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An Integrated Passive System to Optimize Thermal Comfort and Indoor Air Quality:
A Case Study in Palestine’s Hot-Arid Climate

Katrina Yousef Hamadneh

ABSTRACT

The reintroduction of earthen architecture in Jericho, in the hot-arid Jordan Valley of Palestine,
offers a low-energy alternative to conventional construction, yet the thermal and air-quality
performance of Compressed Earth Block (CEB) buildings in this climate remains largely
unquantified. This thesis evaluates an integrated passive system in which thermal mass, envelope
design, ventilative cooling, and operational control are optimized together to deliver thermal
comfort and indoor air quality during a representative summer design week. Combining field
monitoring with a calibrated DesignBuilder model, the study follows a seven-phase optimization
across three representative spaces, a daycare, an office, and a residence, assessed against the
ASHRAE 55 adaptive comfort limit and the EN 16798-1 Category II criteria. The results
characterize the earthen mass as a heat modulator rather than a heat rejecter: it damps the outdoor
swing, holding the indoor air temperature to a daily range of about 2 °C against 11 to 14 °C
outdoors, but underperforms wherever a dominant load, an exposed roof or unshaded glazing, enters
continuously. This yields a load-sequencing principle, in which the dominant load is mitigated first
and the mass then modulates what remains. A 29.5 cm CEB wall with 5 cm of exterior insulation on
all external walls carries most of the available damping, while a reflective roof and reduced glazing
address the governing solar and roof loads. A climate-responsive control framework governs
operation on three signals, outdoor temperature, occupancy, and indoor operative temperature,
deploying cross-ventilation as the primary mode, night flushing where continuous occupancy
allows, and direct evaporative cooling through the hot, dry afternoon. Under this framework, the
integrated system kept all occupied hours below the 80% comfort limit, with mean operative
temperatures of 28.2-29.1 °C and CO2 concentrations of 693—1207 ppm, within EN 16798-1 limits.
Compared with conventional cavity-brick and stone-clad walls, the optimized earthen envelope
achieves comfort with fewer interventions. The framework holds comfort and air quality by passive,

low-energy means, reducing to a fixed schedule occupants can operate by hand.

Keywords: ecarthen architecture; Compressed Earth Block (CEB); thermal mass; passive and
ventilative cooling; direct evaporative cooling; thermal comfort; indoor air quality; hot-arid climate;

Jericho, Jordan Valley.



edaladl of ggdl 8u g 4yl dal ) (newadd & Liall Cuandicws Jolsio (qalis alias
Orloculd (o8 Sladlg jladl F L o8 AUl deulyo
Lulaa Buugs Luyils
S.w S‘
A8l (midie Sy ccplands 8 Calad) L) FUall (63 a8 58 g el gl elag ) A Aidall 5 jleall elia) Jiag
t\.bd\ K ‘_g (CEB) L sadll cﬁ“)ﬂ\ 1 ghall @L\Aj QS\JS\ el sl Basn g g;_)\_);l\ 1Y) C)\ N edpaatatl) gLl cull sl O
ALY 438 Gland Fliall Cumntone JalSia U] auiity skt () da s bl o2 Ciagd GBS pai e cpaiia e Y15 L
o sl 835 g Ay ) yall Aal I (3887 802 oo Ao sl Lgtim gy clae  ineil) &l 5 4 gy 2y 5l g CoDlad) ppanad g 4y ) yal
3lSlae 73 g il ) il e e ol |5 Sl g i) e slaie V) G465 xe 2 5l o ge ) sl 1S
dolas P Aaliias tin\;,\..'aé a3 Re d;‘)‘@“‘ w:ga_slﬁ (e 5 daagia :h.u\‘).ﬂ\ cfu cDesignBui]der C\.nb‘).ssa :).\L’.Z
EN 16798-1 4ial sall (10 40301 4381 juilaa s (ASHRAE 55) 4l da) )1 3a (38 5 Leanith 5y ¢(Saa g CiiSa
225 3 tlgd 3 JUaS ¥ 5l yall J3eaS Jaw dyihall ALK O il edsd () oo S0 Sl S5 58 555 3 5 Y deay Lualall
Ll e (el 860 14 () 1T dilie 22 2 ol Goa s (530 i (ASIA) o5l 551 A 53 (Al s AT )
oo dlld e iy Jlaall o2 Lo 50 5f o g€l GBI paiase JS Garga Joa J30 Wia a1l (3a3 (e s
Lo szl il gl e Toplas G s 285 (R Le Jpaas RS (1555 03 (Y 5 sl Jaad) = 5dad 3 edlaa) i 3
gl (s (A Aaliall aaaill 5 )08 alars Joag daa Jadl o) s e (a A ol e o 5 a0 20 29,5 ASLassy

e Talaie ) Gl #liall Cumtane a3 ) oS5 asgeall sl 5 sail) Cplaad) a3 A QU5 5 (paSlal) il
Lol U a Jaliial) 2 gil) Cada b Alalall A0RAN 5 ) yall A 5 QL) s dun Jlal) 550 pall s o 4 < e A5

Sl A jliay s Alal 8 Tlatl 5 jedall 5 518 JUA ylie (g i 2 i Al 5 ¢ aiusal) JdY) peans Laa LI A 5l
DSal Al lall Cadlad) ady dlagy 8 Al oLl il jlae 8 3Ll aad) s Casaall ane 31 () jams laadll k)
S paiad g Al dcaiaia s dali Jilo oo 4l gl o) gl 82 ga s dnl ) o Y Jailay s Gaef ialgs s Jil oA

Loy alai ) seriinndl) aakaioy <uli J gaa



DECLARATION

I declare that the master's thesis entitled "An Integrated Passive System to Optimize Thermal
Comfort and Indoor Air Quality: A Case Study in Palestine’s Hot-Arid Climate” is my own original
work, and hereby certify that, unless stated, all work contained within this thesis is my own
independent research

and has not been submitted for the award of any other degree at any institution, except where

due acknowledgement is made in the text.

Katrina Yousef Hamadneh

Signature: Date:




DEDICATION

I dedicate this work to my beloved mother, whose endless love, prayers, sacrifices, and
unwavering faith in me have been my greatest source of strength. Your encouragement has carried

me through every challenge, and this achievement would not have been possible without you.

To the memory of my beloved father, your values, guidance, and love continue to inspire me

every day. I hope this accomplishment would have made you proud.

To my dear husband, thank you for your patience, constant support, and for standing beside me
throughout this journey. Your encouragement gave me the strength to keep going, even during the

most demanding times.

To my beloved children, you have been my greatest motivation. Every page of this thesis was
written with the hope of making you proud and showing you that perseverance and hard work can

turn dreams into reality.

Finally, to my family, thank you for your love, understanding, and continuous encouragement.

Your belief in me has meant more than words can express.

This work is dedicated to all of you, with my deepest love and gratitude.

Katrina Yousef Hamadneh



ACKNOWLEDGEMENT

First and foremost, I would like to express my sincere gratitude to the Department of
Architecture at Palestine Polytechnic University for providing me with the opportunity to pursue

and complete this master's degree.

I am deeply grateful to my supervisor, Dr. Bader Alatawneh, for his continuous guidance,
valuable advice, constructive feedback, and unwavering support throughout this research. His
knowledge, encouragement, and supervision have been invaluable to the successful completion of

this thesis.

Finally, I would like to thank all the academic staff of the Master's Program in Architecture at
Palestine Polytechnic University for sharing their knowledge, guidance, and dedication throughout

my studies.



Table of Contents

AADSTTACT. ...ttt ettt ettt ettt e bt e h bt e bttt e bt e ea bt e bt e eat e e bt e eabeebeesaneebeeaas I
DIECLATALION. ...ttt ettt e bt et e bttt e e sh b e et e bt e e bt e at e e bt e naee et Vv
DIEAICALION ...ttt e h e b e et s a bt et h bt et a e bt ent e bt et et saee b eneen VI
ACKNOWIEAZEIMENL ...ttt ettt et e st e e bt e et e eseeeabeebeeenseeseesnseeseeenne VII
TADIE Of COMEENLS ...ttt ettt et et e st e et e et e e bt e snbe e st e snbeenseesnseenees VIII
LIST OFf FIGUIES ....veieiiiieciiie ettt ettt e et e et e e e bt e e s steeessaeeestaeesssaeessseeesseessseenssseennns XIII
LISt OF TaBIES ...ttt ettt st e b e et e bt e st e e bt e et e enbeesanean XVI
L0 110 ) S KPS 1
Lo PrETaCE. .ottt ettt ettt ettt an 1

1.2 LIterature REVIEW ...cc.eeiuiiiiiiieiieieeitete ettt sttt et sttt ettt et e enee 2

1.2.1 Passive Cooling: Principles and Levels of Application..........ccccoeeevierienenieninnnene. 2

1.2.2 Thermal Comfort and Indoor Air Quality in Naturally Ventilated Buildings........... 3

1.2.3 Passive Cooling Strategies in Hot-Arid Climates: International Evidence.............. 4

1.2.4 The Palestinian COntEXL.......coiuiiriiiiiiieeiieiie ettt ettt ettt et saeeenaee e 6

1.3 Current Situation and Gap of Knowledge..........ccceeviiieiiiieiiiieiieeeeeeeece e 7

1.4 ReSearch SigNIfICANCE ......ccueiiuiieiieeiiieiiecie ettt ettt st e esb e e seeesbeeseeenseesaesaseas 9

1.5 Research Questions & HYPOthesis ........coviiiiiiiiiiiiieiiicieee ettt 9

1.6 RESCAICH ODJECTIVES ...ttt ettt ettt ettt ettt e st e ste et e e sbeeenbeenseesnneas 10

1.7 RESCATCH LIMIES .....eiiiiieiieiiit ettt ettt ettt et e st e bt e it e enseesaeeenne 11

1.8 Research LIMItationS. .....cc.ueiuiiiiiiiiieiiee ettt ettt et st e bt e b e sanean 12

1.9 RESEAICH STIUCTULE .....eoutiiiiiiiieiiie ettt sttt ettt 12
CRAPLET 2 ..ttt ettt et e et e et esta e et e e s aeeesbeessbeeabe e seeenbe e saeenbeesaeenbeesaeeaseenteeenseennes 14
2.1 PIOEACE ..ottt et sttt es 14

2.2 Thermal Comfort in Naturally Ventilated Buildings...........cccoceeveniininiinininicnicnceeces 14

2.3 Indoor Air Quality and Ventilation Requirements .............ccccoeevieeeiiieeeiieeciie e 17

2.3.1 Indoor Air Quality Indicators and Standards............ccceeeeieerciiieniieencie e 17

2.3.2 The Interaction between Indoor Air Quality and Thermal Comfort....................... 18



2.3.3 Ventilation and the Comfort-IAQ Trade-off in Hot Climates...........cccceecuverueennnen. 18

2.3.4 Factors Governing the Effectiveness of Natural Ventilation ............cccccevveenvennnee. 19

2.4 Natural Ventilation: Mechanisms, Strategies, and the Comfort Trade-off.......................... 19
2.5 WINA CAtCRETS ...ttt ettt ettt ebe e s eee 22
2.5.1 Concept, Historical Evolution, and Typologies..........ccceeveeiieriieniienienieeiieereene 22

2.5.2 Ventilation and Thermal Performance in Hot-Arid Climates..........c.ccceevveneenenne. 22

2.5.3 Influence of Design Parameters on Ventilation and Cooling Performance............. 23

2.5.4 Modelling and Simulation Approaches ............ccccueeeeiieeiieeciieecee e 27

2.5.5 Integration with Evaporative Cooling ..........ccceevvieeiiiiciiieeniieecee e 28

2.6 EVAPOTatiVe COOLIMNE ...ccvviiiiieiiieiieeiiieieeciie ettt ettt e ettt eebeestaeebeesaeeesseessaeesseesseaesseennes 28
2.6.1 Principles of evaporative COOLING .......cc.eevvieiiieiiieiieeieeiiecie et 28

2.6.2 Passive Downdraught Evaporative Cooling (PDEC) Systems ........c..ccccevvvereenenne 29

2.6.3 Classification 0f PDEC SYStEMS .....cc.ccoieriiriiriiieiienieeienterieeie et 29

2.6.4 Factors influencing the PDEC performance...........ccccceeeevieeriiiieciieesiie e 30

2.6.5 Performance of Wet-pad SYSTEMS ...cccuvieeeuiieeiiiieeiieeeiie et 31

2.6.6 Modelling and simulation of evaporative cooling............ccceeevvveriererieneenieeneennnenn 33

2.7 Control Strategies for Ventilative COOlING..........cccveiieeiiieriieiierieeie e 34
(O] 1T 0115, o SO OSSR 36
3.1 Dynamic Thermal Performance of the Building Envelope.........cc.ccocoeveniiiinininncnen. 36
3.2 Thermal Performance of Earthen Buildings in Hot Climates ...........cccccceevcvieeniieecieeennen. 37
3.2.1 Field MEaSUICMENLS. ......ceeuiiitiiiiieiieeieeite sttt ettt ettt ettt e an 37

3.2.2 Wall thickness and Insulation placement.............cccoevvereiienieeiienieiiiereeere e 38

3.2.3 Ventilation COUPIINE.......coouiiiiiiiiieiiecie ettt ettt ettt e st eebeesseesaseeaee e 39

(O] 1T 01 1<) o OO 41
4.1 Research Type and Data Collection Method..........c.coocivviiiiiiiiiiniiniiiicecceen 41
4.2. Research Methodological Framework .............cccciiviiiiiiiiieiiiiecie e 42
4.2.1 Case study area and selection CIIteria..........cevvererieeerieeeiiee e eeieeeeeeeseee e 42

4.2.3 FIEId STUAY ...vvieeiieiiicieece ettt ettt ettt enes 45

4.2.4 Thermal model development and calibration ............cccecveeciienieniienieecieeieeeeenne, 46

4.2.5 Performance evaluation CrIteria..........eveevuerierieerierienieeie ettt 47

4.2.6 Definition of the conventional reference envelope...........ccccoeceevervieniininicncenenn. 48

4.2.7 Integrated Sequential Optimization Framework.............ccccoevvieiiiiiniiieniie e, 50



Base-Case analySiS.......coeeuiriiriiieniiieetent e 52

Phasel: Parametric Optimization of Earthen Envelope..........ccccocovveviiiicciiinieeen. 52

Phase 2: Occupancy and internal heat gains .........ccccoecveeeciieerciieenciie e 55

Phase 3: Integrated Ventilation and Thermal Performance Assessment..................... 55

Phase 4: Ventilation mode: single-sided, cross ventilation, and windcatcher............. 56

Phase 5: Practical ventilation schedules .............cocooiiiiiniininiiniinieceeeee 57

Phase 6: IAQ and thermal comfort assessment under occupied-hours ventilation.....58

Phase 7: Integration of Direct Evaporative Cooling...........ccccccvveviieenciieeniieeieeeeen. 59

4.2.8 Comparative Assessment of Earthen and Conventional Construction.................... 61

L0 110 ) e PP UUURRRRPPRRNt 62
5.1 The UNESCO PrOJECES...c.uviiiieiiieiieiieeiieite et eeite et eiteeveesteesaeeteesnseenseessseesseessseensaesnsens 62
5.2 Candidate PIOJECLS....eeeuvieruieeiieiieettertee et estte et esteeete e tteesbeeseesaseeseesnseenseesnseenseesnseeseesnsens 62
5.2.1 Bardalah WOMEN’S CONLET .......ccuiiiuieiiieiieeiieiie ettt sttt e saeeeaee e 63

5.2.2 Dyouk women’s center and reStaurant.............cc.eeeeveercrieesiiieesiieeesieeeeneeesnee e 64

5.2.3 Agbat Jabr WOMEN’S CENLET .....ccuveeeririeeiiieeiieeeiee e e etee et sveeesveeesveeeeaeeenes 65

5.3 Evaluation of the Candidate Projects..........ccccceevuiiriiiiiieriieieecie et 66

5.3.1 Justification for Selecting Agbat Jabr ..........cccceveiiiriieiiienieiieeie e 67

5.4 Jericho climate analySis .......c.cccieiiiieriiiiiieieeie ettt et et eaee s 68
5.5 Base Case Model SELUP.......cooiiiiriiiiiiiiiceeece ettt 72
5.5.1 Construction and material PrOPErties .........cccuveerrieerireerireeiieeeeeeereeeereeesereeeneree e 73
5.5.2 Selection of analySisS ZOMES.......cccuvveruiieriiieeiiieeriee et e ete e ee e e staeeebeeesebeeeneseeenenas 75
CRAPLET 6 ...ttt e et e e ettt e et ee e nteeeaaeeesbeeensseeansaeeanseeeanseeeansaeeassaeensseeenseennes 78
6.1 Measured Thermal Performance of the Selected Earthen Building..........c.cccoeeevveiiennnnnne. 78
6.1.2 MONItOring CONAILIONS ...c.vvieiieriiieiieriieeiieeite et ete et etee et steeebeesaeeebeesseesnseenaeeans 78

0.1.3 OULdOOT CHIMALE ......eieitieiiieiieeiie ettt ettt ettt et e e beesbeesateeaeeens 78

6.1.4 Z0NE 1 — DAYCATC...cccuviiieiiiiiieeeeiieee ettt et e e e re e e e st e e e esntaeeeeennaeeeennnes 78

0.1.5 Z0N€ 2 OFFICC ...eoueiiitieiie et 82

6.1.6 Zone 3— Residential SUIte..........cccevieiiirierieiierieieeie e 85

6.2 Model validation TESUILS.......c.ueiiiiiiieiieie et 90
6.2.1 Validation against measured indoor temperature...............ceeeeveereenereeneeneninennns 90

6.3 Phase 1 sIMulation TESUILS ........cccuiiiiiiiiiiiieiie ettt ettt 93

6.3.1 Base Case SIMULATION TESULLS ...oevureneee et eeeeeeee e e e e e e e e e e e e e e e e eeeaeeeeeeeeeeeanans 93



6.3.2 Step 1: Wall thickness optimization reSults .........c..ccoceevuerieniriiniinenienicenenene 95

6.3.3 Stage 2: Wall insulation optimization reSults ..........ccccccvveeeiieeeiiieeniiie e e 97

6.3.4 Stage 3: Results of Roof and solar heat gain control..............cccceevevieerciieeeneennen. 102

6.4 Phase 2 sMulation TESUILS ........ooeiiuiiiiriieiieieeee ettt 105
0.4.1 ZONE 1 ..ot 105

0.4.2 ZIONE 2 ..o ettt 106

0.4.3 ZIONE 3 ...ttt et e st e e st e et e e eab e e abeesaaes 109

6.5 Phase 3 sImulation TeSUILS .......coc.eiiiiiiiiiiiieie ettt s 109
LT T 4} 1 L= OSSPSR 109
0.5.2 ZIOMNE 2 ..ottt ettt et ettt s 112

