’s reading room “Pt.1”.

Source: Author 2025.

e Thermal environment acceptability

According to the statistics, in winter, 43% of respondents say the thermal environment is
just acceptable, 29% say it is completely unacceptable, 14% say it is just unacceptable, and
14% say it is entirely acceptable. During the summer, 43% think it is just fine, 29% think it
is very acceptable, 14% are indifferent, and 14% think it is totally unacceptable.

The thermal environment in this space is more acceptable in summer than in winter.
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Figure VI1.46. Thermal environment acceptability by respondents in the children’s reading room.

Source: Author 2025.

e Satisfaction

In the winter, 57% of those surveyed are content with the temperature conditions, whereas

in the summer, 86% are typically satisfied.

The respondents are more satisfied with the thermal environment in the summer than in the

winter.
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Figure VI.47. Thermal satisfaction in the children’s reading room.

Source: Author 2025.

V1.4 The performance hall “Zenith Constantine”

VI1.4.1.1 General information

The assessment for the third structure, the performance venue “Zenith Constantine”, was
exclusively carried out in the different levels of the primary hall throughout the summer
months, as there were no events taking place during the winter period when the questionnaire

was administered.

According to statistics, 61% of survey participants are women. 31% were aged between 30
and 40, 20% were under 25, 15% were aged between 25 and 30, 14% were aged between 50
and 60, 11% were over 60, and 9% were aged between 40 and 50.

54% of the participants were situated on the middle level of the hall (1st level), 35% were

positioned on the second level, and 11% were located on the ground floor (VIP level).

Table VI.21. Gender of respondents in the performance hall.

Source: Author 2025.

Gender Male Female

Percentage (%) 39 61

Table V1.22. Age of respondents in the performance hall.

Source: Author 2025.

-25 25-30 30-40 40 - 50 50 - 60 +60
Percentage (%) 20 15 31 9 14 11
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Table VI1.23. Emplacement of respondents in the performance hall.

Source: Author 2025.

Emplacement Level 0 (VIP) “Pt.1”

11

Level 1 “Pt.2”
54

Level 2 “Pt.3”
35

Percentage (%)

VI1.4.2 The ground floor of the performance hall
VI1.4.2.1 General information

In the VIP level on the ground floor, 67% of respondents were women. 34% of respondents
were aged between 30 and 40, 22% between 25 and 30, 22% between 50 and 60, and 22%

were over 60 years old.

Clothing insulation was 0.4 Clo for 78% of respondents, 0.3 Clo for 11%, and 0.6 Clo for
11%. And the metabolic rate was 1.2 Met for 44.4%, 1 Met for 33.3%, and 1.6 Met for 22.3%.

Table VI.24. Gender of respondents in the ground level of the performance hall “Pt.1".

Source: Author 2025.

Gender Male

Female

Percentage (%) 33 67

Table VI.25. Age of respondents in the ground level of the performance hall “Pt.1".

Source: Author 2025.

-25 25-30 30-40 40 - 50 50 - 60 +60
Male 0 0 12 0 11 11
Female 0 22 22 0 11 11
Total 0 22 34 0 22 22
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Figure VI1.48. Clothing insulation of respondents in the ground level of the performance hall “Pt.1".
Source: Author 2025.
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Figure V1.49. Metabolic rate of respondents in the ground level of the performance hall “Pt.1".
Source: Author 2025.
V1.4.2.2 Thermal comfort evaluation

e Thermal sensation

According to the figure below, the space is slightly fresh for 44.4% of the participants, and
it is fresh for 11.2%, while 44.4% are neutral.
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Figure VI.50. Thermal sensation of respondents in the ground level of the performance hall “Pt.1".

Source: Author 2025.
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e Comfort

The space is considered comfortable by 67% of respondents and just comfortable by 33%.

Therefore, this space is thermally comfortable in summer.
Comfort
Male mFemale wTotal

66.6

30 333 334

Percentage (%)
s "

333 334
20
10
0o 0 0 o 0o 0 0 o 0o 0 o 0o 0
0
Very Comfortable Just Just Uncomfortable Very
comfortable comfortable uncomfortable uncomfortable

Figure VI.51. Thermal comfort according to respondents in the ground level of the performance hall “Pt.1".

Source: Author 2025.

e Thermal preference

The majority of the respondents (67%) prefer that the thermal conditions in summer in this

space remain unchanged, while 33% prefer having slightly warmer temperatures.

Thermal preference
Male mFemale mTotal

66,6

60
-~ 30
I
<
g
o
2 30 334 333
B 334 333
20
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00 0 00 0 0 0 0 0 00 0 0 0 0
0
Much warmer warmer Slightly No change Slightly colder Colder Much colder

Figure VI.52. Thermal preference of respondents in the ground level of the performance hall “Pt.1”.

Source: Author 2025.

e Thermal environment acceptability

The thermal environment in the VIP level (level 0) is considered just acceptable by 56% of
participants and totally acceptable by 11%, while 33% of them are neutral.
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Thermal environment acceptability
Male Female Total
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Figure VI.53. Thermal environment acceptability by respondents in the ground level of the performance hall
“Pt.1”.

Source: Author 2025.

e Thermal satisfaction

The totality of the surveyed individuals is satisfied with the thermal conditions in this space.

Satisfaction
100

100

80

3

Percentage (%)

Yes No
Figure VI1.54. Thermal satisfaction in the ground level of the performance hall “Pt.1”.

Source: Author 2025.

V1.4.3 The first floor of the performance hall

V1.4.3.1 General information

In the first level of the performance hall, 67.4% of the attendees are women. 32.6% of the
respondents are under 25 years old, 25.5% fall within the age range of 30 to 40 years, 11.6%
are aged between 50 and 60 years, 11.6% are over 60 years old, 9.4% are between 40 and 50
years old, and 9.3% are between 25 and 30 years old.

44.2% of the participants have a clothing insulation value of 0.4 Clo, while 25.6% have 0.6
Clo, 18.6% have 0.5 Clo, and 11.6% are at 0.3 Clo. In terms of metabolic rate, 60.5% are at
1 Met, 28% at 1.2 Met, 9% at 1.4 Met, and 2.5% at 2 Met.
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Table VI.26. Gender of respondents in the first floor of the performance hall “Pt.2”.

Source: Author 2025.

Gender

Male

Female

Percentage (%)

32.6

67.4

Table V1.27. Age of respondents in the first floor of the performance hall “Pt.2”.

Source: Author 2025.

-25 25-30 30-40 40 -50 50 - 60 +60
Male 9.3 0 9.3 4.7 4.7 4.7
Female 23.3 9.3 16.2 4.7 6.9 6.9
Total 32.6 9.3 25.5 9.4 11.6 11.6
Clothing insulation
a5 Male mFemale mTotal
442
40
35
30
g 279
b 256 256
'-5 20
E 15 163 2
10 116 116
- 93
3 7
23
0
0.3 Clo 0.4 Cle 0.5 Clo

Figure VI.55. Clothing insulation of respondents in the first floor of the performance hall “Pt.2”.

30

Percentage (%)

46.5

1 Met

Source: Author 2025.

Metabolic rate
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219
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23 B
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Figure VI.56. Metabolic rate of respondents in the first floor of the performance hall “Pt.2".
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V1.4.3.2 Thermal comfort evaluation

e Thermal sensation

21% of participants at the first level feel that it is slightly fresh, 14% report that it is slightly

warm, 9.4% indicate that it is warm, 2.3% feel hot, and another 2.3% find it fresh, while

51% of the participants remain neutral.

Thermal sensation
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& 372
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Very hot Hot ‘Warm Slightly ~ Newtral Slightly Fresh Cold Very cold
warm fresh

Figure VI.57. Thermal sensation of respondents in the first floor of the performance hall “Pt.2”.

Source: Author 2025.

e Comfort

60.5% of the respondents find the space thermally comfortable, 21% consider it very

comfortable, 9.3% regard it as just comfortable, and 9.2% perceive it as just uncomfortable.

Comfort

6 Male wFemale =Total

60

e 60,5

22

50
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&35
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220
B 209
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5 93 923
7 23 7 k] 0 0o 0 0 o 0
0
Very comfortable Comfortable  Just comfortable Just TUncomfortable Very
mmcomforable mcomfortable

Figure VI.58. Thermal comfort according to respondents in the first floor of the performance hall “Pt.2”.

Source: Author 2025.
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e Thermal preference

According to data, 30% of participants prefer slightly cooler temperatures, 14% prefer colder

temperatures, and 5% prefer slightly warmer temperatures, while 51% prefer the temperature

conditions to remain unchanged.