0.5.3 ZONE 3 ..ottt et ettt et 114

6.6 Phase 4 RESUILS.....c..ooiiiiiiiiieiicece ettt 116
0.0.1 ZONE 1 ..ottt e s e 116

0.0.2 ZIONE 2 ..ottt ettt ettt ettt b et e ettt et e st e st eteententeeteenteeneenteas 118

0.0.3 ZIOMNE 3 ..ottt ettt ettt ettt e et e et e e bt ententeenteentenneenteas 119

6.7 PRASE 5 TESUILS ...ttt ettt ettt et e e eetesae et 119
0.7.1 ZONE 1 et 120

0.7.3 ZIOMNE 3 ...ttt ettt ettt ne 121

6.8 Phase 60 TESULLS .......eiiiiiiieiieee ettt ettt st e st e b e sateeaeeeas 121
TR T0 U7 T SRS 122

0.8.2 ZIONE 2 ..ottt ettt ettt e a ettt eat e teenaeeneenteenes 124

0.8.3 ZIOMNE 3 ...ttt ettt ettt 126

6.9 PRhase 7 TESUILS ....c.eiiiiiiiiieieet ettt ettt et st sa e et eaee 128
0.9.1 ZIOMNE 2.ttt et 129
0.9.2 ZIONE 3 ...ttt et e st e et e et e e ateeeabeeeaes 130

6. 10 Comparative aNALYSIS .....ccccuiieeiiieeeiieeiiee et e et e et eete e et e e s e e e s seeesereeessseeesaeeesseeennes 132
(O] 110 ) S USSR 135
7.1 Findings in Relation to the Research Objectives and QUeStions ............ccceeeeveereercieennennn. 135
7.2 Major SCIENtIfIC fINAINGS ....eevvieiiiiiieiiecieee ettt ettt e saeeaee e 140
7.3 Research CONIIDULIONS .....ccveitiriiiiiriieniieieeitesit ettt ettt sttt 142
7.4 Practical IMPLICAtIONS ....c.eevuiiiiriiiiiiieeiteieet ettt ettt 142

TS LLIIMIEATIONS v eeee ettt e e e e et e e e e e e et e e e e e e e e e e e e aeeeeeeeeeea e aaeeeeeaeaannnaaaeeeeenenannns 143



T o0 FULUTE WOTK ..o e e e et e e e e e e e e et eeeeeeee e e eaaeeaaaaeeeeereaanans

REFERENCES



List of Figures

Figure 2-1: Acceptable ranges of indoor operative temperature for naturally ventilated buildings as a
function of mean outdoor air temperature, according to the ASHRAE Standard 55 adaptive comfort

model (de Dear and Brager, 2002). .......ccooiiiiiiieiieeiierie ettt et ete et e sreesteeste b e esneeseesnaeesea e 15
Table 2-1: ventilation and CO;, criteria in the principal IAQ standards. ..........ccccveeviveercieenieeenieens 17
Figure 2-2: Psychometric chart, source: (Chiesa and Pearlmutter, 2021). ........ccccevveveniiniinenienene 29
Figure 4-1 Adopted research hypothetical-deductive method............ccceevieviiniiiiniiniiiiieee 41
Figure 4-2: Research methodological framework diagram .............ccooceeviiiiiiiiiniiinieeeee e, 42
Figure 4-3: West Bank and Gaza Strip climate zones (Mohaibesh et al., 2021). ........cccceeiieriieen. 44

Figure 4-4: Phase 1 optimization framework............cccoeoviiiiiiiieiiiece e 52

Figure 4-5: Phase 2 optimization framework............coccoiiiiiiiiiiiiiieeee 55
Figure 4-6: Phase 3 optimization framework ............coceriiiiiiiniiieniecee e 56
Figure 4-7: Phase 4 optimization framework. ...........cocueriiiiriiniiienieneeeseeeeseee e 57
Figure 4-8: Phase 5 optimization framework. ...........coceeriiiiriiniiiinienieieeeeeee e 58
Figure 4-9: Phase 6 optimization framework. ............cooiiriiiiiiiiiiieee e 59
Figure 4-10: Phase 7 optimization framewWorK. ..........ccceeviiieiiieeiiie et 60

Figure 5-1: The three candidate projects , (1) Bardalah, (2) Dyouk, and (3) Agbat Jabr,
Jericho. Base map after Mohaibesh et al. (2021); photographs (1) and (2) from Germana
and Alatawneh (2016), photograph (3) by the author. ...........cccceeeiiiiiiiiinieeee e, 63

Figure 5-1: (a) Bardalah women'’s center, (b) floor plan (Germana and Alatawneh,
2016). ettt b e a e a et e st sa et e e b et e beebeeteeseeseentensensenns 64

Figure 5-2: (a) Dyouk women’s centre and restaurant, exterior view, (b) floor plan (Germana
and Alatawneh, 2016). .......oooiiiiiiiiieie e ear e earee s 65

Figure 5-3: Agbat Jabr women's centre, exterior view of the two-storey building (photograph by the
10110101 ) PSPPSRt 66

Figure 5-4: Construction build-up of the Agbat Jabr women's centre, from slab on grade to
the completed shell (author's Revit model). ........cccveeiiiieiiiiiiieceeeeee e 68

Figure 5-5: Monthly diurnal averages of dry-bulb and wet-bulb temperature, solar radiation, and the
adaptive comfort band (80%), Jericho. Source: Climate Consultant, EPW (ERAS5-TMYx, 2011—
2025 ). ettt ettt ettt et e a e e teente Rt e aeenteen e et e enteea e e bt enteen e e aeenteenteseenteeneenteentenreens 69

Figure 5-6: Adaptive comfort psychrometric chart for Jericho based on the ASHRAE 55 adaptive
comfort model (80% acceptability). Source: Climate Consultant, EPW (ERAS-TMYx, 2011-2025)..
70

Figure 5-7: Hourly dry-bulb temperature by time of day and month, Jericho. Source: Climate
Consultant, EPW (ERAS-..... ..ottt ettt ettt e et e e s taeesaaeesasee e ssaeessseeesseennns 71



TMY X, 201T72025). ittt sttt e sttt e st e ene 71

Figure 5-8: Cooling-season wind wheel (May—September), Jericho. Source: Climate Consultant,
EPW (ERAS-TMYX, 2011-2025). ..eeuteiieieeieiteieeiesitete ettt sttt ettt st e 71

Figure 5-9: DesignBuilder model of the Agbat Jabr women’s centre, showing the barrel-vault and
domed roofs (AUthOTr’s MOAEL). ...c..eiiiiiiieiieece e te e e e e sebeeeeaeeenes 72

Figure 5-10: Location and orientation of the Agbat Jabr women's centre on its site in Agbat Jabr
camp, Jericho (aerial imagery: Jericho Municipality GIS portal). .......cceceevieviniiiniininiiniienienee 73

Figure 5-11: Ground floor of the base case model; the zones selected for analysis are shown in
VEIOW (AUthOT’S TNOAECT).....eiiiiiiiiicii ettt et e st e et e esbeeseesnseensea e 76

Figure 5-12: First floor of the base case model; the zones selected for analysis are shown in yellow
(AULROT™S NOAE). ..eviieiiieeiiie ettt e et e et e e et eeeateestaeessseeessseeeassaeensseeensseeensseennns 77

Figure 5-13: Section A—A through the single-storey wing, showing the barrel-vault geometry and
floor-to-ceiling heights (author's drawing). .......ccccoeeveriiriiiiiiiee e 77

Figure 5-14: Section B-B through the two-storey portion, showing the ground-floor vaults, the first-
floor dome, and the stacked relationship of Zones 2 and 3 (author's drawing)..........ccccceeevveruvennennne. 77

Figure 6-1: Location of the data logger in Zone 1 (marked by the circle), positioned at 1.2 m above
floor level, on the ground-floor plan (author's drawing). ........ccecceeeviieeiiiieiieeeee e 79

Figure 6-2: Zone 1, measured Indoor air temperature (yellow) and outdoor dry-bulb temperature
(blue), 25 May—4 June 2026. The grey band marks the brief air-conditioning event on 28 May. .....80

Figure 6-3: Zone 1, Indoor relative humidity (yellow) and outdoor relative humidity (blue), 25
MAY—4 JUNE 2020, ...oeeeiiieeiieeeiie ettt et e ettt e et e ettt e ettt e st e e e e teeeeabeeeaabeeennbeeennbae e nbeeenbeeennaeenn 82

Figure 6-4: Location of the data logger in Zone 2 (marked by the circle), positioned at 1.2 m above
floor level, on the ground-floor plan (author's drawing). .........ccccceeeviieeiiiieiiiecee e 83

Figure 6-5: Zone 2, measured Indoor air temperature (yellow) and outdoor dry-bulb temperature
(blue), 25 May—4 JUNE 2026. .....ccceieiieieieeieeeie ettt et e st ettt e et esttesabeesaeeenbeesseesabeebeeenseennes 83

Figure 6-6: Zone 2, Indoor relative humidity (yellow) and outdoor relative humidity (blue), 25
MAY—4 JUNE 2020, ...oeeiiiieiiieeeiie ettt et e ettt e ettt e ettt e ettt e st e e e e teeeeabeeeanbeeennbeeennbeeeabeeenteeennreenn 85

Figure 6-7: Location of the data logger in Zone 3 (marked by the circle), positioned at 1.2 m above
floor level, on the first-floor plan (author's drawing). .........cccceeeviieeiiieeiiieeieecee e 86

Figure 6-8: Zone 3, measured Indoor air temperature (yellow) and outdoor dry-bulb temperature

(blue), 25 May—4 JUNE 2026. .....ccoueieiieieieeieeeie ettt ettt ettt e et e sete s abeesaeeenbeesseesabeebeeenseennes 86
Figure 6-9:Zone 3, Indoor relative humidity (yellow) and outdoor relative humidity (blue), 25 May—
4 JUNE 20260, ...ttt ettt e a e h et a s a e e bt et e bt e bt et e bt et eat e bt e beentenbeen 89
Figure 6-10: Measured and simulated indoor air temperature, Zone 01 (the shaded band is the

excluded air conditioning period 0N 28 MaAY). ...cc.cieiiiieiiieeiiieeiiee e ee e saee e e e sereeeeaee e 92
Figure 6-11: Measured and simulated indoor air temperature, Zone 02, 25 May to 4 June............... 92

Figure 6-12: Measured and simulated indoor air temperature, Zone 03, 25 May to 4 June. ............ 93



Figure 6-13: Zone case operative temperatures vs outdoor dry-bulb, summer design week. Shaded
zone: adaptive 80% and 90% limit (30.6, 29.6°C). ..cccuviieiiiieiieeiieeeee et 94

Figure 6-14: Decrement factor and time lag of the external CEB wall against thickness, mean of the
EHTEE ZOTIES. ..ttt ettt et s bttt et a et et b ettt na et eatesae et et naeen 97

Figure 6-15: Mean operative temperature by zone for the evaluated CEB wall configurations. The
dashed line represents the ASHRAE 55 adaptive comfort limit (30.6 °C, 80% acceptability).......... 98

Figure 6-16: Hours above the ASHRAE 55 adaptive comfort limit (30.6 °C, 80% acceptability)
for the evaluated CEB wall configurations in each zone. Bars compare insulation applied to all
external walls and to infill Walls OnLY. ...c...ooiiiiiiiiniii e 99

Figure 6-17:Hours above the ASHRAE 55 adaptive comfort limit (29.6 °C, 90% acceptability)
for the evaluated CEB wall configurations in each zone. Bars compare insulation applied to all
external walls and to infill Walls ONlY. .......coocuiiiiiiiiiii e 99

Table 6-7: Comparison of the thermal performance of the evaluated wall insulation
CONTIGUIAtIONS 11 ZIONE L. .ooiiiiiiiiiiiieiieiie ettt et ettt e taeeabeesaeesnbeenseesnseennee e 100

Table 6-8: Comparison of the thermal performance of the evaluated wall insulation
CONTIGUIAtIONS 1N ZIOMNE 2. ..eeiuiiiieiiieeeiieeeieeeeteeeeteeeseteeentteeesaeeensseeansaeessseeesssaeensseeensseesnsseesssseennns 100

Table 6-9: Comparison of the thermal performance of the evaluated wall insulation
CONTFIGUIAtIONS 1N ZOMNE 3. ..oiiiiiiiiiiieeiieeeiee e tee et e esteeestteeeaaeestaeesstaeesssaeesssaeessseeessseeessseeessseennes 101

Figure 6-18: Overheating hours above the ASHRAE 55 adaptive comfort limits (80% and 90%
acceptability) for the eight evaluated envelope configurations in Zone 1........ccccoceveevienienenneennen. 103

Figure 6-19: Overheating hours above the ASHRAE 55 adaptive comfort limits (80% and 90%
acceptability) for the eight evaluated envelope configurations in Zone 3..........cccceeeveevveeieenneennnen. 104

Table 6-16: Zone 1 (daycare) performance by wall configuration and ventilation schedule, reported
over the full week (168 hours) and over the occupied hours (08:00—14:00 Sunday to Thursday, 30
RMOUTS). ettt et et e et e et e e e eta e e et e e e ataeeeaaaeeeasaeeeabaeeeabeeeeabeeeeabeeeeabeeeareeenaeas 111

Figure 6-20: Zone 1 window-opening across the design week (12—18 August) for the settled
envelope (3cm insulation infill walls+ cool roof +20% glazing) under all-day ventilation. Cells are
shaded by air-change rate (darker blue = higher ACH) and labelled with the indoor operative and
outdoor dry-bulb tEMPETATUIE .......ccuiieeiiieeiie ettt et et e e ebe e e esreeesnreeenaeeennns 112

Figure 6-21: Zone 2 window-opening across the design week (12—18 August) for the settled
envelope (5 cm EPS on all external walls) under all-day ventilation. Cells are shaded by air-change
rate (darker blue = higher ac/h) and labelled with the indoor operative and outdoor dry-bulb
EEIMPETATUTE ...ttt e ettt e et e ettt e et e e st a e e sabneesabeeesabeeesaneesnaeesanne 114

Figure 6-22: Zone 3 window-opening across the design week (12—18 August) for the settled
envelope (5cm insulation on all external walls+ cool roof) under all-day automated ventilation.
Cells are shaded by air-change rate (darker blue = higher ACH) and labelled with the indoor
operative and outdoor dry-bulb temperature. ............ccocceeviieiiienieeiieie e 116

Figure 6-23: The wind catcher serving Zone 1 of the Agbat Jabr women's centre: (left) the
DesignBuilder model, and (right) the wind catcher's position on the ground-floor plan (author's
MOdel ANd ATAWINE). c..eeiuiiiiiiiii ettt et et e et e s te e bt essbeenbeessaeenseessseenseennseenne 117



Table 6-19: Zone 1 (office) occupied-hours performance under single-sided, cross, hybrid, and
windcatcher ventilation, on the settled 5 cm all-walls envelope, all-day automated schedule with
tEMPETATUTE CONMIOL. ...ttt ettt et ettt sbtesbe et st e naeennea 117

Figure 6-24: The wind catcher serving Zone 2 of the Agbat Jabr women's centre: (left) the
DesignBuilder model, and (right) the wind catcher's position on the ground-floor plan (author's
100 T0) 6 (] B T e G 10 00T Y TSR 118

Table 6-22: Table X. Zone 3 (residence) manual fixed ventilation schedules versus the automated
optimum, settled 5 cm all-walls envelope, over the occupied hours. ............ccccveevieiiieniiniiienien. 121

Figure 6-24: Zone 1 (daycare), CO, concentration and delivered air-change rate through the design
week under occupancy. Horizontal lines mark the Category II CO; limit (1220 ppm) and the
1eqQUITEd Tt (6.35 ACH). . eeiiiiii ettt e st e e s be e e s sbeeeesbeeesseeenseeennes 122

Figure 6-25: Zone 1 (daycare), CO, concentration and delivered air-change rate under the optimum
ventilation SChedule. ... e 124

Figure 6-26: Zone 2 (office) CO, concentration and delivered air-change rate through the design
week under occupancy. Horizontal lines mark the Category II CO; limit (1220 ppm) and the
TEQUITEd Tt (5.5T ACH). weiiiiiiieee ettt ettt et te et eeebeesaaeenteas 125

Figure 6-27: Zone 3 (residence), CO, concentration and delivered air-change rate through the
design week under occupancy. Horizontal lines mark the Category I CO, limit (970 ppm) and the
reqUITEd Tt (2.61 ACH). c.eeiiiiii et e et e e s ta e e s sae e e sbeeesaeeenseeennes 126

Figure 6-28: Zone 3 operative temperature during the design week (12—18 August) under the
optimized ventilation schedule and envelope. Orange shading indicates hours above the 80%
COMIOTt IMIL (330,63 CC). ittt e et e e stte e et e e st e e s nteeesssaeesnseeensseessseeenseens 128

Figure 6-30: Zone 2 (office): CO;, concentration and air-change rate for the sealed case and the two-
stage ventilation strategy. Horizontal lines indicate the CO; limit (1220 ppm) and required
VeNtilation 1ate (5.51 ACH). ..coviiiiiii et ettt e e e e e e e eab e e e aa e e e areeenneas 130

Figure 6-26: Zone 3 (residence): CO, concentration and air-change rate for the sealed case and the
three-stage VENTIIATION. ....cccueiiiiiiiciie ettt et e e e e st e e e saaaeessbeeessseeesseeesseeennes 132

Figure 6-27: Comparison of overheating hours (>80% adaptive comfort limit) for the earthen, brick

cavity, and stone envelopes under SucCessive PassiVe StrAteZIeS. ......cvuerveerueereeerieerieeiieeeeereeenaeens 134
Figure 7-1: Climate responsive control logic for the earthen building in the Jordan valley. ........... 137
Figure 7-2: Daily practical control schedule for each zone.............ccccoeeeeviiiciiiiniiieee e, 139

Figure 7-3: Overheating hours above the 80% adaptive comfort limit over the design week during
occupancy hours fOr €aCh ZOMNE........ccuiiiiiiiieiieie ettt ettt as 141

List of Tables

Table 2-2: Ventilation and CO; criteria in the principal IAQ standards..........cccoeoveevieeniiiiiinienienne. 21