Thermal preference
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Figure VI.59. Thermal preference of respondents in the first floor of the performance hall “Pt.2”.

Source: Author 2025.

e Thermal environment acceptability

The thermal environment of this space is considered just acceptable by 46.6% of the

participants, completely acceptable by 35%, and just unacceptable by 4.6%, and

approximately 14% of the respondents are neutral.

Thermal environment acceptability
Male mFemale =Total

46,6

349
326

Percentage (%)
[
[
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209

o | H 14 132
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Figure VI.60. Thermal environment acceptability by respondents in the first floor of the performance hall
“Pt.2”.

Source: Author 2025.
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e Thermal satisfaction

The majority of the participants (98%) are satisfied with the thermal environment and the

thermal conditions in the first level of the performance hall.

Satisfaction
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Figure VI.61. Thermal satisfaction in the first floor of the performance hall “Pt.2”.

Source: Author 2025.

V1.4.4 The second floor of the performance hall

V1.4.4.1 General information

On the second level of the auditorium, half of the survey participants are men and the other
half are women. 39.4% of these participants are between 30 and 40 years old, 21.4% are
between 25 and 30 years old, 14.3% are between 50 and 60 years old, 7.1% are under 25

years old, and 7.1% are over 60 years old.

According to the statistics, clothing insulation is at 0.4 Clo for 36% of respondents, 0.5 Clo
for 28%, 0.6 Clo for 18%, 0.3 Clo for 11%, and 0.7 Clo for 7%. Additionally, the metabolic
rate is at 1 Met for 50% of respondents, 1.2 Met for 39%, 1.6 Met for 7%, and 2 Met for 4%.

Table V1.28. Gender of respondents in the second floor of the performance hall “Pt.3".

Source: Author 2025.

Gender Male Female

Percentage (%) 50 50
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Table VI.29. Age of respondents in the second floor of the performance hall “Pt.3”.

Source: Author 2025.

-25 25-30 30 - 40 40 - 50 50 -60 +60
Male (%) 0 7.1 17.9 7.1 10.7 7.1

Female (%) 7.1 14.3 21.5 3.6 3.6 0
Total (%) 7.1 214 39.4 10.7 14.3 7.1

Clothing insulation

Male wFemale wTotal
40
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30 321
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b
o

214
15 179 179

Percentage (%)
=

107 10,7
7.1 72 12

] 36 0 0
03 Clo 0,4 Clo 0,5 Clo 0,6 Clo 0,7 Clo
Figure VI.62. Clothing insulation of respondents in the second floor of the performance hall “Pt.3”.
Source: Author 2025.

Metabolic rate
Male ®Femsle ®Total

30

303

= &

321

n

Percentage (%)
=] !\) (Ve

1

4
179 179

s = i

7.1 7.1

0 36 0 36

]
1 Met 1.2 Met 1,6 Met 2 Met

Figure VI.63. Metabolic rate of respondents in the second floor of the performance hall “Pt.3”.

Source: Author 2025.

V1.4.4.2 Thermal comfort evaluation

e Thermal sensation

According to the responses regarding thermal sensation, 53.5% of respondents reported
feeling neutral, 32.2% felt slightly fresh, 10.7% felt a little warm, and 3.6% reported feeling

warm.
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Thermal sensation
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Figure VI.64. Thermal sensation of respondents in the second floor of the performance hall “Pt.3”.

Source: Author 2025.

¢ Comfort

As shown in the graph below, 71.4% of participants find the space comfortable, 21.4% find

it very comfortable, and 7.2% find it just comfortable. Therefore, according to all

participants, this space is comfortable.

Comfort
Male wmFemale mTotal
70 T4
65 :
60
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g
g 40
2 35
£ 35,7 35,7
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- 3.6.3.6. 72 0 0 0
0

Very comfortable Comfortable  Just comfortable Just

uncomfortable

0 0 0 0 0 0
Uncomfortable Very
uncomfortable

Figure V1.65. Thermal comfort according to respondents in the second floor of the performance hall “Pt.3”.

Source: Author 2025.

e Thermal preference

As seen, 57% of respondents prefer that the thermal conditions in this place remain without

changes, 39% prefer that it be slightly colder, and 4% prefer that it be a little warmer.
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Thermal preference
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Figure VI.66. Thermal preference of respondents in the second floor of the performance hall “Pt.3”.

Source: Author 2025.

e Thermal environment acceptability

The thermal environment is totally acceptable according to 50% of the contributors, it is just

acceptable by 36%, and 14% of them are neutral.

Thermal environment acceptability
Male wFemale wTotal
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s
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b
=
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Totally acceptable Just acceptable Neutral Just unacceptable Totally unacceptable

Figure V1.67. Thermal environment acceptability by respondents in the second floor of the performance hall
“Pt.3”.

Source: Author 2025.

e Thermal satisfaction

The majority of respondents who participated in the survey, represented by 96.4%, are

satisfied with the thermal environment in the second level of the performance hall.
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Satisfaction

964

Percentage (%)
2 =

&

3.6

Yes No
Figure VI.68. Thermal satisfaction in the second floor of the performance hall “Pt.3”.

Source: Author 2025.

V1.5 Discussion and observation

Based on the questionnaire survey, the thermal environment in winter is satisfactory for the
majority of respondents in the main reading room and secondary reading room of the public
library. However, in the palace of culture, the majority of respondents in the various spaces

are dissatisfied with the thermal environment.

Participants are generally pleased with the summer temperature conditions in the cultural
palace's different spaces, the public library's children's reading room, and the performance

hall.

According to the survey findings, respondents are most satisfied in the summer in the small
exhibition hall (distribution hall), the entrance hall of the VIP lounge of the cultural palace,
the children's reading room of the public library, and the 3,000-seat performance hall.

During the winter period, spaces with double-skin facades that have a high percentage of
openings are the most comfortable. Also, spaces with DSF with a south-facing curtain wall

are the most comfortable.

In summer, spaces with double-skin facades that are completely closed or have few openings
are considered more comfortable than others. Furthermore, spaces with a north-facing

curtain wall facade are comfortable, while those facing south or east are less comfortable.
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VI.6 Conclusion

This chapter focused on the second approach utilized, which was a questionnaire survey.
The findings were processed in Microsoft Excel and displayed as graphs and tables. First,
there was a presentation and discussion of the survey participants' results and replies in the
various regions of each building, followed by observations based on the reported data and a

conclusion.
Based on the replies and outcomes of this questionnaire survey, it was determined that:

e Spaces with DSFs that have few openings are comfortable in summer and
uncomfortable in winter, such as the children's reading room and the exhibition hall
of the cultural palace.

e In the summer, areas with DSFs that are fully closed and have no openings, like the
performance hall, are comfortable.

e Spaces featuring a combination of DSF and north-facing curtain walls are more
comfortable in the summer than in the winter. When facing south, they are more

pleasant in the winter than in the summer.
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1. General conclusion
Innovative fagade technologies are emerging as a result of growing awareness of the need
for energy-efficient and ecologically conscious building. Double-skin facades, or DSFs, are
frequently cited by designers as effective ways to meet contemporary design goals. This is
due to DSFs' ability to satisfy the requirements of comfort, energy efficiency, and visual

appeal for building exteriors.

The double-skin facade is not a new idea, but designers are starting to incorporate it into
their designs. Its complexity and ability to react to a range of environmental conditions

necessitate a comprehensive design.

The double skin facade of a building serves as a 'filter' between the internal and external
surroundings, emphasizing its importance in reducing overall energy consumption.

However, poorly constructed facades can present considerable issues with energy usage.

The first part of the study, focuses on the double skin facade system, begins with a definition
of the system and then goes on to provide a historical review of its history. The components
of the double skin were then discussed, followed by the way of operation for this sort of
facade. We also reviewed the factors that determine double skin performance, as well as the

system's pros and downsides.

Thermal comfort has been defined as a state of mind and a feeling of environmental thermal
satisfaction, making it a highly subjective concept that is complex to assess and achieve. The
state of thermal discomfort leads space users to try to cope and achieve thermal comfort
through the use of energy by HVAC systems. Excessive use of HVAC systems, which is
very common especially in regions with difficult and extreme climatic conditions, negatively
affects the energy performance of the building and makes it look energy-intensive. A global
orientation towards energy-efficient buildings has emerged to ensure thermal comfort for the
building user and a low-energy building through the adoption of different energy efficiency
programmes and the application of different strategies on the building envelope to meet the

challenge of a climatically integrated and energy-efficient architecture.