Table 2-3: Summary of studies on wind-catcher design parameters and their effect on ventilation

and COOlING PETTOTMANCE. ........eeieiiieiiiieetieeeie ettt e et e et e e e teeestaeesaseeeesseeessseeensseennes 26
Table 4-1: Criteria adopted for case-study SEleCtioN. ..........ccceereeeiiieriieiiieiieeie e 44
Table 4-2 Thermophysical Properties of Cement-Stabilized Compressed Earth Blocks (CSEB)
Reported in Previous StUAIES........ccueiiiiiiieiie ettt e e e e e esaeeenaeeensnee s 46
Table 4-3 Base Case Building Envelope ASSembIies. .........ccveiiieiiieriieiienieeieeeie e 49
Table 4-4 Thermophysical Properties of Cement-Stabilized Compressed Earth Blocks (CSEB)
Reported in Previous StUAIES. ......ccc.eiiiiiiieiie ettt ee e et ssaee e eesreeeaaeeensaeeas 53
Table 4-5 Thermal properties of the insulation materials used in the simulations (Ministry of Local
GOVEINMENT, 2004). .. .eiieieeeiieee ettt et e e ettt e e e ettt e e e e s taeeeeesaaaeeeeaaaaeeeeaaaaeeeeansseeeeenraeaeeanraeas 54
Table 5-1:Evaluation of the candidate projects against the selection criteria..........cccceeceeveeveriennnnne 66
Table 5-2: Base-case envelope assemblies and material properties. ........cceecveeecueeercieeeriveeesveeesveeenns 74
Table 6-1: Daily temperature statistics, decrement factor, and thermal lag for zone 1. .................... 81
Table 6-2: Daily temperature statistics, decrement factor, and thermal lag for zone 2. ..................... 84
Table 6-3: Daily temperature statistics, decrement factor, and thermal lag for zone 3. ..................... 87

Table 6-4: ASHRAE Guideline 14 (2014) hourly validation indices for the simulated indoor air
temperature of the three monitored zones, against the on-site data loggers over 25 May to 4 June..91

Table 6-5: Base-case simulation results by zone, summer design week. ........c.ccccveeveerieecieeneenneenne. 93
Table 6-6: Parametric Analysis of External Wall Thickness for the Three Zones...........cccccevereenne 95

Table 6-10: Operative temperature (mean, peak, and minimum) and hours over the 80% and 90%
adaptive comfort limits for the eight strategy combinations in Zone 1........cccccecvvevviveenciveenieeennenn. 103

Table 6-11: Operative temperature (mean, peak, and minimum) and hours over the 80% and 90%
adaptive comfort limits for the eight strategy combinations in Zone 3.........c..cccceevveneevienienenneennn. 104

Table 6-12: Zone 1 (daycare) thermal performance by envelope configuration over a full week (168
hours) and over the occupied hours (08:00-14:00 Sunday to Thursday, 30 hours) in free-floating
TIIOMAE. ..ttt ettt ettt et e s a e e et eeh et e a bt e eht e e bt e bt e e bt e eh e e eab e e heeeabeebeeenbe e heeenbeebeeeatean 106

Table 6-13: Zone 2 (office, six people) thermal performance by wall configuration, over a full week
(168 hours) and over the occupied hours (08:00—14:00 Sunday to Thursday, 30 hours) in free-
FlOATING TNOMEC. ...eeiniiieeiiie et e et e et e e et e e e taeeesbeeensaeesnseeesssaaenssaeensseeesseennsseens 107

Table 6-14: Zone 2 (office, six people) thermal performance by wall configuration, over a full week
(168 hours) and over the occupied hours (08:00—14:00 Sunday to Thursday, 30 hours) in free-
FlOAtING MOAE. ... .vieeiieiiieiie ettt ettt e be e et e et e e s abe e bt e ssseessaessseenseeesseenseessseensaensseas 108

Table 6-15: Zone 3 (residential suite) thermal performance by envelope configuration over a full
week (168 hours) occupied, N0 VENtIAtION. .........cccuiieiiieeiieceeeee e 109

Table 6-17: Zone 2 (office) thermal performance by wall configuration and ventilation schedule,
reported over the full week (168 hours) and over the occupied hours (08:00-14:00 Sunday to
Thursday, 30 NOUTS). ...ccueiiiiiecieeeee ettt e et e st e e ssbe e e ssaeeessseeesnseeessseeenseesnnns 113



Table 6-18: Zone 3 (residential suite) performance by wall configuration and automated ventilation
schedule, reported over the full week (168 hoUTS) .......cooviiieiiiieiiiecieceeceee e 115

Table 6-20: Zone 2 (office) occupied-hours performance under single-sided, cross, hybrid, and
windcatcher ventilation, on the settled 5 cm all-walls envelope, all-day automated schedule with
tEMPETALUTE CONMEIOL. 1..uiiiiiiiiiiii ittt ettt et e st e e e e st eesbeessbeensaeesbeenseessseensaensseenns 119

Table 6-21: Zone 2 (office) manual fixed ventilation schedules versus the automated optimum,
settled 5 cm all-walls envelope, over the occupied hours. ..........ccoocveeeiiieeiiiececee e, 120

Table 6-23: Comparison of the thermal comfort, ventilation rate (ACH), and indoor air quality
performance of the evaluated ventilation schedules in Zone 1 during occupied hours.................... 123

Table 6-24: Thermal comfort and indoor air quality performance of the ventilation schedules in
Zone 2 during 0CCUPICd NOULS. ........iiiiiiiiiiiieeie ettt et b e stee e beesaeessseensaeenseas 125

Table 6-25: Comparison of the thermal comfort, ventilation rate (ACH), and indoor air quality
performance of the evaluated ventilation schedules in Zone 3 during occupied hours.................... 127

Table 6-26: Thermal comfort and indoor air quality performance of the ventilation schedules in
Zone 2 during occupied NOUTS. .....cc.eiiiiiiiiiiiiiiee et 130

Table 6-27: Thermal comfort and indoor air quality performance of the ventilation schedules in
Zone 3 during 0CCUPIEA NOULS. .....c.viiiiiiiiiiieeie ettt et e eesteeebeeaeeesbeensaeenseas 131

Table 6-28: Thermal comfort and indoor air quality performance of the earthen, brick cavity, and
stone envelopes under the evaluated passive SrAtEZIES. ....ccuveerveeerieeeiiieeieeeeieeeieeesveeesveeeseaeeenes 133



Chapter 1

Introduction

1.1 Preface

The building sector is responsible for a significant share of the global energy consumption and
greenhouse gas emissions (GHG), with the built environment constituting about 32% of global
energy consumption and contributing to 34% of Global CO; emissions based on the latest report
published by the United Nations Environment Programme (UNEP) and the Global Alliance for
Buildings and Construction (UNEP and GlobalABC, 2025). The buildings’ substantial energy
demand for heating, cooling, and power is largely met by fossil fuels, which are the largest

contributors to global warming (United Nations, 2026).

As a result of global warming, rising temperatures, rapid urbanization, and population growth,
demand for cooling in the Middle East and North Africa (MENA) region is increasing substantially,
potentially increasing by about 50% by 2040 and resulting in even higher GHG emissions (Climate
Information Transparency in the MENA Region, 2023). Regions characterized by hot-arid climates,
such as parts of the MENA region, face some of the highest climate change risks globally, like
increased aridity, decreased rainfall and rising temperatures leading to frequent heat waves and heat
stress conditions, which are intensified by poor resource management and inadequate infrastructure
(Mohammed Qasem and Scholz, 2025; Khaled Sulaiman, 2025). To cope with these extreme events,
people in hot-arid regions tend to rely on mechanical air-conditioning systems for cooling to
maintain acceptable thermal comfort, thereby compromising indoor air quality due to insufficient
ventilation and fresh air supply (Ahmed et al., 2021). While efficient natural ventilation can dilute
indoor contaminants and improve IAQ, in hot arid regions, bringing hot air into the interior space

degrades thermal comfort and increases cooling loads (Kakosimos, 2025).

Although the trend in adopting air conditioning systems is increasing due to rising temperatures
in developing countries, it remains inaccessible to many households due to economic constraints,
unreliable electricity supply, and inadequate energy infrastructure, leaving them vulnerable to heat
stress in poorly performing buildings without any sustainable measures (Davis et al., 2021). This
challenge is particularly critical in resource-constrained regions, like Palestine, where the energy
demand of the building sector accounts for 55% of overall energy demand, and the residential sector
accounts for 45%, which mostly relies on electricity, and is expected to increase approximately 70%

between 2030 and 2050 (Ersoy et al., 2022). The growing energy demand puts higher pressure on



already limited and heavily constrained energy infrastructure. These challenges are further
exacerbated by inefficient energy policies, limited governance mechanisms, and the absence of
energy-efficient building standards, making them unable to handle peak energy loads, resulting in
increased incidences of power outages and energy insecurity (Hamed and Peric, 2020; Shamroukh
and AbuAlZullf, 2023). Therefore, transitioning to sustainable and environmentally friendly
solutions to mitigate heat, especially in the hot arid region in Palestine, is essential for both human
well-being and environmental sustainability. By reducing exposure to heat, improving indoor air
quality and thermal comfort, and reducing buildings' high energy demand, adopting passive cooling
strategies can enhance resilience to climate extremes. Effective solutions must moderate indoor
temperature and provide sufficient fresh air, thereby achieving both indoor environmental quality

(IEQ) and energy efficiency under extreme outdoor conditions.

1.2 Literature Review

1.2.1 Passive Cooling: Principles and Levels of Application

Passive cooling strategies aim to reduce building energy consumption by cooling the building
using "ambient cooling sinks," natural or environmental elements that absorb and dissipate heat,

such as water, sky, air, and building materials (Guerrero Delgado et al., 2020).

For passive cooling to be effective, it must be applied at three levels. The first is the "heat
protection" layer, which shields the building from direct solar radiation through shading and
thereby reduces heat gain. The second is the "heat modulation" layer, which moderates heat gain
using materials that store heat and release it later through free cooling, such as thermal mass. The
third is the "heat dissipation" layer, applied when the first two layers are insufficient to mitigate
heat; this approach dissipates the remaining heat to the appropriate environmental heat sink,

whether the sky, water, or air (Bhamare et al., 2019).

Adopting and combining appropriate passive cooling strategies to achieve thermal comfort
requires an understanding of the local climate, as their effectiveness depends heavily on it
(Panchabikesan et al., 2017). Furthermore, selecting cooling strategies that can adapt to variable
and severe environmental conditions is vital for maintaining thermal comfort and enhancing

resilience to climate extremes (Zhang et al., 2021).



1.2.2 Thermal Comfort and Indoor Air Quality in Naturally Ventilated Buildings

Buildings play a key role in creating comfortable interiors and a healthy indoor environment,
particularly as people spend most of their time indoors. Among building elements, the building
envelope largely governs energy gains and losses in the interior space and is responsible for 20%
to 50% of the energy consumed for cooling and heating (Elnabawi et al., 2024). Ensuring

thermal comfort and indoor air quality (IAQ) is therefore a vital concern.

Thermal comfort refers to a state of agreement with the thermal conditions of the
environment, shaped by physiological, physical, and psychological factors that govern heat
exchange between the body and the environment (Seyit and Umarogullari, 2018). Several
models are available for its assessment. The most widely used is the Predicted Mean Vote (PMV)
model, developed by Fanger, which predicts the average thermal sensation from six parameters:
air temperature, mean radiant temperature, relative humidity, air velocity, clothing insulation, and
metabolic rate (Gilani et al.,, 2015). A drawback of this model is that it is better suited to
mechanically controlled indoor environments (Zhao et al., 2021). The adaptive thermal comfort
model is more appropriate for naturally ventilated environments, where occupants tolerate wider
temperature ranges through behavioral, physiological, and psychological adaptation (Hoof et al.,

2010).

IAQ is closely linked to thermal comfort. Both can be achieved through adequate ventilation,
which removes and dilutes airborne pollutants while acting as a heat dissipation layer that
provides cooling and humidity control (Lépez Plazas and Sdenz de Tejada, 2024). CO, and
pollutant concentrations are the indicators most commonly used to characterize IAQ.
Organizations including the International Organization for Standardization (ISO), the European
Committee for Standardization (EN), the World Health Organization (WHO), and the American
Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) have issued
guidelines on acceptable maximum concentrations of CO, and pollutants, together with
recommended ventilation rates for healthy indoor environments (Lopez Plazas and Séenz de
Tejada, 2024).

Ma et al. (2021) identified the variables common to both thermal comfort and IAQ. These
comprise outdoor conditions, including air temperature, wind, humidity, and pollutants; the

physical and spatial characteristics of the interior space together with the thermal properties of its

materials; and, most critically, the "operational variables," which include indoor air temperature,



volume flow rate, air density, contaminant concentration, number of occupants, exposure time,
and ventilation rate. In a hot-arid climate, the challenge is to provide optimized natural
ventilation while minimizing energy consumption and discomfort, particularly when the outdoor

air is hot (Kakosimos, 2025).

1.2.3 Passive Cooling Strategies in Hot-Arid Climates: International Evidence

Recent international studies have investigated the effectiveness of passive cooling strategies
in improving energy efficiency and achieving thermal comfort in hot-arid climates. Hu et al.
(2023) reviewed empirical studies published between 2000 and 2021 covering thirty passive
strategies tailored to hot climates. They developed a framework identifying the six most effective
strategies to guide low-cost passive cooling adoption, emphasizing the role of the building
envelope, walls, roofs, and windows, alongside optimized cross-ventilation in reducing cooling
demand. Ergiin and Bekleyen (2024) systematically identified the passive cooling strategies
traditionally employed in hot and dry climates and classified them into heat-protection and heat-
dissipation methods. They highlight thermal mass as an effective heat-protection strategy, and
natural ventilation, particularly when combined with evaporative cooling, as the most widely

used and efficient heat-dissipation strategy.

Thermal mass and night ventilation

Benoudjafer (2022) and DeKay and Brown (2013) emphasize the role of high thermal
mass and night ventilation in enhancing thermal comfort in hot-arid climates. They note that
although thermal mass can reduce daily temperature swings and delay heat transfer during the
day, it must be cooled at night through ventilation, which is effective only when outdoor
temperatures fall below indoor temperatures. Where outdoor conditions are unfavorable,
evaporative cooling can assist night flushing and allow the thermal mass to be effectively

discharged.

The converse also holds. Sun et al. (2022) demonstrated the reverse effect of thermal mass
in hot-arid climates when effective night cooling is not provided, leading to increased
overheating hours, whereas adopting night cooling achieved up to a 30% reduction in
overheating hours. Thermal mass, in other words, is only as effective as the ventilation regime

that discharges it.

Coupling thermal mass with insulation



To further improve the thermal performance of thermal mass, it must be coupled with
thermal insulation, particularly on the exterior face of the wall, in order to minimize the heat
reaching the mass. Rodrigues et al. (2025) studied a villa in the hot-arid climate of Saudi
Arabia and showed that combining thermal mass with thicker exterior insulation (a lower U-
value) achieved the greatest reduction in cooling loads, but produced higher interior
temperatures than thinner exterior insulation. Coupling thermal mass with insulation and
appropriate ventilation strategies is therefore essential, and the optimum insulation thickness

cannot be established independently of the ventilation regime.

Ventilation mode, wind catchers, and evaporative cooling

Ahmed et al. (2021) evaluated the effectiveness of natural ventilation strategies in warm
climates, focusing on their capacity to deliver thermal comfort and indoor air quality during
heat waves. They found that cross ventilation alone is insufficient to meet these challenges,
whereas wind catchers combined with solar chimneys and evaporative coolers achieved
promising results by increasing airflow rates and pre-cooling the incoming air. These
combined strategies satisfied the recommendations of ASHRAE 55 and ASHRAE 62 when

the outdoor temperature remained below 42 °C.

Alwetaishi et al. (2020) investigated thermal comfort in historical buildings in Saudi
Arabia, examining the effects of thermal mass, orientation, and ventilative cooling. They
found the west and south orientations to be the least favorable. Thermal mass produced only a
slight reduction in indoor temperatures and energy loads but improved thermal comfort during
summer, while evaporative cooling achieved up to a 4 °C drop in indoor temperature,

reinforcing the role of thermal mass.

Taken together, these studies indicate that no single strategy is sufficient in a hot-arid
climate. The evidence points consistently toward an integrated combination of high thermal
mass, correctly positioned insulation, a ventilation mode capable of delivering adequate

airflow, and evaporative pre-cooling when outdoor air is too hot for direct night flushing.

Control strategies for ventilative cooling

The effectiveness of night ventilation for cooling depends on three groups of factors:
weather conditions, including relative humidity, wind, and diurnal temperature variation;
building parameters that support night cooling, such as thermal mass and thermal inertia; and

optimized operation, including appropriate operating hours, ventilation mode, airflow rate,



and control strategy (Darmanis et al., 2020). While the first two groups are well established,
the control strategy, whether manual or automated, plays a decisive role in realizing the

available performance.

Most buildings, particularly residential ones, rely on manual ventilation control, which is
strongly influenced by occupant behavior and can lead to inappropriate operation, such as
failing to exploit favorable outdoor conditions. This highlights the limitation of relying on

occupants alone to manage passive cooling strategies effectively (Saber et al., 2021).

Recent studies have increasingly demonstrated the advantage of automated control over
manual operation. Sarna and Ferdyn-Grygierek (2025) assessed manual and automatic natural
ventilation control strategies in which the control logic was based on favorable outdoor
conditions. Their results confirmed the superiority of automatic control in achieving thermal
comfort and effective ventilation rates, with manual control at times worsening interior
thermal conditions. Sorgato et al. (2016) similarly established the importance of a control
logic for natural ventilation, particularly when combined with thermal mass; their simulations
showed that improper occupant ventilation behavior can increase energy use and discomfort
hours, whereas automated ventilation achieved the highest number of comfort hours. These
findings underline the need to treat operational control as an integral component of any

passive cooling system rather than as an implementation detail.

1.2.4 The Palestinian Context

The challenges outlined above are more acute in resource-constrained developing regions, where
inadequate passive adaptation of buildings to local climatic conditions has produced heavy reliance

on energy-intensive cooling systems to maintain comfort.

Palestine, with its diverse climatic zones, including the hot-arid climate of the Jordan Valley ,
generally lacks sustainable practices in the building sector. As a consequence of the political
situation, limited awareness, economic pressure, and restricted professional engagement, low-
quality buildings are constructed with no architectural identity and poor thermal performance. The
same construction prototype is applied across all climates regardless of its suitability, driving higher

cooling and heating demand (Sabboubeh et al., 2019).

The codes intended to address this have proved inadequate. Camur and Abdallah (2021) found
that the energy-efficiency code developed in 2004 by the Palestinian Ministry of Local Government

specified considerably higher U-values than international codes and was recommended for all seven



Palestinian climate zones irrespective of its effectiveness. Haj Hussein et al. (2022) evaluated a
range of Palestinian and international energy-efficiency codes focused primarily on envelope U-
values across different Palestinian climate zones. Their study found that adding insulation in
accordance with the Palestinian green building guidelines achieved the largest reduction in heating
energy demand across all climate zones, reaching 83%. In the hot-arid summer and warm winter
zone, a cooling-dominated climate, however, adding insulation according to every code evaluated
had a negative effect, slightly raising cooling energy demand. This result underlines that envelope
insulation alone is not a solution in the Jordan Valley and that passive cooling strategies are
required. In a further attempt to reduce building energy demand, the Palestinian Energy and Natural
Resources Authority (PENRA) proposed a sectoral plan to decrease consumption and enhance
comfort, but this effort failed to incorporate energy-saving measures or adequate building energy

codes (Alsayed and Tayeh, 2019).