Thermal comfort is a very subjective term that is difficult to measure and attain. It has been
characterized as a state of mind and a sensation of ambient thermal contentment. Users of
the facility attempt to cope with the pain caused by the heat by using energy to run HVAC

systems. Overuse of HVAC systems, which is highly prevalent, particularly in areas with
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challenging and harsh climates, has a detrimental impact on the building's energy efficiency

and gives the impression that it uses a lot of energy.

In order to achieve the main objective of our study, which is to analyse the impact of double
skin on thermal comfort in public buildings and to verify the proposed hypotheses, we
studied (03) three public buildings with cultural references in Constantine, a city in the
North-East of Algeria, characterized by a semi-arid climate, all of these buildings have
double skin facades built with different materials and construction techniques. Four interior
spaces of each building were studied, and each of these spaces has a DSF built with different
materials and a different orientation. In-situ measurements and a questionnaire survey were
carried out using appropriate materials, in two periods (underheating period and overheating

period), during three typical days on each period.

From the results obtained from the in-situ measurements and the questionnaire survey

several conclusions can be drawn.

e In our study, the double-skin fagade significantly increased the temperature
difference between the interior and exterior by more than 16°C in winter and
approximately 22°C in summer.

e The type of construction material and the orientation of the DSF have an impact on
its performance.

e A material does not perform the same if the orientation is different.

e Double skin facade combined with a large percentage of double-glazed curtain wall
are very efficient in winter because they provide thermal comfort without the need
of using the heating system. While they provide a greenhouse effect in summer
because of inadequate ventilation caused by users closing all the openings to switch
on the air conditioning.

e The DSF combined with double glazed curtain wall is more effective in winter when
facing South than North or West.

e Spaces featuring a DSF with a high proportion of double-glazed curtain walls are
more comfortable in winter, with a difference of nearly 15°C compared to other
spaces.

e The spaces with less opening have a more comfortable temperature than the others,
especially in summer, with a difference about 9°C compared with the other spaces.

e Double skin facades with terracotta panels, are more effective than others in summer.
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e The way the space is used significantly affects the effectiveness of the “DSF”,
because it influences the ventilation, which is an essential point in the “DSF’s”
functioning.

e Double-skin fagades offer significant energy savings, as they provide thermal

comfort without the need for heating or air conditioning systems.

We can therefore conclude that our main hypothesis is confirmed: DSF acts as a filter
between the internal and external environment and decreases the difference between indoor

and outdoor temperature.

As with the secondary hypotheses, the combination of different DSFs in terms of

construction techniques and materials is more effective.

It is therefore an effective strategy for optimising thermal comfort in buildings in the climate

of the city of Constantine.

2. Study limitation

This research faced several limitations and constraints that were beyond our control, such as

the following:

The research laboratory associated with the parent faculty (LGCH civil and hydraulic
engineering laboratory) lacked the essential measuring instruments required to commence
measurement campaigns. To address this issue, we utilized thermo-hygrometers and
multimeters from the ABE (Bioclimatic Architecture and Environment) laboratory and the

EE (Energy and Environment) laboratory at the University of Constantine 3.

The scarcity of resources is regarded as a significant limitation, which resulted in the
reduction of the case studies to merely three buildings. Ideally, at least one building without
DSFs should have been included, as such an addition would have facilitated a more pertinent
comparative analysis and yielded more comprehensive results regarding the influence of

DSFs on thermal comfort in public buildings.

The field research was initiated in 2019, but lockdown (COVID-19) prevented it from being
finished. We repeated the study in 2021, but because of the partial lockdown, cultural events

were limited, which resulted in fewer performances and fewer visits to buildings.
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During interviews with users of the selected spaces, it proved to be exceedingly challenging
to elicit responses, as individuals expressed that they had come to enjoy the performances
rather than to respond to inquiries, which consequently led to a decline in the number of

participants.

The lack of simulation software in the faculty's laboratory rendered its acquisition
unfeasible. Therefore, to fulfil the objectives of this study, we replaced simulation with a

questionnaire survey.

3. Future perspectives

This study, which focused on double-skin facade systems, considerably improved our
understanding of the subject and provided a more in-depth look at this type of fagade and
construction system that has grown in popularity throughout the world in recent years.
Nonetheless, it focuses on the impact of DSF on thermal comfort in public buildings located

in a semiarid region.