Very few studies have evaluated passive cooling strategies for improving indoor environmental
quality and reducing cooling loads in Palestine, and fewer still in the hot-arid zone. Samaro et al.
(2024) assessed how typical residential buildings across three Palestinian climate zones, including
Jericho, respond to current and future climate scenarios. The study found that conventional, low-
efficiency buildings are highly susceptible to heat gain, resulting in uncomfortable indoor
temperatures, particularly in Jericho, where conditions are further exacerbated under future
warming. The authors assessed several mitigation strategies drawn from the Medium Energy
Efficiency Buildings (MEET) guidelines, including envelope insulation, external shading, and cool
walls and roofs, and found these insufficient to achieve thermal comfort in Jericho compared with
the moderate climate zones. This finding points directly to the need for the integrated, ventilation-

led strategies identified in the international literature rather than envelope measures alone.

In parallel, recent years have seen a revival of earthen architecture in the Jordan Valley,
supported by local and international initiatives. Earthen architecture offers environmental, social,
and economic benefits that are especially relevant in hot-arid climates, owing to its high thermal
mass and affordability, as well as its role in strengthening architectural heritage and identity
(Alatawneh and Germana, 2016). It therefore provides a construction system in which the thermal
mass required by the international evidence is already present, but whose thermal performance in
the Jericho climate, and its coupling with ventilation, control, and evaporative cooling, has not

been quantified.

1.3 Current Situation and Gap of Knowledge



Despite the growing body of research on passive cooling strategies to improve IAQ and thermal
comfort, these two topics are often investigated separately, as many existing studies on passive
cooling strategies focus on their effect on thermal performance, thermal comfort, and energy
reduction but overlook IAQ metrics or neglect ventilation performance altogether, potentially
misleading design recommendations. This and several critical gaps remain, particularly in the
context of the hot-arid climate zone in Palestine, where buildings most often lack climate-
responsive strategies that operate under energy and infrastructure constraints. These gaps shed light
on the need for a more context-specific and performance-based approach that holistically evaluates

passive cooling strategies and their combined impact on thermal comfort and indoor air quality.

Existing international studies on passive cooling strategies, such as thermal mass, and ventilative
cooling strategies, such as wind catchers with evaporative cooling, have demonstrated promising
potential in reducing cooling loads and enhancing thermal comfort; their applicability and

performance within the hot arid climate in Palestine remain underexplored.

At the national level, the Ministry of Local Government (2004) published guidelines for energy-
efficient building design. The document used Mahoney tables as a key climate analysis tool for all
the 7 climates in Palestine to obtain design recommendations. The document ultimately provides
general recommendations for all climates, including hot arid climates. Among these
recommendations are using high thermal mass, controlled ventilation, shaded courtyards,
minimized openings, ventilated double walls and roofs, and others. However, a key limitation of
this document is that it’s too general, and there is a lack of quantitative evaluation or performance
validation. Another critical gap is the lack of post-occupancy evaluation of earthen buildings in
Palestine. Although it’s known for its good thermal properties, affordability, and cultural
significance, most studies in Palestine focus on the theoretical advantages without conducting
empirical assessments to validate and refine earthen and passive construction techniques in the local

context.

These limitations are of great influence in hot arid regions such as the Jordan Valley in Palestine,
which experiences high temperatures, overheating, and limited energy resources, necessitating the
development of resilient, low-energy, and climate-adaptive buildings. Therefore, there is a clear
need to advance knowledge in context-specific passive cooling and air quality management within
the hot arid climate of Palestine, by systematically investigating the adaptability and combined

performance of passive cooling strategies. This includes identifying the optimal combined strategies



and operational modes that would enhance thermal comfort and indoor air quality, in addition to

reducing cooling loads.

1.4 Research Significance

This research highlights a critical gap in the literature on achieving thermal comfort and IAQ
simultaneously through environmentally friendly, energy-efficient, and passive strategies within the
hot-arid climate of Palestine. This study explores the combined potential of adopting thermal mass
through improved CEB thermal performance and optimized ventilative cooling strategies, and
contributes to the knowledge regarding buildings that function as climate-responsive systems. From
a scientific perspective, this research contributes to developing a more holistic approach for
assessing buildings’ performance in hot arid climates, taking into consideration both thermal

comfort and indoor air quality.

Locally, the study is highly relevant to Palestine, especially the Jordan Valley, where extreme
temperatures, energy insecurity, and inadequate building practices exacerbate indoor discomfort. By
providing applicable and adaptable strategies that respond to local climate and socio-economic
conditions, this study addresses a pressing local need for context-specific building solutions.
Moreover, to the best of the authors’ knowledge, this research is considered among the very few
studies to comprehensively assess the performance of earthen buildings in the hot-arid climate of

Palestine, especially in relation to thermal comfort and indoor air quality.

Ultimately, this research enhances sustainable building practices by addressing thermal comfort
and air quality challenges, particularly for constrained developing regions susceptible to
overheating and energy shortage, thereby achieving healthier, more resilient indoor environments in

hot climates facing climate change and environmental challenges.

1.5 Research Questions & Hypothesis

Earthen building envelopes, incorporating a combination of thermal mass and ventilative cooling
strategies, can achieve improved thermal comfort and indoor air quality, along with reduced cooling
energy demand, compared to conventional building configurations in the hot-arid climate of the
Jordan Valley in Palestine. By optimizing the envelope configuration and operational modes, these
passive strategies can provide superior performance compared to adopting each strategy separately,
ultimately achieving a holistic, energy-efficient system that can minimize thermal discomfort and
provide adequate IAQ. Based on the presented hypothesis, the research question is: How can an

integrated passive system combining thermal mass and ventilative cooling be optimally designed



and operated to simultaneously improve thermal comfort and indoor air quality in earthen buildings
within the hot-arid climate of the Jordan Valley in Palestine? Thereby, the following sub-questions

were raised:

1. What are the thermal performance characteristics of existing earthen buildings using CEB

in the Jordan Valley?

2. What is the optimal wall configuration for earthen buildings using compressed earth
blocks (CEB), in terms of layer thickness and insulation placement, to maximize thermal

performance and effectively enhance the heat-modulation function of the wall?

3. What control logic and operational strategies can be established to define the optimal
deployment and switching conditions between ventilative cooling systems, including wind
catchers, evaporative cooling, and cross ventilation, under varying outdoor climatic

conditions, to simultaneously ensure thermal comfort and acceptable indoor air quality?

4. How does the optimized earthen building envelope perform in comparison with the
conventional envelope construction commonly used in Jericho under the same integrated
passive cooling and operational control framework, in terms of thermal comfort and indoor

air quality?
1.6 Research Objectives

The thesis aims to evaluate and optimize the performance of earthen buildings coupled with
ventilative cooling strategies, as a holistic approach for improving thermal comfort and indoor air
quality (IAQ) in buildings located in the hot-arid climate of the Jordan Valley in Palestine.
Furthermore, the study seeks to build on recent efforts in Jericho to reintroduce earthen architecture
as a viable, energy-efficient, and environmentally sustainable alternative to conventional
construction methods. It seeks to integrate passive cooling strategies into a comprehensive building
system that enhances thermal performance, achieves adequate ventilation, and reduces reliance on
energy-intensive mechanical cooling, therefore contributing to enhanced indoor environmental

quality and reduced energy demand. From this perspective, the research objectives are as follows:

This thesis aims to develop and evaluate an integrated building system tailored for the hot arid
climate, in which thermal mass, envelope design, ventilative cooling strategies, and operational
control are all optimized to function as a unified framework that assesses the capability of each
strategy to complement the limitations of the others, thereby forming a comprehensive, energy-

efficient and climate-responsive solution to achieve thermal comfort, maintain indoor air quality,



and enhance overall building performance. Throughout this thesis, "optimization" and "optimal”
denote a systematic, sequential process of parametric evaluation, in which each phase tests a
defined set of configurations under the same performance indicators and carries forward the best-
performing one to the next phase, rather than a mathematical optimization algorithm searching for a
single globally optimal solution. The rationale for this sequential approach, rather than a

simultaneous multi-objective method , is set out in Section 4.2.7. The sub-objectives are as follows:

1. To assess the current thermal performance of existing earthen buildings constructed using

compressed earth blocks (CEB) in the Jordan Valley.

2. To optimize earthen building envelope configuration by assessing the influence of wall

thickness and insulation placement on thermal performance and thermal mass effectiveness.

3. To evaluate multiple ventilative cooling strategies and develop a control framework for
their optimal operation and switching under varying climatic conditions to improve thermal

comfort, IAQ.

4. To comparatively assess the optimized earthen envelope against the conventional
envelope construction prevalent in Jericho, as documented through the field survey of local
construction practice, under identical geometry, operational schedules, and passive cooling
control conditions, in order to quantify the performance benefit of earthen construction

relative to current local building practice.

1.7 Research Limits

The study is conducted in the city of Jericho, located in the Jordan Valley, which represents one
of the most extreme hot-arid climate zones in Palestine, characterized by high temperatures and
cooling-dominated conditions. It was selected for its severe climate as a representative of hot arid
zones with a similar climatic context. It was also selected due to the city's increasing interest in

CEB, with existing examples of both older and recent applications available in the city.

The study is limited to small-scale buildings. In this research, the term refers to load-bearing
buildings of no more than two storeys and approximately 300 m? of total floor area, with a shallow
plan in which every occupied space has direct access to at least one external fagade. The case study,

the Agbat Jabr women's centre, falls within this class at 289.5 m? distributed over two levels.

The buildings addressed are community and small institutional facilities of the type delivered by
the UNESCO earthen architecture programme in the Jordan Valley, together with the small

residential units associated with them. The case study combines three such uses within one



building: a daycare and nursery, a small office, and a residential suite. These uses share modest
occupant densities, low equipment loads, and a predominantly daytime occupancy pattern, with the
exception of the residential unit, which is also occupied overnight. Building uses characterized by
continuous or high-density occupancy, substantial equipment loads, or restricted operation of

openings fall outside the scope of this study.

Furthermore, the analysis focuses exclusively on the cooling season, as the research aims to
optimize passive cooling performance and indoor environmental conditions during periods of

greatest thermal stress.

1.8 Research Limitations

Indoor air quality is assessed primarily based on ventilation rates and carbon dioxide (CO3)
concentration as key indicators. However, the study does not account for the presence of outdoor air
pollutants, such as dust, particulate matter, and other contaminants. These factors were excluded as
the study focuses on ventilation-based assessment without incorporating filtration or purification

methods, which is beyond the scope of this study.

Beyond the exclusion of outdoor pollutants noted above, the CO, assessment carries two
limitations tied to occupancy. The building stands empty today, so the model was calibrated on
measured indoor temperature under free-floating conditions, with no occupants present. Its CO,
output rests on assumed generation rates and occupancy schedules, and no measured CO, exists to
validate it; the figures indicate ventilation adequacy rather than a calibrated prediction. The
schedules come from former users, who recalled the approximate number of occupants in each zone
and the hours each space was used when the building operated. Both headcount and timing are

approximate.

In addition, evaporative cooling was evaluated at the performance level using a simplified, well-
established, and reliable approach derived from the Givoni model rather than detailed CFD analysis.
The study assessed whether cooling the fresh-air supply at the required ventilation rate could
maintain thermal comfort during occupied hours. The detailed design and architectural integration
of the system, including the evaporative pad housing, duct routing, and installation within the

building, were beyond the scope of this research and are left for future work.

1.9 Research Structure

This research is divided into five parts as follows:



First part: the conceptual study of the thesis, covered through Chapter 1. It introduces the
research and the conceptual basis on which it is built, namely the justification for reintroducing
earthen architecture as an energy-efficient, climate-responsive alternative to conventional
construction in the hot-arid Jordan Valley in Palestine, and the need to secure thermal comfort and
indoor air quality by passive means. It presents the research background, significance, problem,
hypothesis, questions, objectives, limits, and limitations, and ends with a complete overview of the

research structure.

Second part: the theoretical study, presented in the second and third chapters and dedicated to
the literature review and definitions. Chapter 2 reviews earthen and compressed earth block (CEB)
construction, the role of thermal mass, passive and ventilative cooling strategies including cross
ventilation, night flushing, wind catchers, and evaporative cooling, and the assessment of indoor air
quality, situating the study within existing research and identifying its gap. Chapter 3 establishes the
theoretical framework of the dynamic thermal behaviour of the building envelope, defining the

thermal-mass indicators, the decrement factor and the time lag.

Third part: the research methodology, presented in Chapter 4. It covers the research type and
data-collection methods, the case-study area and its selection criteria, the field measurement
instruments, the simulation and validation approach in DesignBuilder, and the integrated seven-

phase sequential optimization framework that structures the analysis.

Fourth part: the case study and analytical study, covered in the fifth and sixth chapters. Chapter
5 describes the earthen buildings of Jericho, including the UNESCO-supported projects and the
surveyed local construction practice that provides the conventional reference. Chapter 6 reports and
discusses the results, from the measured thermal performance and model validation through the
seven optimization phases to the comparative assessment of the optimized earthen envelope against

the conventional construction of Jericho.

Fifth part: the conclusions, presented in Chapter 7, which answers each research objective and
question, draws out the generalizable findings and design principles, and sets out the contributions,

practical implications, limitations, and directions for future work.



Chapter 2

Passive Cooling & Indoor Environmental Quality Framework

2.1 Preface

Building on the challenges outlined in Chapter 1, the focus moves from problem identification to
the exploration of passive strategies tailored for hot arid climates, their control mechanisms, and
their roles in achieving indoor environmental quality essential for occupant well-being. Passive
cooling covers a range of strategies that utilize natural processes, where some strategies can
perform as a heat modulation layer, like thermal mass, and others as a heat dissipation layer, such as
natural ventilation, and essentially, how to make them complement each other. From this
perspective, this chapter establishes the theoretical foundation needed to evaluate and optimize
ventilative cooling strategies in buildings and their contribution to IEQ, with particular focus on
how these strategies can be controlled and coordinated under varying environmental conditions.
The chapter ultimately leads to a control-oriented understanding of ventilative cooling, which forms

the basis for the development of an integrated and optimized cooling approach in hot arid climates.

2.2 Thermal Comfort in Naturally Ventilated Buildings

Among the analytical models for thermal comfort, the two most popular thermal comfort
approaches are the steady state and adaptive models (Ma et al., 2021). The steady state model, also
known as Fanger’s PMV most widely used in building design standards such as ISO 7730 and
ASHRAE 55. This model depends on heat exchange between the human body and the environment,
and the main outputs are PMV, which represents the predicted mean vote of how cold or hot people
feel on a scale from -3 to +3, and PPD, which presents the predicted percentage of dissatisfied
people. The key input variables include air temperature, mean radiant temperature, air velocity,
humidity, metabolic rate, and clothing insulation. Even though this model is very popular, it’s
limited in naturally ventilated buildings as it can significantly over- or underestimate comfort,
because it was based on lab conditions and assumes steady conditions like mechanically ventilated

spaces, unlike naturally ventilated spaces (Cheung et al., 2019).

Fanger and Toftum (2002) addressed the limitation of the PMV model for naturally ventilated
buildings and proposed an extended PMV Model suitable for hot climates, also known as (ePMV).
The model is a modification of PMV that multiplies it by an expectancy factor (ep), which accounts
for occupants’ adaptation. The value of ep ranges between 0.5 and 1 and depends on the duration of

warm weather, the existence of air conditioning, and occupants’ expectations. However, it is



Chapter 2

sensitive to the choice of ep, which can lead to over- or under-prediction (Ma et al., 2021). Yao et al
(2009) developed the adaptive predicted mean vote (aPMV), where they added an adaptive
coefficient B to the original PMV, which combines psychological, behavioral, and environmental
adaptation to better represent naturally ventilated conditions. However, the adaptive coefficient is
not universal and is highly climate-dependent and must be modified based on the environment,

behavior, and building type (Enescu, 2017).

The adaptive comfort model departs from the heat-balance framework altogether and is based on
real field conditions, unlike the PMV model. This model links acceptable indoor operative
temperature to outdoor temperature and reflects occupant adaptation behavior like opening
windows and changing clothes, and also depends on long-term exposure, as people tend to adapt to
their environments. This model has been incorporated into ASHRAE Standard 55 as the adaptive
comfort method for free-running buildings in warm climates (Halawa and van Hoof, 2012). The
standard sets three conditions for its use: no mechanical cooling in operation, occupant metabolic
rates between 1.0 and 1.5 met with freedom to adjust clothing, and a prevailing mean outdoor
temperature between 10 °C and 33.5 °C (ASHRAE, 2023), as shown in Figure 2-1. When the
operative temperature exceeds 25 °C, air speeds above 0.3 m/s permit the upper acceptability limit

torise by 1.2 °C at 0.6 m/s, 1.8 °C at 0.9 m/s, and 2.2 °C at 1.2 m/s.
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Figure 2-1: Acceptable ranges of indoor operative temperature for naturally ventilated buildings as a function of mean

outdoor air temperature, according to the ASHRAE Standard 55 adaptive comfort model (de Dear and Brager, 2002).
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The idea of adaptive thermal comfort is that it can have a wider range of comfort temperatures,
and this range can be different in different locations and different climates, as it depends on the
climate-responsive strategies used, occupant behavior, and outdoor climate. A lot of studies about
field thermal comfort assessments have shown that the slope of the adaptive thermal comfort
Equation was larger than the standard adaptive thermal comfort in hot-dry climates, as people can
adapt to the local climate and stay comfortable at a wider temperature range, highlighting the
importance and high potential of passive design in facilitating occupants’ adaptation. An example
study conducted by Yang et al. (2020), investigated the adaptive thermal comfort of residents in dry
hot and dry cold climates in China. The study included field surveys for occupants’ thermal
sensation votes and filed measurement for indoor and outdoor environmental parameters, and
established a linear relationship between indoor operative temperature and outdoor mean
temperature to derive comfort limits. Their results showed strong adaptation, particularly for heat,
where comfortable temperatures reached 34°C. They also identified the most effective strategies
that helped occupants adapt were using semi-basements, thermal mass, night ventilation, and
shading. In the hot arid-saharan climate of southern Algeria, the neutral temperature was found to
be 31.5 °C and neutral humidity 20% in traditional adobe buildings. The newly developed comfort
model was within the range of the ASHRAE model but 4°C higher, with 8% difference from the
ASHRAE model regarding the relationship between outdoor and indoor comfort temperatures
(Abdelkader et al., 2021). Based on Lamsal et al. (2023), naturally ventilated (NV) office buildings
in different climates can have a wide comfort temperature ranging from 17.6°C to 31.2°C, and they
concluded that comfort mainly depends on outdoor temperature and the adaptive behavior of the

occupants; based on that, they derived an adaptive equation for NV buildings:
T.=043T,+14.93 (2-1)

where T, is the indoor comfort temperature (°C), 7, is the running mean outdoor temperature

(°C), 0.43 is the regression coefficient, and 14.93 is a constant.

Another adaptive thermal comfort study was conducted by Singh et al. (2023) in the hot- humid
climate of India, focusing on naturally ventilated offices. The study relied on a year-long field study,
combining questionnaires and indoor measurements. Their investigation found that 80% of
occupants were comfortable between 25°C and 30°C, and increasing the air velocity to 0.8 m/s can
increase the comfortable limit to 32°C, highlighting the role of ventilation in improving thermal
comfort sensation. They also noticed that occupants were less sensitive to the outdoor temperature

variations, making the slope of the adaptive thermal comfort lower than the standard adaptive



ASHRAE-55. Kumar et al. (2016) outlined the critical effect of air speed on adaptive thermal
comfort. The study developed new adaptive comfort zones on the psychometric chart based on a
field study for the composite climate of India, which is characterized by a very hot summer. They
found that more than 90% of comfort points lay outside the ASHRAE zone in summer under
different air speeds. Based on this study, the comfort range when air velocity was lower than 0.2 m/
s is between 18°C and 32°C, and with air velocity higher than 0.2 m/s up to 1.5 m/s, when using a
fan, the comfort range was between 34 and 35°C, where the air velocity 1m/s found to be the most
efficient. Across these studies, occupants living in hot-arid regions have been shown to tolerate
temperatures higher than those permitted by the ASHRAE 55 adaptive model, and the findings are
specific to their local climates and cannot be directly applied to Palestine. Since there is no
Palestine-specific adaptive comfort model, the ASHRAE 55 adaptive model remains the most

appropriate standard for assessing thermal comfort.

2.3 Indoor Air Quality and Ventilation Requirements

2.3.1 Indoor Air Quality Indicators and Standards

Indoor air quality is a key contributor to the quality of the indoor environment and to human
health, as good indoor air quality reduces the risk of illness transmission and improves
productivity and concentration. Poor IAQ is associated with increased concentrations of indoor
pollutants such as carbon dioxide (CO,), particulate matter, and volatile organic compounds

(VOCs), which can lead to long-term health risks (Kakoulli et al., 2022).

Indoor air quality is typically evaluated using parameters such as ventilation airflow rate, air
change rate (ACH), CO, concentration, air change effectiveness (ACE), and mean age of air
(MAA) (Jomehzadeh et al., 2017). Several organizations, including ASHRAE and CIBSE,
provide ventilation-related guidelines and threshold values for different building types based on
factors such as building size, occupancy level, and building function (L6pez Plazas and Saenz de

Tejada, 2024). Table 2-1 summarizes the criteria of the principal standards.

Table 2-1: ventilation and CO;, criteria in the principal IAQ standards.

Standard Scope CO; criterion Ventilation rate
requirement
ASHRAE 62.1-2022 Non-residential No limit set; informative Breathing-zone rates by space
guidance suggests ~700 type; offices 2.5 L/s per person
ppm above outdoor for + 0.3 L/sm?

odor acceptability



ASHRAE 62.2-2022 Residential None Whole-dwelling: 0.15 L/s per
m? floor area + 3.5 L/s per

bedroom + 1
EN 16798-1:2019 All buildings, four IEQ Residential CO, above Residential Cat II: 2.5 L/
categories outdoor (I/1I/1II): living ~ s'person + 0.15 L/s'm* Non-

rooms 550 / 800/ 1350 residential Cat II
ppm bedrooms 380 /550 /  (lowpolluting): 7 L/s-person +
950 ppm 0.7 L/s'm?

Non-residential: no CO;
design value;
recommended operational
setpoints (absolute) 800
ppm (classrooms, meeting
rooms), 650 ppm (offices)

2.3.2 The Interaction between Indoor Air Quality and Thermal Comfort

Thermal comfort and TAQ are strongly connected, as occupants' perceptions of temperature
and of air quality are correlated. In a field study of naturally ventilated buildings, Lamberti et al.
(2024) found that higher CO, levels produced a warmer thermal sensation, lower thermal
comfort, and a lower perceived sense of control, as occupants felt less able to adapt. They also
observed that changing CO, levels affected both the perception of air quality and thermal

comfort, and that the gap between the actual and the comfortable temperature widened.

2.3.3 Ventilation and the Comfort—-IAQ Trade-off in Hot Climates

Ventilation plays a critical role in maintaining good IAQ by supplying fresh outdoor air and
diluting indoor contaminants, and it also reduces energy demand and health risk. During the
cooling season, when outdoor conditions are favorable, natural ventilation additionally provides

a cooling effect that lowers the energy required to maintain comfort.

Its effectiveness, however, depends on delivering adequate thermal comfort and high indoor
air quality at the same time. Research consistently shows that the two are interrelated and that
improving one often comes at the expense of the other and of energy use (Escandon et al., 2025;
Ahmed et al.,, 2021). Tognon et al. (2023) further show that the effectiveness of natural
ventilation depends on the control strategy and the climate rather than on the ventilation type

alone.

This trade-off is most acute in hot climates. Miao et al. (2023) found that admitting hot
outdoor air through building openings can effectively improve IAQ and meet the required

standards while significantly deteriorating thermal comfort. Strategies are therefore needed that



balance airflow against heat control, limiting ventilation to prevent overheating while

maintaining rates sufficient for good IAQ.

2.3.4 Factors Governing the Effectiveness of Natural Ventilation

Achieving this balance requires several context-specific factors to be considered: the local
climate, seasonal and diurnal conditions, the building type, its thermal inertia, and user behavior
(Lopez Plazas and Sédenz de Tejada, 2024). Technical factors including operating time, airflow
rates, and control techniques also exert a significant influence on the efficiency of natural
ventilation (Stasi et al., 2024; Darmanis et al., 2020). Ma et al. (2021) grouped the variables
governing thermal comfort and TAQ into three sets: outdoor conditions (air temperature, wind,
humidity, and pollutants), the physical and material characteristics of the space, and a third set
they identify as most critical, the operational variables, comprising indoor air temperature,
volume flow rate, air density, contaminant concentration, occupancy, exposure time, and

ventilation rate.

2.4 Natural Ventilation: Mechanisms, Strategies, and the Comfort Trade-off

Natural ventilation depends on natural forces such as wind and the buoyancy effect to drive air
movement into the interior space. Single-sided and cross ventilation are the most used strategies for
natural ventilation induced by the pressure difference created by wind forces or temperature
difference between indoor and outdoor, where wind creates positive pressure on the windward
facade while negative pressure is created on the leeward facade, causing air to move from the high
to lower-pressure zones. While stack ventilation is created by the rising hot air from the interior
space, as it becomes less dense and lighter, and cooler, denser air enters through lower openings,

producing buoyancy-driven airflow.

The opening configuration governs how much air these forces deliver, as Stasi et al. (2024)
assessed the effect of cross ventilation using different window opening configurations, from all
open to minimal openings, on the thermal performance of a case study building located in
Ahmedabad, India, with a hot arid climate. They found that configurations with higher air change
rates ( 71 ACH) achieved better adaptive thermal comfort, specifically during periods of moderate
heat stress of a typical summer day, with a reduction in operative temperature of about 3.9 C and a
reduction of about 77.8% in discomfort hours on a typical cooling-period day, and by 3.1 °C and
31.3% on the hottest day. Another study developed a new indicator called minimum ventilation time

(MVT) for achieving healthy IAQ (CO2 levels) while minimizing the thermal counter effects of



natural ventilation based on the Thom discomfort index dedicated for single-sided, cross, and stack
ventilation. Based on their simulations of 10 real homes in Barcelona (Mediterranean climate), they
found that cross ventilation performed best, achieving the least required time to replace interior
stale air during winter and summer for all opening %, requiring 3 to 7 minutes for 80% openings in
spring, summer, and autumn, against 6 to 11 minutes for single-sided ventilation and 12 to 24
minutes for stack ventilation. They set healthy air quality at a 900 ppm annual average under
Spanish regulation (CTE HS3) and flagged daily averages above 1000 ppm as poor ventilation.
(Lopez Plazas and Saenz de Tejada, 2024).

Higher airflow improves air quality, but in a hot climate, it carries heat indoors, and the studies
that measure both quantities show the tension directly. Ragab et al. (2025) investigated through
simulation the effect of different ventilation strategies on CO: levels and thermal comfort in a case
study classroom in the hot arid climate of Aswan. Their results showed that mixing air conditioning
with one-sided ventilation was not sufficient to dilute indoor air, and continuously opening the
windows deteriorated thermal comfort, specifically in summer, reducing the AC efficiency. While
using cross ventilation only reduced the CO2 levels significantly and highly increased the periods of
thermal discomfort, while using only cross ventilation for 20% during breaks improved thermal
comfort periods and reduced CO2 levels, but was still not enough, and opening the windows for 60-
minute intervals in summer, and 20 minutes in winter, held CO, within the 1000 ppm limit and
added far less discomfort than continuous operation. Heracleous and Michael (2018) reached the
same conclusion from the opposite direction, comparing four ventilation strategies: daytime-only,
night-only, night with limited daytime (breaks), night with full daytime, and continuous 24-hour
ventilation. The study was conducted for a typical classroom in Larnaca, Cyprus, and assessed their
role in decreasing overheating hours during the summer period while ensuring adequate IAQ with
CO2 levels below 1000 ppm, in addition to their performance during future climate conditions. In
scenarios with periods of no windows open, the door was kept open to ensure fresh air at a
minimum rate of 8 /s per person. Under the current climate, night-only ventilation performed best,
cutting overheated occupied hours from 3-—4% to 1-2% across orientations, while daytime-only
performed worst. Under 2050s and 2090s projections, night ventilation alone could no longer hold
comfort, and overheating exceeded the CIBSE limits, which points to the need for additional
cooling as the climate warms. Control logic extends the same benefit beyond hot climates; Tognon
et al.(2023) found that shifting toward natural ventilation cut sensible cooling demand by 31% in

Venice, 24% in Rome, and 11% in Helsinki, while a Wells-Riley analysis showed airborne infection



risk reaching almost 85% in poorly ventilated cases, which well-regulated ventilation reduces. Table

2-2 compares the five studies by climate, method, ventilation strategy, and outcome.

Table 2-2: Ventilation and CO;, criteria in the principal IAQ standards.

Study Climate / Strategy & Metrics Key quantitative CO, threshold
location opening finding used
configuration
Stasi et al. Hot-arid / Cross ventilation;  Operative Widest openings: not assessed
(2024) Ahmedabad, openings from full temperature, —3.9 °C and —77.8%
India to minimal discomfort discomfort hours
hours (typical cooling-
period day); =3.1 °C
and —31.3% (hottest
day)
Lépez Plazas & Mediterranean/ Single-sided, Minimum To clear stale airat 900 ppm annual
Saenz de Barcelona cross, stack; MVT  ventilation time ~ >80% opening average (Spanish
Tejada (2024) across opening %  (CO,), Thom (spring—autumn): CTE HS3); >1000
discomfort cross 3—7 min, ppm daily average
index single-sided 6-11 flagged as poor
min, stack 12-24
min
Ragab et al. Hot-arid / AC + single-sided; CO,, PMV, air Scheduled cross 1000 ppm
(2025) Aswan, Egypt  cross; scheduled temperature ventilation, 60 min  (absolute)
cross (breaks, 60 in summer and 20
min) min in winter, held
CO; within limit
with only a slight
comfort penalty
Heracleous &  Mediterranean/ Daytime, night, Overheated Current climate: 1000 ppm (BS EN

Michael (2018) Larnaca, nighttbreaks, occupied hours, night-only cuts 15251 Category
Cyprus night+full day, 24  CO, overheating from 3— 1)
h; door >8 L/ 4% to 1-2%;
s-person daytime-only worst.
Future climate: night
ventilation alone
insufficient,
overheating exceeds
CIBSE limits
Tognon et al. Cold and Natural- Sensible/latent Shift to natural No CO, limit;
(2023) moderate / ventilation- cooling demand, ventilation cuts Wells-Riley
Venice, Rome, dominant vs airborne sensible cooling infection
Helsinki mechanical vs infection demand 31% probability
hybrid probability (Venice), 24%

(Wells-Riley)

(Rome), 11%
(Helsinki); infection
risk reaches ~85% in
poorly ventilated
cases

These studies show that ventilation effectiveness for thermal comfort and indoor air quality is
governed more by duration and control strategy than by ventilation type alone, with scheduled cross
ventilation giving the best balance between the two. In a hot-arid climate, though, favorable outdoor
conditions do not always arrive when a space needs them, and the following sections turn to the

passive strategies that extend natural ventilation past that limit.



2.5 Wind Catchers

2.5.1 Concept, Historical Evolution, and Typologies

Wind catchers are among the oldest passive ventilation strategies that leverage natural
resources to provide thermal comfort and better IAQ, particularly in hot climates. It is a tower
that is normally roof-mounted or a rooftop projection that captures cleaner outdoor air at a higher
elevation and drives it indoors through wind pressure and buoyancy effect (Chohan and Awad,
2022). During the daytime, the wind-induced pressure difference between windward and leeward
openings encourages the supply of fresh air and extraction of stale air, while in periods when
wind speed is low or at night, the system functions as a thermal chimney where warmer indoor
air rises and exits the building (Hughes et al., 2012; Noroozi and Veneris, 2018). Jomehzadeh et
al. (2017) place the wind catcher within the passive-cooling framework as a heat dissipation
layer, where it delivers outdoor air as a cooling and ventilating agent. Wind catchers vary by the
number of openings, internal partitions, cross-section, and height. The one-sided system catches
the wind and supplies air inwards, which is popular in regions with a prevailing wind direction,
while the multisided system, which can be two, four, six, or eight-sided, can admit air and also
exhaust hot air, with the four-sided system usually used in regions that have no specific direction

for wind (Chohan and Awad, 2022).

2.5.2 Ventilation and Thermal Performance in Hot-Arid Climates

Jomehzadeh et al. (2017) reviewed traditional and modern wind catchers and examined indoor
air quality based on studies mainly conducted in the UK using CFD simulations and
experiments. Across these studies, wind catchers delivered ventilation rates ranging from 5 to
27,1 L/s per occupant and can achieve air change rates of 3.2 and as high as 57 ACH, and indoor
COgz levels were recorded within the acceptable limits. Regarding thermal comfort, their review
found that wind catchers can reduce indoor air temperature by about 2-4 °C, depending on the
climate and design of the system. The authors further discussed the limitation of night
ventilation, which relies on the thermal mass of the building, which achieved reductions between
1-4.2 °C in cold and temperate climates, and found that additional cooling was necessary for hot
climates by incorporating strategies such as evaporative cooling and Earth-Air Heat Exchanger
(EAHE). A more recent study by Ma et al. (2024) reviewed 96 studies between 2000 and 2024
and found that wind-catcher types in hot-arid areas, taken together, traditional, evaporative, and

hybrid catchers, raised indoor air velocity by 10 to 50% and comfortable hours by 25 to 50%,



with the lower end reflecting simple dry towers and the upper end the evaporatively-assisted and
hybrid designs. They also found that dry towers held their temperature drop at 2 to 4 °C. In hot-
arid climates, dry wind catchers deliver strong ventilation and air movement, with reported
indoor air velocities of roughly 0.3 to 3.2 m/s and air change rates reaching over 100 ACH (Ma
et al., 2024). Their limitation is thermal rather than aerodynamic, despite this airflow, dry
catchers reduced indoor temperature by only about 2 °C at outdoor temperatures above 40 °C,
and often failed to meet comfort, because they channel hot outdoor air without cooling it

(Ahmed et al., 2021).

2.5.3 Influence of Design Parameters on Ventilation and Cooling Performance

The performance of the wind catcher depends highly on its geometry. Jomehzadeh et al.
(2020) reviewed the design parameters that govern ventilation rate and cooling. They identified
cross-section, height, roof shape, internal partitions, openings, and control elements as the
variables researchers tested most. This section reviews the main design parameters governing

wind-catcher performance, drawing on the studies summarised in Table 2-3.

Cross-section:

Maneshi et al. (2012), through their computational fluid dynamics (CFD) model to assess
wind catchers’ performance, found that a square section outperformed a circular one at the
same wind speed because its sharp edges create a wider zone of flow, creating a larger
pressure difference that pulls more air through the tower. A square, four-sided catcher worked
best when the wind met it at 45° (Maneshi et al., 2012). Farouk (2020) extended the
comparison to a 6-sided hexagonal section wind catcher with equal internal area of 0.25 m? in
a CFD study for a hot arid climate, and found that it achieved 19% more airflow on average
than a square catcher and was not sensitive to wind direction, while the 4-sided louvered
square catcher peaked when it met it head on. However, the square section produced higher
indoor air velocity and better thermal comfort, whereas the hexagon achieved higher air
change rate and air quality. Cross-sectional shape, therefore, trades airflow and directional
stability against indoor velocity, rather than yielding a single best form. (Alhraki and Sultan
Qurraie, 2024) evaluated square (4x4m) and rectangular (2x8m) four-sided wind catchers of
equal area for a mosque in the hot-arid climate of Nizwa, Oman, and found that square
geometries outperformed rectangular ones with X or X combined with + internal partitions as

the most effective in raising occupied zone air velocity by up to 51.9% (0.33 to 0.69 m/s).



Cross-sectional area interacts with height, where reducing the area while raising the tower
slightly improved the windcatcher's ventilation contribution to indoor comfort (McCabe and
S., 2013). The cross-sectional area is also sized relative to the room it serves, where it’s
recommended for the cross-sectional area to equal the inlet opening and to be about 3% of the
floor area of the ventilated space (Attia and De Herde, 2009, in Mayhoub et al., 2025). While
Benkari et al. (2017) proposed a wind catcher for a room length and width ratio of 1:4. The
width of the shaft affects the airflow as reducing a four sided shaft from 2.5 to 2.0m raised
indoor velocity by up to 34%, and from 2.0 to 1.5m by up to 50%,, though the narrowest
width drove high-velocity air into the lower room and caused uneven temperature (Hosseini et
al., 2016). However, Mayhoub et al. (2025) note that no standard governs the ratio of cross-
section to room size, and previous findings on the optimal outlet-to-inlet ratio remain

conflicting.

Height:

Taller towers reach faster, cleaner air and raise the pressure difference that drives flow, so
performance fell whenever height was cut in an analytical study in a hot and humid climate
(Haghighi Poshtiri et al., 2016). Regarding a traditional windcatcher in the hot arid climate of
Yazd, Ghadiri (2011) found that 6 m is the optimum height among the assessed range between
3.5 and 10m for a square four-sided windcatcher with an H-form cross-section. Ayoobi et al.
(2024) reached a similar range for the arid climate of Kabul, using DesignBuilder v7 with
coupled annual energy simulation and CFD. They compared a single-sided rooftop
windcatcher of 1.5m height and an attached windcatcher of 9m, and both had square peas
(2x2m) and were mounted on a south-facing test room. The tower opening was tested in four
orientations. Their results showed that the north-facing opening performed best, aligning with
the prevailing north wind, and that the 9 m attached tower increased natural ventilation from
3.8 to 8.8 ACH, compared with 5.2 ACH for the 1.5m rooftop tower. They recommend a
height to be at least 1.5 times its width, and a height beyond 9m has minimal effect. A
comparable optimisation for the temperate climate of Vienna, using the DesignBuilder v6
software, found a lower optimum height of 2.5m for a roof-mounted single-sided wind catcher
(Shayegani et al., 2024). Their study modeled natural ventilation that opened automatically
when the indoor temperature rose above the outdoor temperature, and tested five variables:
tower height, inlet dimensions, and urban exposure. The best configuration had a 2.5m tower,

a 90x140cm inlet, and an exposed urban setting (Shayegani et al., 2024). The gap between the



optimum height in this study and the optimum in the hot arid of Yazd and Kabul shows that

optimum height is climate-specific.