This research issue is far from exhausted, and new questions regarding it are constantly
emerging and expanding. From this point of view, different perspectives and aspects
pertinent to this research may be addressed, and new disciplines might be developed,

including:

Our study focuses on the impact of DSF on thermal comfort in public buildings in the semi-
arid climate of Constantine. A study of different climatic contexts is recommended in order

to propose guidelines for each type of climate.

As shown, various factors impact the DSF's performance, including building materials and
processes, as well as orientation. To better understand the influence of building materials, it

is recommended to investigate the effects of various materials and novel materials.

The DSF is a good solution because of its thermal performance, but a well-ventilated
building will increase thermal comfort by releasing trapped heat and preventing the
greenhouse effect in spaces with glazed facades. It is essential to study the appropriate

ventilation rate using modelling and simulation tools.

Also, it is suggested that putting removable sunshades to the glazed facades in the summer

would be an interesting approach to study the performance of "DSF".
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Appendix 1: Different architectural plans of the three public buildings studied.

Palace of culture “AL KHALIFA”




Public library of Constantine




Performance Hall “AHMED BEY, Zenith Constantine”
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Appendix 2: Questionnaires used in the survey in the case of the Palace of Culture “Al
Kalifa”

[Enquéte sur le confort thermique dans le bitiment

+ Information générale :

Age: -25[] 7520 ] z0-40 ] anso [ zo60 O +60 []
Saxs Homme |:| Femmea |:|
Etes-wous : Parsonnel |:| Wendeur |:| wisitaur |:|

Votre localisation :  Hall 3ud-Est [ HallEst []  Hall Mord-Est []
“otre position damns |3 salle :

Alentrée [] Au centre [ Aufond [

* |nformation sur le niveau habillement et le niveau d'activité :

- Pouwez-vous indiguer le niveau d'habillement : (marquer votre réponss sur 'axe)

9 1
b1

i
v

- Voulsz-vous indiquez votre niveau d'activité

Male
L Il L [l | 1l Il
T I L Ll I I
] ol 0.2 08 0% 1.0 1.l
P
o
I’ A
.l
\|/
Femals II

Coucher, inactif
Assis, inectif
Activite 1egére, assis
Cebout detendu
Activite legere, debout
Activité moyening, debout

Activite soutenue [travail lourd - danse)




* Confort thermigue :

=  Comment vous sentez wous ?

Extrémement | Tréz | Chaud | Légérement | Mewtre | Légérement | Froid | Tras Extrémemaent
chaud chaud chaud froid froid froid
= Comment trouver-vous cela ?
Trés Confortable | Peu confortable | Peuinconfortable | Inconfortable Trés
Confortable inconfortable
= Pouwvez-vous indiguer comment vous prafériez étre.
Beaucoup | Plus Chaud Un peu Sans Un peu Plus Beaucoup
plus chaud chaud changement | plus froid [ froid plus froid
=  Comment juger wous cet environnement ?
Tout & fait Tout juste Meutre Tout juste Towt 3 fait
scceptable acceptable inacceptabla inacceptable

»  Comment jugez-vous le niveau de Phumidité

O

Humide

Maturel [

s Utilisez-vous un systéme dappoint ?

Oui []

- Leguel ?:

Mon [

Sec

»  FEtes-wous géneralement satisfzit de Fenvironnement thermigue ?

Oui [

Commentaires :

Mon [




Appendix 3 Questionnaires used in the survey in the case of the public library

Enquéte sur le confort thermique dans le batiment

* Information générale ;

age: -25[] 25-30 [] z0-40 ] ap-50 [ s0-60 [ +60 [
Saxs Homme [] Femme []
Viotre localisation : 5. de lecture 2¢ [ 5. delecture 1 [] 5. des chercheurs [

* [nformation sur le niveau habillement et le niveau d’activite ;

- Pouwvez-vous indiguer le niveaw d'habillement : {marquer votre réponsa sur I'axe)

W 999 %
A B

- Voulez-vous indiquez votre niveau d'activite

Coucher, inactif
Assis, inactif
Activite legere, assis
Cebout detendu
Activite legere, debout
Activite moyenne, debout
Activite scutenue [travail lourd : danse)

* Confort thermigque :

1- En hiver :

= Comment vous sentez vous ?

Extrémement | Tres | Chaud | Légéremant | Meutre | Légérement | Froid | Trés Extrémament
chaud chaud chzud froid froid froid

= Comment trouver-vous cela ?

Tréz Confortable Confortzble | Peu confortable | Peu inconfortable | Inconfortable | Trés inconfortable




Pouvez-wous indiquer comment vous préfériez étre.

Beaucoup plus c

haud

Plus Chaud

Un peu
chaud

Sans

changement

Un peu
plus froid

Plus fraoid

Beaucoup plus
froid

Comment juger vous Cet environnement ?

Tout & fzit acceptable

Tout juste acceptable

Meutre

Touwt juste inacceptable

Tout & fzit inacceptable

Humide

Cui

O

O

Commentaires :

2- Enété

Comment jugez-wous |2 niveaw de I'humidité

Maturel |:|

Mon []

Comment vous sentez vous 7

Sec

O

Etes-vous géméralement satisfait de I'envircnnement thermigue en hiver ?

Extrémement | Trez | Chaud | Légérement | Meutre | Leégéremsnt | Froid | Trés Extrémement
chaud chaud chaud froid froid froid
= Comment trouver-vous cela 7
Tréz Confortable Confortable | Peu confortable | Peu inconfortable | Inconfortable | Trés inconfortzble
*  Pouvez-wous indiquer comment vous préfériez étre.
Bezucoup plus chaud | Plus Chaud | Un peu 3ans Un peu Plus froid Besucoup plus
chaud changement | plus froid froid

Comment juger vous Cet environnement ?

Tout & fzit zcceptable

Tout juste acceptable

Meutre

Tout juste inacceptable

Tout & fzit inacceptable

Humide

O

Oui []

Commentaires :

Comment jugez-wous |2 niveau de I'humidits

Maturel []

Man []

Se

O

i

Etes-vous généralement satisfait de I'environnement thermigue en été ?




Appendix 4: Questionnaires used in the survey in the case of the performance hall “Zenith

Constantine”

Enquéte sur le confort thermique dans un batiment public

s |nformation générale :

Age: -25[] 7520 [ z0-30 [ ap-so [ so-0 O +50 []
S Homme |:| Femme |:|
Etes-waus : Parsonnel |:| Spectateur |:|

Votre localisation :  Salle de spectacle [ Couloir Mzccueil vitré [

Vaotre position dans |3 salle :
Mivesu 0 [] Miveau 1] Mivesu 2 [ Flace WIF [] Coulizses [_]

+ |nformation sur le niveau habillement et le niveau d'activité :

- Pouvez-vous indiguer le niveaw d'habillement : {marguer votre réponse sur I'axe)

;I:é I'EI:FE ﬂ:.'} II:I:I ::.I
= % @ @
- “.l;’F

- Voulez-wous indiguez votre niveasw d'activité

Couche, inactif

Assis, inactif

Activite légére, assis
Cebout detendu
Activite légere, debout
Activité moyenneg, debout

Activite soutenue [travail lourd - danse)




Confort thermigque :

= Comment vous sentez vous 7

Extrémement | Trés | Chawd | LEgérement | Mautre | Ligérement | Froid | Trés Extrémement
chaud chaud chaud froid froid froid
= Comment trouver-vous cela ?
Trés Confortable Peu confortable | Peu inconfortable | Inconfortable Trés
Confortable inconfortable
= Pouwvez-vous indiquer comment wous préfériez étre.
Beaucoup Flus Chawd Un peu Sans Un peu Flus Beaucoup
plus chaud chaud changement | plus froid | froid plus froid
= Comment juger vous et environnement ?
Tout & fait Tout juste Meutre Tout juste Touwt a fait
acceptable soceptable inacceptable inacceptable
= Comment vous perceves la température 7
Trés Chauds Un peu Meutre Un pau Froide | Tresfroide
chaude chauds fraide

=  Pouwez-vous indiquer comment vous souhaitiez guislle soit ?

Plus chaude [

Sans changament [

= Comment jugez-vous |2 niveau de Fhumidité

Humide

O

Maturel [

Sec

Plus fraiche []

O

= Etes-wous géneéralement satisfzit de Femvircnnemant thermigque ?

Oui []

Commenrntairas :

Mon []