Roof:

The top surface caps at the top of the wind catchers control how much wind enters the
shaft. Mayhoub et al. (2025) trace three forms for the caps: a flat horizontal cap, inclined at
30° to 45°, and, in recent studies, a curved cap shaped as a quarter circle with a radius equal to
the shaft width. A curved roof delivered 10% more airflow than a flat roof and 4.5% more
than an inclined one at 0° wind, though the inclined top was less sensitive to changes in wind
angle. (Dehghan et al., 2013). And a venturi-shaped-roof windcatcher provided sufficient
airflow even at a very low outdoor wind speed of 0.1 m/s, producing indoor air velocities of
0.05-0.45 m/s while maintaining adequate IAQ and comfort in a hot, humid climate (Haw et

al., 2012).

Openings and internal partitions:

The number, size, and orientation of openings affect both the amount of air that enters the
tower and how well the tower tolerates a shifting wind. Opening orientation for a two-sided
wind catcher induced about 20% more airflow than when the wind met it at 90° than at 0°
(Montazeri et al., 2010). Afshin et al. (2016) traced this behaviour across wind angles through
smoke visualisation, showing that the tower captured wind directly at low angles but shifted
to a chimney-like suction mode beyond about 55°, with the highest ventilation reached at 90°;
the intermediate transition angles, around 55-60°, produced the most disordered internal flow
and the greatest risk of short-circuiting (Afshin et al., 2015). The inlet opening is
conventionally rectangular and sized to match the shaft cross-section, and increasing the
length-to-width ratio of a rectangular opening raises the flow rate (Mayhoub et al., 2025). The
internal partition inside the wind catcher splits the shaft into smaller channels, reducing
sensitivity to wind direction and strengthening the structure, and increasing the number raised
the indoor air velocity (Hosseinnia et al., 2013). And a cross form of the internal partitions has

the best indoor comfort among the different forms surveyed in Yazd Jomehzadeh et al. (2020).

Control elements:

Louvers and dampers, which are mostly used in modern wind catchers, regulate the flow the

tower admits. Based on the study of Hughes and Ghani (2010), an optimum louver angle of



35° at a wind speed of 4.5 m/s raised ventilation by 45% over a standard 45° louver for a four-

sided commercial wind catcher. While adding dampers and diffusers can control the airflow,

they can also reduce the airflow by half (Jomehzadeh et al., 2020).

Table 2-3: Summary of studies on wind-catcher design parameters and their effect on ventilation and cooling

Parameter Study
(year)
Cross- Maneshi et
section al. (2012)
Cross- Farouk
section (2020)
Cross- Alhraki &
section Qurraie
(2024)
Cross- McCabe &
section Roaf (2013)
Cross- Attia & De
section Herde
(sizing) (2009), in
Mayhoub et
al. (2025)
Cross- Benkari et
section al. (2017)
(sizing)
Cross- Hosseini et
section al. (2016)
(width &
height)
Height Ghadiri et
al. (2011)
Height Jomehzadeh
(2020)
Height Ayoobi et al.
(2024)

Climate /
location

Hot-arid

Hot-arid /
Nizwa,
Oman

Hot desert
/

Bastakiya,
Dubai

Hot-arid /
Muscat,
Oman

Hot-arid /
Yazd, Iran

Hot-arid /
Yazd, Iran

Hot Arid /
Kabul

performance.
Method &  Windcatcher
tool type

CFD Four-sided,
square vs circular

CFD Square vs
hexagon vs 6-
opening circular
(equal area 0.25
m?)

CFD Four-sided;

(Autodesk) square (4x4 m) vs
rectangular (2x8
m), equal area

BES Square four-sided

(dynamic

thermal)

Wind tunnel /  One-sided

review (malqaf)

CFD (ANSYS Semi closed

Fluent) Courtyard
windcatcher

2D CFD Four-sided,

(ANSYS rectangular; width

Fluent) 2.5/2.0/1.5 m,
height 9/11 m;
5x%2.5 m room

CFD Square plan
1.5%x1.5m, H
blade; room 6x4
m

Review Various

DesignBuilder Rooftop 1.5 m vs

v7 (energy +
CFD)

attached 9 m,
square 2X2 m

Key finding

Square outperformed circular (flow
separation at sharp edges); square best
at 45° wind incidence.

Hexagon +19% airflow vs square and
insensitive to wind direction; square
gave higher indoor velocity/comfort,
hexagon better air change/IAQ.

Square outperformed rectangular;
square + X or X+ partitions raised
occupied zone velocity up to 51.9%
(0.33 to 0.69 m/s).

Reducing cross-sectional area (+50%)
while raising height (£33%) slightly
improved ventilation contribution to
comfort.

Cross-section = inlet area =3% of
served floor area

Shaft-to-space linear dimension ratio
=1:4 (= 6% of floor area) for a
semienclosed courtyard.

Narrowing width raised mid-room
velocity up to 34% (2.5 t02.0 m) and
50% (2.0 to 1.5 m), but the faster air
worsened comfort; the wider 2.5 m
tower (9 m) gave the best thermal
comfort (7% vs 26% low-comfort
area). Raising height to 11 m also
caused draft discomfort. Curved top
raised inflow; curved bottom sped
inflow but gave uneven distribution.

Heights 3.5-10.5 m tested: below 6 m,
the dry tower failed to reduce indoor
temperature adequately; 6 m and
above gave effective cooling

Jomehzadeh (2020)

North opening best (prevailing wind);
9 m attached raised NV 3.8 to 8.8
ACH vs 5.2 for 1.5 m rooftop; height
> 1.5x width, little gain beyond 9 m.



Height & Shayegani et Temperate DesignBuilder Roof-mounted Optimum height 2.5 m (of 1.5-3.0 m;
inlet al. (2024) / Vienna v6 (temp- one sided; 48 m*>  energy rose beyond 3 m). Optimum
triggered NV) room inlet 0.9%x1.4 m (of 0.9%x0.9, 0.9x1.4,
0.9x1.9 m; 0.9 m width fixed, opening
height varied). Vents open when
indoor >22 °C. Optima are climate-
specific

Roof (top Dehghan et Wind tunnel + One-sided; flat/ Curved top +10% airflow vs flat,
surface) al. (2013) analytical inclined/curved +4.5% vs inclined (0° wind); inclined
top less sensitive to wind angle.

Roof (top Haw et al. Hot- CFD + Venturi-shaped Sufficient airflow at 0.1 m/s wind;
surface) (2012) humid / experiment roof indoor velocities 0.05-0.45 m/s with
Malaysia adequate IAQ and comfort.
Openings Montazeri et - Experimental Two-sided 20% more airflow at 90° wind than 0°;
(orientation) al. (2010) + numerical + pressure coefficients strongly
analytical influence performance.
Openings Afshinetal. - Wind tunnel  Two-sided Direct capture at low angles, chimney
(orientation) (2015) (smoke mode beyond 55°, max ventilation at
visualisation) 90°; 55-60° transition gave disordered
flow and short-circuiting risk.
Internal Hosseinnia  Hot-arid/ CFD Various partitions More partitions raised indoor air
partitions etal. (2013) Iran velocity (1.0 to1.53 m/s) and cut
wind-direction sensitivity.
Internal Mahmoudi  Hot-arid/ CFD Four-sided; X, I,  Cross (+) form gave best indoor
partitions (2009), in Yazd +, H, K forms comfort among the forms tested.
Jomehzadeh

et al. (2020)

Control Hughes & - CFD Square four-sided Optimum louvre angle 35° at 4.5 m/s:
(louvre) Ghani (commercial) +45% ventilation vs standard 45°

(2010) louvre; —42% trailing-edge stall.
Control Elmualim - Experimental ~ Square four-sided Optimum damper angle 45-55°;
(damper) (20006); + CFD (commercial) adding dampers + diffusers reduced

Hughes & airflow by 50%.

Abdul

Ghani

(2009)

2.5.4 Modelling and Simulation Approaches

Wind catcher performance has been assessed mainly through CFD, which resolves the airflow
inside the tower in detail but demands heavy computation and usually covers a single room over
a short run (Jomehzadeh et al., 2020). Building energy simulation coupled with an airflow
network model offers a more complementary approach by evaluating a whole multizone building
across a full cooling season (Jomehzadeh et al., 2020). DesignBuilder is among the most widely
used building energy simulation tools, and researchers have applied it to evaluate wind catchers.
It combines several methods in one validated platform: dynamic energy simulation on the
EnergyPlus engine, natural ventilation through an airflow-network model, and a CFD module for

detailed airflow (Shayegani et al., 2024; Ayoobi et al., 2024).



2.5.5 Integration with Evaporative Cooling

Wind catchers can be insufficient by themselves, especially when outdoor conditions are not
favorable, as it channels outdoor air without cooling it. As wind catchers deliver the air at
ambient temperature, this brings discomfort when the outdoor air is hot. Its output also depends
highly on the available wind, and attempts to improve it with guide vans and louvers can raise
flow resistance and turn it into a wind blocker (Ahmed et al., 2021). The authors also stated
through their review that coupling a wind catcher with evaporative cooling overcomes the
towers’ inability to cool the air and can achieve substantial reductions in indoor temperature from
about 3.5 to 18.6 °C in hot arid climates (Ahmed et al., 2021). Evaporative cooling, therefore,
becomes the strategy that carries the wind catcher through the hottest, driest conditions, where
ventilation alone falls short. The following section examines how it works and what it achieves

in hot-arid climates.

2.6 Evaporative Cooling

2.6.1 Principles of evaporative cooling

Evaporative cooling is "a heat and mass transfer process that uses water evaporation for air
cooling, in which a large amount of heat is transferred from air to water, and consequently the air
temperature decreases". There are three main types of evaporative cooling. The first one, used
mainly in hot-arid climates, is direct evaporative cooling (DEC), the simplest type in which
water has direct contact with the air, converting sensible heat into latent heat. This type can be
incorporated into a wind tower, a Mashrabiya, or a roof pond (Amer et al., 2015). The second
type is indirect evaporative cooling, which is more suitable for hot-humid climates because it
reduces sensible heat without increasing humidity. This type relies on a heat exchanger and a fan
to provide cooling without direct contact between air and water. The third type combines the first
and second types and is suitable for climates that alternate between dry and humid periods (Duan

etal., 2012).

Combining ventilative cooling with direct evaporative cooling by utilizing natural airflow and
water evaporation can reduce indoor temperatures in hot arid climates and increase air change
efficiency, which can achieve a temperature difference between 7.8—-18.5 °C under favorable
climate conditions (Li et al., 2025). For analysing the DEC, a psychometric chart can be used to
present the relationship between air temperature, relative humidity, dew point, and wet bulb

temperature, which represent the lowest temperature that can be achieved by evaporation, where



the DEC can shift the air’s thermal state along a line of constant enthalpy, allowing it to reach a

comfort zone Figure 2-2 (Chiesa and Pearlmutter, 2021).
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Figure 2-2: Psychometric chart, source: (Chiesa and Pearlmutter, 2021).

2.6.2 Passive Downdraught Evaporative Cooling (PDEC) systems

PDEC systems are considered among the most effective cooling strategies for hot-arid
climates, as they cool outdoor hot, dry air through water evaporation, achieving wet-bulb
depressions of more than 80%, thereby reducing cooling energy consumption (Chiesa et al.,
2017). PDEC is a modern passive cooling and ventilation strategy, evolved from conventional
windcatcher technology that dates back thousands of years, adopted in hot, arid regions like Iran
and some Middle Eastern countries (Ma et al., 2024). PDEC systems typically include a wind
catcher, evaporative element, and a vertical shaft, and the primary method to naturally move the
air through the PDEC tower is either by buoyancy effect where cooled air by evaporation inside
the PDEC gets heavier and sinks into the interior space, and by wind-assisted natural ventilation,
where positive pressure occurs at the inlet of the tower when it's directed towards the wind,

encouraging the airflow to move down the shaft (Ford et al., 2010).

2.6.3 Classification of PDEC systems

PDEC systems can be classified according to how water interacts with airflow: one type

involves directly introducing water into the airflow through showers or misting nozzles and



sprayers, and the second type involves getting the air to pass near or through a moist surface,
such as wet pads and ceramic. Regarding the first type, the shower system achieves better
cooling than the misting system but consumes a lot of water, which must be collected at the
bottom of the shaft to prevent water stagnation, whereas the misting tower evaporates its finer
droplets more fully and wastes less water, yet reaches a lower effectiveness that does not fully
cover the wet-bulb depression, needs higher pump pressure, and clogs more easily (Chiesa and
Pearlmutter, 2021). Spray and misting systems also carry a hygiene risk, as non-evaporated water
in the bottom of the tower can foster bacteria in the 2045 °C range; however, the wet pad
system sets the air without dispersing droplets, which reduces this exposure (Li et al., 2025).
Moreover, the pad system provides steadier cooling, which is easier to define, where a single
saturation effectiveness value describes how close the pad brings the air to its wet bulb
temperature, while spray systems’ performance shifts with nozzle direction, droplet size, and
pump pressure (Yu et al., 2025). Also, building energy simulation represents the pad’s

effectiveness value more readily than spray atomization and pump behavior.

2.6.4 Factors influencing the PDEC performance

The performance of the PDEC tower is highly dependent on the local climate, which
determines whether the system is applicable. Its cooling potential is governed by the wet-bulb
depression of the ambient air, that is, the difference between the dry-bulb and wet-bulb
temperatures, since the wet-bulb temperature represents the theoretical minimum to which air
can be cooled by direct evaporation. In practice, this limit is not reached, as the saturation
effectiveness of the system determines what proportion of the available depression is realized
(Chiesa and Pearlmutter, 2021). Therefore, before refining the PDEC design, an analysis of
weather data specifically for the cooling season must be conducted (Chiesa and Pearlmutter,
2021). One of the simplest ways to investigate the applicability of PDEC is by using bioclimatic
comfort charts, such as the Givoni-Milne chart, which shows comfortable temperature and
humidity ranges for specific climate conditions, and also indicates applicable passive strategies,
such as natural ventilation, shading, thermal mass, evaporative cooling, and others (Cortigos and
Duarte, 2025). After assessing the suitability of PDEC for a specific climate, the next step is to
optimize the PDEC system to achieve the best performance. Physical, morphological, and
technological factors influence the performance of the PDEC. The physical factors include wind
pressure at the tower inlet, air specific weight, which changes during evaporation, and the

momentum transfer between air and water (contact time and speed between air and water



droplets). Morphological and technological factors include tower geometry, such as height,
cross-sectional area, water flow rate, and the number and arrangement of sprayers (Chiesa and
Pearlmutter, 2021). Al-Hassawi (2020) mentioned that the height of the tower shaft and the
design of the outlet and inlet vents were key elements influencing the conditions of the air
leaving the system. Kang and Strand (2016) identified five strongly interrelated independent
parameters that affect the performance of PDEC with a spray system. These parameters include
air mass flow rate, which is driven by inlet air velocity and tower cross section, and tower height,
the shape and size of the tower and wind catcher at the top of the tower, in addition to the water.
droplet size and water flow rate. All these factors influence the dependent variables, which are
PDEC outlet air temperature, humidity, and velocity. For pad-based systems, the equivalent
parameters are the pad material and thickness, the air velocity through the pad, and the water

flow rate, which govern the pad's saturation effectiveness as examined below.

2.6.5 Performance of Wet-pad systems

Morady et al. (2022) tested a corrugated cellulose pad (7090 model, 0.5x0.5m) in a laboratory
duct ring, passing heated air across five inlet temperatures from 25 to 42 °C through the pad at a
fixed inlet velocity of 3.5 m/s, and proposed its use at the inlet of a wind catcher for passive
cooling in hot arid climates. They evaluated pad thicknesses of 10, 15, and 30 cm, which lowered
air temperature by 11.3, 12.7, and 13.7 °C, respectively. They found that effectiveness rose with
thickness, but with diminishing returns as widening the pad from 15 to 30 added only 8% and
decreased the airflow. They also found that the pad cut the velocity from 3.5 m/s to 0.9, 0.7, and
0.6, respectively, for the three thicknesses, and the thicker pad consumed more water and cost
more. Khani et al. (2017) conducted an experimental and analytical study to evaluate the
performance of a modular wind tower with wetted surfaces of clay conduits and wetted straw
curtains for ten days in the hot-arid climate of Keerman. At ambient air from 31 to 25 °C at only
6—12% relative humidity, the tower delivered air at 19-24 °C and 30-59% RH, which decreased
the temperature by 9.2 °C on average and up to 13.6 °C. The tower cooled even in calm air with
an outlet air velocity of about 1.5 to 2.0 m/s with no measured inlet wind, and worked even
better once there was wind. The only power consumed was for the water pump, which was
supplied by solar cells, making the system effectively passive. Alshenaifi et al. (2024) monitored
two 10 m high pad-based PDEC towers in a single-story library (443 m?) in the hot arid climate
of Saudi Arabia, with 1.12m earthen plaster and straw bales walls. Each tower had a four-sided
wind catcher with 1.5 m x 2 m openings that supplied cooled air from a 2 m x 1.8 m supply

opening at the base. On the hottest day, the towers supplied air at 23.5-24 °C and 61-70%



humidity when outdoor air temperature reached 46 °C at 8% RH. The cooling efficiency held at
66—71% and peaked near 90%, and dropped at night, as the wet bulb depression decreased, and
the efficiency also fell at higher wind speeds above 4m/s. At the center of the building,
temperature readings were about 23.0-29.5 °C. The saturation effectiveness, which is the
fraction of wet-bulb depression the evaporative cooling system achieves, depends on the pad
material, thickness, air velocity, and the water flow rate (Tejero-Gonzédlez and Franco-Salas,
2021). Melo Junior et al. (2019) found that air velocity was the dominant factor and that higher
face velocities decrease effectiveness, because air spends less time against the wetted surface and
exchanges less heat and moisture. Nada et al. (2019) found that a 70 mm cellulose pad reached
84% effectiveness at 1 m/s with a pressure drop of only 8 Pa, running with 40 °C inlet air, 0.167
kg/s water flow, and 25 °C water. Based on the review of Tejero-Gonzdlez and Franco-Salas
(2021) studies recommends air velocity at 1 to 1.5 m/s for corrugated cellulose to balance
effectiveness against pressure drop. Moreover, the velocity effect weakens as the pad becomes
thicker. Martinez et al. (2018) found that saturation effectiveness stabilises above 1 to 1.5 m/s in
thicker plastic-mesh pads. Sohani et al. (2017) modeled the smallest cellulose pad that still
delivered thermal comfort to hold down pressure drop and cost, and found that a 70 mm
thickness pad and 420 m?/m? were the optimum at air velocities of 2 to 4 m/s. Water flow rate
depends on the evaporation rate, where the water evaporated across the pad follows from the air
mass flow and the humidity gain, as shown in equation 2 (Tejero-Gonzalez and Franco-Salas,
2021).

1

w = md (WOMZ

e — Win (2-2)
Where m1,,, is the water evaporation rate (kg/s), i1, the air mass flow (kg/s), and w the humidity
ratio (kg water per kg dry air), with subscripts out and in denoting the pad outlet and inlet. Yan et
al. (2021) recommend supplying 10 to 30 times the evaporation rate, to keep the medium fully
wetted.

Occupants of evaporatively cooled buildings in hot-dry climates tend to accept warmer and more
humid conditions than the PMV model predicts, as Guo and Wang (2022) observed a neutral
operative temperature of 27.3 °C, with 80% of occupants comfortable between 26.4 and 30.3 °C
and staying comfortable at elevated relative humidity with a mean of near 63%, with peaks of
86—90% in office buildings that use evaporative cooling in Urumqi. They adjusted the thermal

models, ePMV, and aPMV, and found that these models recorded thermal sensation more

accurately than the standard PMV.



2.6.6 Modelling and simulation of evaporative cooling

Researchers evaluate evaporative cooling performance at three levels of detail, with dynamic
energy tools such as EnergyPlus, TRNSYS, ESP-r, and DOE2 simulating it over a full year but
representing it through built-in component models (Chiesa and Grosso, 2015). CFD resolves the
airflow and temperature field inside the tower, and CFD spray models that combine air and water
droplet behaviour were able to predict the dry-bulb temperature with an error of only about 10%
compared with measurements (Montazeri et al., 2015), though it demands high expertise and
long run times that is dedicated to a single check, rather than long-period simulation. The third
level is the simplified semi-empirical equations, which predict outlet air temperature from inlet
conditions and let the designer size a tower early and drive it inside an energy model (Soto et al.,
2021; Saif et al., 2021). Givoni's equations remain a widely used simplified approach, which was
tested by Chiesa and Grosso (2015) against real towers in Turin, Sde-Boger, Tucson, and
Catania, 7.6 to 10.2 m tall. The towers reached above 90% of the wet bulb depression in most

measurements, with effectiveness based on equation 3.

Tin - Tou
o — LinDB 1,DB (2-3)

Tin,DB - Tin,WB

where ¢ is the saturation effectiveness, T;, pp and T,,, pp are the inlet and outlet dry-bulb

ut,

temperatures, and 7;, yp 1s the inlet wet-bulb temperature (°C). Givoni’s 1994 regression

equation proved to be the most reliable, which is the one built into DesignBuilder’s Direct

CelDekPad routine. The relationship is expressed as follows:

Toy = Tm - k(Tm - TWB,in) (2'4)

out —

Where k is the slope coefficient, which represents the effectiveness of the evaporative cooling
process Chiesa and Grosso (2015) recommend a fixed slope coefficient of 0.8 for estimating
PDEC outlet temperature in early design and in dynamic energy simulation, which corresponds

to a saturation effectiveness of 80%

Saif et al. (2021) use this simulation method, where they modeled a naturally ventilated
school classroom in the hot arid climate of Kuwait in DesignBuilder, coupling a wind catcher
with a direct evaporative cooler with a saturation effectiveness of 0.7. Their results showed that
the evaporative cooling cut summer energy to 52% and raised comfortable hours from 76% to

100% without any supplementary cooling. However, they found that CO, stayed high, with time



below the limit rising only from 11% to 24%, and the added moisture pushed relative humidity

up by 14%.
2.7 Control Strategies for Ventilative Cooling

Ventilation strategies can improve indoor conditions when the timing is right, specifically in hot
climates where the same openings that cool a space at night can pour heat into it at midday, so the
control logic that governs when the building is ventilated decides when the strategy enhances or
compromises the thermal comfort. Darmanis et al. (2020) list the parameters that determine night
ventilation performance, which are operation time, ventilation mode, airflow rate, and control
strategy, along with the weather and the building’s thermal capacity. The thermal mass is examined
in Chapter 3, and this section focuses on the operational logic that decides when and how much the

building ventilates.

Khoshbakht et al. (2019) sort building control into fully automated, where a building automation
system reads sensors and switches modes on its own, semi-manual, where that system runs, but
occupants can override it, and manual, where occupants operate the building. They surveyed
occupants across all three and found that automated control deprived occupants of their adaptive
opportunities and carried high installation and maintenance costs, while the adaptive comfort model
described comfort in the manual and semi-manual buildings better than in the automated ones, as
people who could act on their environment stayed adaptive to outdoor conditions. Saber et al.
(2021) divide natural ventilation operation into manual, where occupants open and close openings
based on their sense of comfort, and automatic, where actuators adjust the openings based on indoor
and outdoor readings. They found that occupants often miss favorable outdoor conditions, and open
windows at the wrong time or leave them shut when outdoor air could cool the space, leading to
raised energy use and discomfort hours. While automated ventilation delivered the most
comfortable hours. Sarna and Ferdyn-Grygierek (2025) compared window-control scenarios in a
validated simulation where they evaluated an ideal manual case and realistic manual cases where
occupants act on it only 25%, 50%, or 75% of the time. Their results proved that the ideal manual
case performs close to the automatic actuator system and that the performance deteriorated most
when compliance was 25%, proving that the gap isn’t between human and machine, but between
following the rules less reliably. Zeng et al. (2022) show one way to close the gap between an
optimal control rule that performs well in simulation and one that people can do manually. They
optimized an hour-by-hour air conditioning set point to pre-cool houses through a heat wave, then

simplified that schedule into a handful of steps, which they call improved rule-based control. Their



results proved that the simplified control strategy achieved almost the same thermal comfort
performance as the fully optimized approach while still being simple enough to be implemented by

the occupants.

The value of the directed control depends on the rule it follows. Peng et al. (2022) sort
ventilative cooling and mixed mode controls into rule-based, optimal, and computational-
intelligence families, and within rule-based control, they group the rules by climate variables,
temporal schedules, occupancy, and thermal comfort standards. Among the climate variables, the
temperature differential is the most used trigger for natural ventilation. Darmanis et al. (2020) used
this rule for a high mass earth’s room, opening a fan between 21:00 and 08:00 only when outdoor
air was 2 to 3 °C below the indoor air, which decreased cooling energy up to 27%. Ayala and Ayala
(2024) tested the same rule in a hot, arid desert climate on an old, high-mass building in Hermosillo
with no air conditioning. They compared Windows closed all day and night, windows open the
whole time, and controlled windows that opened only when the indoor temperature rose above the
outdoor temperature, with a fan that is turned on when the indoors rose 1 °C above outdoors. The
controlled strategy maintained indoor average of about 3.6 °C below the closed windows case and a
daytime peak of 4 °C under the outdoor maximum against about 2.9 °C when the windows stayed

open continuously, beating both the closed and the always-open arrangements.

Temporal schedules fix ventilation to a defined period, such as occupied hours or night-cooling
hours (Peng et al., 2022). Rana (2021) used a schedule-based control based on the building’s own
behavior rather than an assumed one. She simulated the naturally ventilated buildings on
DesignBuilder with windows open all day and based on the results, she developed a zone-specific
ventilation schedule by identifying periods when ventilation improved or degraded the door thermal

condition. This approach led to approximately 50% reduction in annual discomfort hours.

Thermal comfort standards and conditions use the comfort limit as the trigger. Aguilera et al.
(2021) adopted this control logic by simulating five climates, and setting the cooling threshold at
the upper edge of the adaptive comfort zone, which they recalculated each day from the mean
outdoor temperature. They found that using the adaptive comfort reduced energy consumption up to
20% against a fixed PMV-based setpoint and reduced the number of switches between natural
ventilation and air conditioning. They also found that adding night cooling lowered operative

temperatures further and saved the most energy in Palermo, the warmest climate of their cases.



Chapter 3

Earthen Building Envelope Thermal Performance

3.1 Dynamic Thermal Performance of the Building Envelope

Building envelope materials’ density and specific heat capacity determine the material’s ability to
store heat within a building, while thermal conductivity governs the rate at which heat is
transferred. Thermal mass can absorb thermal energy during periods of heat gain and release it with
a time delay, therefore reducing indoor temperature fluctuation, while reducing cooling loads by
shifting peak energy demand to different times (Song et al., 2021). Therefore, the thermal mass can
be applied as a heat modulation layer, reducing heat exchange between the building and the external
environment (Song et al., 2021). The effectiveness of thermal mass depends on the relationship
between the material properties and the building’s daily thermal cycle, where high-density materials
with sufficient specific heat capacity make the material able to store more heat while moderate
thermal conductivity allows heat to be absorbed and released at a rate that matches indoor
temperature fluctuations (Sharaf, 2020). This performance is commonly described based on two
indicators: the first is the time lag. (TL), which refers to the delay between the peak outdoor
conditions and the time it takes for the outdoor heat to reach inside the building, and the second
indicator is the decrement factor (DF), which describes the reduction in the amount of temperature
fluctuation as heat passes through the building envelope. Based on Oktay et al. (2020), TL can be

calculated as:

TL = tTi, max tTe, max (3'1)
Where 7; ., 18 the time at which the maximum indoor surface temperature occurs; f7, .y 18
the time at which the maximum Sol-air temperature occurs. And DF can be calculated as:
DF = Tz max Tz min (3-2)
Te, max Te, min
Where DF is the decrement factor, 7; ., and T; ., are the maximum and the minimum
temperatures on the interior surface; 7, ., and T, .., are the maximum and the minimum

temperatures of the outdoor surface temperature.

Oktay et al. (2020) investigated the effect of materials’ thermophysical properties, including
density, thermal conductivity, specific heat, and thickness, on thermal mass performance through

time lag(TL) and decrement factor (DF). They found that higher density achieves higher TL and



lower DF, higher conductivity has the reverse effect, while higher specific heat leads to higher TL
and lower DF, but has a weaker relationship with TL and DF compared with other properties.
Additionally, increasing thickness achieves longer TL and greatly reduces DF. However, based on
the review conducted by Verbeke and Audenaert (2018), increasing wall thermal mass beyond a
certain level can have a reverse effect and increase the cooling demand as the walls become
incapable of dissipating the large amount of heat stored during the day. They also highlighted the
importance of a ventilation strategy, which can make thermal mass more effective by removing heat
stored during the day. They also considered thermal mass as a climate -responsive strategy
dependent heavily on the local climate and most beneficial in climates with a large diurnal
temperature difference. In hot arid climates, which are characterized by high daytime temperatures,
high solar radiation, and large diurnal swings, thermal mass can play a vital role in improving
buildings' thermal performance by absorbing daytime heat during the day and releasing it slowly

during the night, providing natural cooling during the hottest period of the day (Alayed et al., 2022).

3.2 Thermal Performance of Earthen Buildings in Hot Climates

3.2.1 Field Measurements

Historically, thermal mass has been adopted in traditional architecture in hot arid regions,
often employing thick walls made from stone or earth, to create a more comfortable indoor
environment naturally (Kharrufa and Noori, 2022). Based on the literature review of (Carrobé et
al., 2021), regarding earthen buildings, they found that most of these studies were conducted in
arid and temperate climates, indicating their suitability and high performance in these climates,
with a decrement factor of about 0.2, indicating strong damping of heat transfer and stable indoor
conditions that generally achieve adaptive comfort more than 70% of the monitored time.
Additional evidence from a study conducted by Wakil et al. (2024) in a semi-arid Mediterranean
climate in two Moroccan cities proves the effectiveness of thick CEB walls in delaying and
reducing indoor peak temperature in summer. Their experimental and simulation-based study
showed that a 45 cm thick CEB was able to reduce the maximum indoor temperature from 38 °C
to 34 °C, with a time lag of about 3 hours contributing to 17% of discomfort hours in summer,
based on a set point temperature of about 26 °C with 0.6 ACH infiltration rate and no ventilation.
However, winter comfort remained less satisfactory due to low outdoor temperature reaching as

low as -2 °C.



3.2.2 Wall thickness and Insulation placement

Although thermal mass is effective in reducing temperature swings, it doesn’t replace
insulation, which improves R-value and limits heat transfer. Under dynamic conditions, their
effects are more complex and interrelated, influenced by their amount and placement in the
building (Al-Sanea et al., 2012). Additionally, it is very crucial to integrate thermal mass
effective night ventilation to effectively help get rid of the released heat absorbed during the day,

and prepare it to absorb more heat the next day (DeKay and Brown, 2013).

Oktay et al. (2020) found that adding an insulation layer to the thermal mass sharply reduces
DF and modifies TL based on the insulation layer position. They noticed that TL isn’t affected
greatly by the location of the added insulation layer but mainly depends on wall thickness and
overall conductivity, while the DF is strongly influenced by the insulation layer location, and
placing it at the outer side of the wall performed best, as it delayed heat entry more effectively
and reduced heat flow intensity. El Fgaier et al. (2016) investigated theoretically and
experimentally the required thickness for unfired earth blocks to achieve optimum thermal
inertia. Earth blocks with a thermal conductivity of about 0.9 W/m-K, with a thickness between
30 cm and 40 cm, offered the best heat capacity and thermal lag of 10-12 hours, and a thickness
beyond that was considered ineffective as heat doesn’t reach the core of the walls within 24
hours. Al-Sanea et al. (2012) examined different locations for thermal insulation within a
thermal mass wall in the Riyadh climate under continuous AC conditions, where all
configurations had the same nominal thermal resistance. Under dynamic conditions, the thermal
performance for each configuration was different, and placing the insulation on the exterior side
of the wall is more effective as it reduces heat flow through the building and therefore reduces
the amount of heat absorbed by the thermal mass from outdoors and enables it to absorb the heat
efficiently from the interior environment. They also recommended a wall thickness between 6
and 30cm to achieve an energy saving of 60-99%. In the hot arid climate of Burkina Faso, Hema
et al. (2020) found that replacing conventional hollow block walls with earthen materials can
greatly improve the adaptive thermal comfort indoors. They noticed that using a 29 cm thick
CEB performed much better than using a 14cm thick CEB, which performed even worse than
concrete hollow blocks during daytime when windows were closed (no ventilation). Adding a
Scm insulation layer of expanded polystyrene achieved eve higher comfort hours compared to

CEB without insulation during the day with no ventilation, and at night with ventilation. Placing



insulation layers internally slightly increased comfort hours at night compared with insulation

placed externally.

Hema et al. (2021) experimentally investigated different wall configurations made from
compressed earth blocks (CEB) in relation to ventilation scenarios in the hot arid climate of
Ouagadougou. They found that the insulation layer position strongly affects indoor thermal
performance, where CEB inside and insulation outside performed best in reducing indoor
temperature fluctuations and overheating during daytime, while insulation inside was best for
nighttime mitigation when night ventilation was applied, but caused more overheating during
daytime. Closed windows all day caused the highest overheating, especially during the daytime,
because heat became trapped inside. Night ventilation and continuous ventilation greatly
mitigated overheating at night, but night ventilation was considered more suitable for reducing

overheating both day and night, as ventilation during the day increased overheating.

3.2.3 Ventilation coupling

Darmanis et al. (2020) experimentally investigated the combined effect of thermal mass and
night ventilation with two ventilation rates (2.3 and 3.2 ACH) in decreasing air conditioning
cooling energy demand during the day in a 45 cm thick earthen building (stabilized adobe ) in
Istanbul. The building had a thermal conductivity of 0.5 W/m-K and specific heat capacity of 1.2
kJ/kg-K with 1620 kg/m? density. The most important observation was that the cooling benefit
from night ventilation decreased and performed the same as with no night ventilation scenario,
when outdoor temperatures remained relatively high, and the diurnal temperature variation was
small, and ventilation rates were considered insufficient, and proposed ACH of about 10 based
on previous literature. While under a large diurnal temperature difference, energy consumption
reduced by about 27%. They also noticed that under free-floating conditions with no night
ventilation, the building achieved nearly stable conditions (only 5 °C difference) with a time lag

of about 3-4 hours, even though the outside temperature was unstable.

Sun et al. (2022) investigated the role of thermal mass and night ventilation in reducing
overheating hours in free-running offices in 5 different climate zones in China under future
climate scenarios. In the hot climate zone, the heavy thermal mass performed poorly and even
increased overheating hours compared to lightweight walls when there was no night ventilation.
When night ventilation was incorporated, the performance of heavy thermal mass greatly

improved, decreasing by about 22.5%. Their study emphasized the importance of releasing



stored heat at night, otherwise heavy thermal mass can worsen overheating. Although the number
of overheating hours was reduced, it remained relatively high in the hot climate zone, indicating

the need for additional passive cooling strategies to enhance heat dissipation.

Results of an experimental and simulation study conducted by Amos-Abanyie et al. (2013)
also agree with the previous studies, emphasizing the role of thermal mass in reducing peak
indoor air temperature, which was concrete in this study, in the hot and humid tropical climate of
Ghana. The peak indoor temperature was delayed up to 5 hours. They also found that night
ventilation with 10 ACH decreased overheating hours up to 39% compared to lightweight walls

with no ventilation, but ventilation rates higher than 10 ACH had a negligible improvement.

An experimental and simulation study conducted by El-Bichri et al. (2022) in the hot semi-
arid climate of Benguerir also showed the negative performance of thermal mass walls, such as
rammed earth, without night heat dissipation, although it maintained much more stable
temperatures compared to reinforced concrete, fired brick, and cinder blocks, in summer the
interior space had higher temperatures, specifically during the night. However, when passive
cooling strategies were applied, such as window shading and night ventilation, the rammed earth
performed best in respect to thermal comfort hours and cooling energy demand. The study also
compared three ventilation scenarios: the first included all-day mechanical ventilation of 4 ACH,
the second was smart mechanical ventilation, which is turned on only when the outdoor
temperature is lower than inside, and the third was natural night ventilation, which performed
best of all, indicating the need for a higher ventilation rate to dissipate heat. Moreover, the

rammed performed best in all the ventilation scenarios compared with other wall materials.

The previously reviewed studies highlight that neither thermal mass nor natural ventilation
alone can guarantee acceptable thermal comfort in hot arid climates, specifically when TAQ is
considered. And their interdependent relationship is governed by the timing, control of heat gain,
and the heat dissipation process, which is critical in hot arid climates, indicating the need to
balance between heat storage, heat release, and air exchange based on outdoor conditions. And
from this point of view, optimized ventilation contributes to air exchange in addition to
controlling and regulating the thermal state of the building envelope, especially with thermal
mass. Where ventilation timing becomes as important as ventilation rate, creating time-

dependent climate-responsive operation strategies.



Chapter 4

Chapter 4

Research Methodology

4.1 Research Type and Data Collection Method

After the extended literature review and theoretical background presented in chapters 2 and 3,
which examined passive cooling strategies focusing on thermal mass, earthen construction,
ventilative cooling, and their role in improving thermal comfort, indoor air quality, specifically in
hot arid climates, this chapter outlines the research methodology adopted in this study to evaluate
and optimize integrated passive cooling strategies in earthen buildings in the hot arid climate of
Jericho in Palestine. The methodology combines field measurements, calibration, simulation-based
performance analysis, and parametric testing and optimization of integration between thermal mass,
ventilative cooling strategies, envelope configuration, and operational control strategies that would
achieve thermal comfort, indoor air quality, and reduce cooling energy demand. The previous
chapters, relying on research papers, scientific journals, and books, established the theoretical
framework by identifying key variables and performance indicators used in the analysis, which can

translate climate-responsive strategies into measurable parameters.

The thesis primarily follows a hypothetico-deductive research approach, in which hypotheses
were developed from the most recent literature and then tested in a case study, with quantitative
evaluations conducted using empirical data and simulation software to identify optimal solutions.

Figure 4-1 illustrates the steps of this method, adapted from Tariq (2015).

Defining a problem Developing testable
statement hypotheses

v

Identifying a problem

high energy demand, thermal no integrated passive cooling Integrating thermal mass (CEB ) with
discomfort, and poor indoor air approach addresses both thermal optimized ventilative cooling
il “Aél) o bildlings lacated comfort, IAQ, and energy efficiency strategies and operational control

in hot-arid climate of Palestine in buildings under the hot-arid logic improves thermal comfort, IAQ,
climate of palestine. and reduces cooling energy demand.
Interpreting results k Collecting and analyzing Measuring the theoretical
data framework
Identify optimal integration Literature review, in-situ Identifying variables
scenarios and operational modes measurements, case study analysis, concepts, models, and metrics

simulations, and parametric testing of
envelope and ventilation strategies.

Figure 4-1 Adopted research hypothetical-deductive method
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Building on this approach, the study adopts a case study focusing on an existing earthen building

in Jericho, Palestine, which will be considered as a base case for further analysis, improvements,

and optimization.

4.2. Research Methodological Framework

The methodological framework was structured as a systematic approach to address the objectives

of the study. It began with case study selection, followed by a climate analysis, and field assessment

involving in situ environmental measurements and an occupant survey. A building simulation model

was then developed and calibrated based on the collected field data. Then the calibrated model was

employed to evaluate and optimize the building envelope, ventilation strategies, and finally, the

results were analyzed and led to the development of an integrated control-oriented passive cooling

framework as described in Figure 4-2.

Climate analysis

to understand Jericho’s
climate characteristics
and passive cooling
potential.

Weather data

Climate Consultant

psychometric analysis

adaptive comfort
zones

potential passive cooling
strategies

Of thermal performance and
IAQ_of a real CEB building
in the hot arid climate of the
Jordan Valley

Integrated Sequential

Evaluation Optimization Framework

Phasel: base case Phase2:occupancy
analysis + CEB envelope and internal gains
optimization

Case study selection Optimum envelope configuration

criteria

Phase3: Ventilation Phase4:ventilation
integration —> mode optimization

Field stud
y Phase5: Optimization of practical

ventilation schedule

Identifying periods of strong and
weak performance for each phase

In situ-measurements
Phase6: Optimizing IAQ_ Phase7:evaporative

and Thermal comfort —> ingi i
Observations & cooling integration

documentations
climate responsive

operational control

earthen vs conventional
construction

Simulation model
calibration

Figure 4-2: Research methodological framework diagram

4.2.1 Case study area and selection criteria

As shown in Figure 4-3, the West Bank and Gaza Strip have 7 climate zones, where the hot

arid climate zone, represented by the yellow strip, extends along the Jordan Valley west of the

Jordan River and the Dead Sea. Within this zone, Jericho is considered one of the major Urban

centers of the Jordan Valley (Applied Research Institute-Jerusalem (ARIJ), 2003). The Jericho

governorate includes Jericho city together with several rural communities and refugee camps

located in the Jordan Valley lowlands (al-Ghor), including Al-Nuway‘ima, Fasayil, Al-Jiftlik, Al-



‘Auja, ‘Ayn al-Duyuk, Deir al-Qilt, Deir Hajla, Nabi Musa, ’Ayn al-Sultan, and ‘Aqabat Jabr.
These settlements share similar climatic conditions characterized by high summer temperatures,
low annual rainfall, and arid environmental conditions (Jabara, 2015). Historically, the region
had a long tradition of earthen construction spanning around 10,000 years, with Jericho globally
recognized as one of the oldest continuously inhabited cities in the world and among the earliest
known examples of mud-brick architecture, where the Tel es-Sultan archaeological site, also
known as ancient Jericho, was inscribed on the UNESCO World Heritage list in 2023 (UNESCO
World Heritage Centre, 2023). In addition to the archaeological remains of early mud structures,
the city still has surviving earthen buildings from the late Ottoman and British mandate periods
that reflect the city’s rich earthen architectural heritage, which was almost lost after the second
half of the twentieth century with the introduction of modern materials. In response, UNESCO,
in collaboration with local initiatives, aimed to revive earthen architecture as a sustainable, low-
cost, and climate-appropriate alternative to widely used modern construction materials, and
initiated several projects in the Jordan valley, constructed from compressed earth blocks (CEB)
(Tina and Antonelli, 2013). Accordingly, one of these projects will be selected as the case study
for the thesis. The study adopts an embedded single-case study, following Yin (2018), in which
the structural and roofing systems used in the UNESCO program form separate units of analysis
within one building. Therefore, five selection criteria were fixed for selecting a base case from
the candidate buildings as shown in Table 4-1. Two concerns shaped the criteria: the practical
demands of the fieldwork and the aim of producing results that are representative of the

construction the program actually delivered.
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Figure 4-3: West Bank and Gaza Strip climate zones (Mohaibesh et al., 2021).

Table 4-1: Criteria adopted for case-study selection.

Selection criterion

Cl1. Physical accessibility

C2. Representative technique

C3. Typological comprehensiveness

C4. Diversity of thermal conditions

Rationale

The researcher must be able to reach the building to survey
it, document its geometry, and confirm construction details
and boundary conditions on site.

The building must use the stabilised compressed earth
block (CEB) method that UNESCO taught the local
community, so that the results reflect how the program
actually built.

The building should hold the full set of structural and
roofing systems the program used (barrel vaults, beam-and-
vault floors, and domes) rather than one variant.

The building should offer several orientations, spaces, and
roof forms to enable the assessment of building
performance under different design and environmental
conditions.
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CS5. Significance within the program/scale A large, representative building was preferred because it
better reflects the characteristics of the construction
program and enhances the relevance and applicability of
the study findings.

The purpose of this phase was to understand Jericho's climate characteristics and passive
cooling potential. The weather data used was a typical meteorological year file for Jericho in
EnergyPlus Weather (EPW) format, obtained from the Climate.OneBuilding.Org repository
(Lawrie and Crawley, 2026). The file belongs to the TMYx dataset, in which each of the twelve
calendar months is selected from the most recent fifteen-year record (2011-2025) following the
TMY and ISO 15927-4:2005 methodologies. Climate Consultant was used to analyze the
weather data using psychrometric analysis and the adaptive comfort model to identify comfort
zones, overheating conditions, and determine when passive cooling strategies are needed.

Additionally, it was used to analyze wind patterns, diurnal temperature variation, and

overheating risk periods.

4.2.3 Field study

The case study building was first selected from the candidate projects by assessing them against
the criteria set out in Section 4.2.1, and the outcome of that assessment is reported in Section 5.3. A
field study was then conducted on the selected building to collect the data required to develop,

calibrate, and validate the simulation model.

Two site visits were made, on 25 May and 4 June 2026, at the start and end of the monitoring
period. Building documentation covered the construction system, building materials, envelope
characteristics, spatial layout, geometry, orientation, and window and door configurations.
Dimensions were taken from available drawings of the building, and the geometry was

reconstructed in Revit as the basis for the DesignBuilder model.

The building was closed and unoccupied throughout the study period. Site observations therefore
covered the physical condition and configuration of the spaces and the openable area and operation
of windows and doors, rather than occupant behavior. These observations, together with the
building documentation, informed the selection of the three representative zones reported in Section

5.5.2, chosen for their differing orientation, floor level, roof geometry, and environmental exposure.

Because the building was unoccupied, occupancy patterns could not be observed directly. An

interview was conducted with two managers to establish the function of each zone, typical



occupancy levels, and operating hours during the building's period of use. This provided the basis

for the occupancy schedules and internal gains applied in the simulation model.

Indoor environmental measurements were recorded over the cooling season of 2026. Data
loggers recorded indoor air temperature and relative humidity at 15-minute intervals for 10 days,
from 25 May to 4 June 2026, one in each of the three analysis zones, positioned at 1.2 m above
floor level, away from direct solar radiation. These data were used for model calibration and

validation.

A multi-day duration was chosen for indoor temperature validation as longer periods improve
parameter stability and reduce unrealistic boundary convergence compared to single-day calibration
periods (Kang et al., 2026). It is also consistent with previous studies that used a multi-day
measurement period for validation, such as the study by Khechiba et al. (2023), who adopted a 3-
day validation period, and Ouedraogo et al. (2024), who adopted a 7-day validation period. An
informal interview was also conducted with two managers to obtain information on the building's
operation, including the functions of each zone, typical occupancy levels, and operating hours. As
the building was closed during the study period, and direct observation of occupancy patterns was
not possible. Therefore, the interview provided the best available basis for defining realistic
occupancy schedules and operational conditions for the simulation model. Table 4-2 presents the

instrument used in this study and its main technical characteristics.

Table 4-2 Thermophysical Properties of Cement-Stabilized Compressed Earth Blocks (CSEB) Reported in Previous

Studies.
Measured Accuracy
Parameter Instrument Unit (Condition) Accuracy Range
UNI-T UT330
Air temperature (Ta) USB series data °C 0°C-40°C +0.5°C -40 to 80
logger

-30°~0°C, 40°C +1°C

-40°C~-30°C,

70°C £2°C

4.2.4 Thermal model development and calibration

Design Builder v6 software was used to simulate the behavior of the case study earthen
building. On-site environmental measurements, including indoor temperature and relative
humidity, obtained during the monitoring period, were used to validate and calibrate the
simulation model. According to the recommendations of ASHRAE 14 (2014), acceptable limits,

the model was validated using the normal mean bias error (NMBE), the coefficient of variation



of the root mean squared error (CVRMSE), and the correlation coefficient (R?) presented in

Equations 4-1, 4-2, and 4-3.

NMBE = M (4-1)
(I’l - l)xm
i Q2
CVRMSE = | 25— o (4-2)
(I’L - 1) Xm

(4-3)

where x,, 1s the measured value at time step i, x; is the simulated value at time step i, X,, is the
average measured value, X, is the average simulated value, n is the total number of data points, i

is the index of the data point or time step (Ruiz and Bandera, 2017).

4.2.5 Performance evaluation criteria

Every phase reports the same set of measures so the phases stay comparable. Thermal comfort
follows the ASHRAE 55 adaptive model on operative temperature, since the building runs free
of mechanical cooling and its occupants adapt to the hot-arid climate. Comfort is the share of
occupied hours whose operative temperature falls within the 80% adaptive acceptability band,
with the upper limit raised for elevated air speed when the indoor air velocity passes 0.3 m/s at
operative temperatures above 25 °C (+1.2, 1.8, and 2.2 °C at 0.6, 0.9, and 1.2 m/s). Overheating
is measured as the degree-hours by which operative temperature exceeds that upper limit, which

weighs how far and how long the space runs hot and the exceedance hours count.

The wall thickness optimization phase additionally includes two thermal-mass indicators: the
time lag between the peak indoor surface temperature and the outdoor surface and the decrement
factor, the ratio of indoor to outdoor surface temperature swing. Together, they show how well
each wall thickness delays and damps the outdoor peak, with an earthen benchmark decrement

factor near 0.2.

Indoor air quality is judged by CO, concentration against EN 16798-1 Category II, which sets
the acceptable concentration as a margin above outdoor, about 420 ppm in Jericho. For the non-

residential, this margin is 800 ppm, giving a limit of about 1220 ppm. For the residence, a stricter



margin applies: EN 16798-1 sets the Category II value for dwellings' sleeping spaces at 550 ppm
above outdoor, about 970 ppm in Jericho, on the reasoning that occupants sleep there for long,
unbroken periods and that air quality through the night warrants the higher standard. The
residence is therefore assessed against 970 ppm and the non-residential against 1220 ppm. The
companion ventilation rate follows the same standard at Category II. The non-residential zones
take the sum of a person component and a building component, 7 L/s per person plus 0.7 L/s-m?
of floor, giving 5.51 ac/h for the office and 6.35 ac/h for the daycar. The residence takes the
dwelling criterion of 7 L/s per person. Each rate is converted to air changes per hour from the
zone volume, using equation 4-4, and it sets the fresh-air target against which the ventilation

strategies are judged.

Gior X 3.6
e

ach — v (4-4)

where n,,, is the required air change rate, g,,, is the total required outdoor-air rate (L/s), V the

zone volume (m?), and 3.6 the conversion from litres per second to cubic metres per hour.

4.2.6 Definition of the conventional reference envelope

To provide a realistic performance benchmark, a conventional reference envelope was defined
from a field survey of current construction practice in Jericho, conducted through interviews
with local contractors, engineers, and municipality representatives, alongside earlier
characterizations of typical Palestinian residential construction (Haj Hussein et al., 2022). The
survey identified two common wall types, both already carrying insulation, reflecting present-
day practice: a cavity wall of two cement blocks separated by 20 mm of closed-cell sprayed
polyurethane foam and a 30 mm air gap, found in recent buildings, and a stone-clad wall of 50
mm natural stone over 150 mm concrete, 30 mm expanded polystyrene and a 70 mm cement-
block backing. The cavity wall is the type being built across Jericho Gate, a large residential
development of some 1,400 villas at the city's southern entrance close to the case-study building
and one of the largest projects of its kind in Palestine, where a site engineer confirmed it as
current standard practice. The roof and intermediate floors are ribbed reinforced-concrete slabs
with hollow cement-block infill. Current construction practice in Jericho already incorporates
insulation. The optimized earthen envelope was therefore benchmarked against an insulated
conventional wall rather than an uninsulated one, so that the comparison reflects what is actually
built in Jericho today. Comparing against an uninsulated wall would have exaggerated the

relative benefit of earthen construction. Material properties (Table 4-3) were taken from the
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Palestinian energy-efficient building guidelines (Ministry of Local Government, 2004), with
natural stone from Haj Hussein et al. (2022). The two walls were defined in DesignBuilder from

their layers, giving 0.67 W/m?-K for the cavity wall and 0.77 W/m?-K for the stone wall.

Table 4-3 Base Case Building Envelope Assemblies.

Element / U-value Layerisn(s‘i’:g'de © Density (kg/m3) Cp I/kgK) k (W/m.K) Th'(c;i;‘ess
Wall A — Cavity brick
U=0.67 W/mZ.Iy( Cement plaster 1800 840 0.87 0.020
Dy E?)ICIEW cement 1400 840 0.90 0.200
20 cm cement block Sprayed
[2cmSPF polyurethane foam 30 1470 0.026 0.020
3 cm air gap (SPF)
10 cm cement block . _
2 ¢m plaster I?lglg/i%)(R =0.18 — — — 0.030
E 4 : Hollow cement
: 4 1900 840 1.20 0.100
, block
‘ Cement plaster 1800 840 0.87 0.020
Wall B — Stone
U=0.77 Wm2.K Natural stone 2350 920 2.0 0.050
& Gattiena Concrete backfill 2300 1000 1.75 0.150
15 cm concrete Expanded
3 om EPS polystyrene (EPS) 30 1400 0.033 0.030
7 ¢cm cement block Hollow cement
2 cm plaster block 1900 840 1.20 0.070
| |
= ]

: 3 Cement plaster 1800 840 0.87 0.020
poof —Ribbed RC/hollow= yjoisture barrier 2300 1000 1.10 0.020
U=2.17 W/m2.K i

" Sloping screed 2300 1000 175 0.080
_ (concrete)
2 cm moisture barrier
8 cm sloping screed Reinforced concrete 2500 1000 1.75 0.070
7 ¢cm Reinforced concrete
18 cm hollow block Structural: hollow
18 cm Reinforced concrete block (85%) 1620 1000 1.10 0.180
2 cm plaster Structural: concrete
! | rib (15%) 2500 1000 1.75 0.180
i XXX Hollow block + 1750 1000 1.20 0.180
XL concrete rib
: Cement plaster 1800 840 0.87 0.020
Intermediate floor — Ribbed .
RC / hollow-block Terrazzo tile 2450 837 1.60 0.020
=1.87 2.K
v W/m Tile mortar 1900 650 1.20 0.020



2 cm terrazzo tile

[ 2 em tile mortar Sand 1500 840 1.40 0.070
7 ¢m sand

7 cm Reinforced concrete - Reinforced concrete 2500 1000 1.75 0.070

18 cm hollow block
18 cm Reinforced concrete HO1low block +
2 cm plaster concrete rib
|
—

1750 1000 1.20 0.180

X]RX} Cement plaster 1800 840 0.87 0.020

— . —

The roof and intermediate floor are ribbed reinforced-concrete slabs with hollow cement-
block infill, so their cross-section is non-uniform. Their transmittance was calculated by the area-
weighted parallel method (Ministry of Local Government, 2004), splitting the slab into the
hollow-block section (85%) and the concrete-rib section (15%). This gives 2.17 W/m?:K for the
non-insulated roof and 1.87 W/m?:K for the intermediate floor. Since a one-dimensional model
cannot place ribs and blocks side by side, the composite layer was entered as one equivalent
material (k = 1.20 W/m'K, density = 1750 kg/m?, cp = 1000 J/kg-K) 1, preserving both its U-

value and its thermal mass.

4.2.7 Integrated Sequential Optimization Framework

The optimization of the earthen building's thermal performance and IAQ was structured into
seven simulation-based sequential phases, which together develop an integrated, climate-responsive
control framework. Each phase addresses the limitations left by the preceding one, examining the
interaction between envelope optimization, passive ventilative cooling, and supplementary cooling
together with their operational control logic, so that they function as an integrated system rather

than as independent measures.

The sequential structure follows the established hierarchy of passive cooling rather than an
arbitrary ordering. Bhamare et al. (2019) define passive cooling as operating at three levels — heat
protection, heat modulation, and heat dissipation, with the dissipation layer applied only where the
first two prove insufficient, while Ergiin and Bekleyen (2024) classify hot-arid strategies into heat-
protection and heat-dissipation methods. The seven phases map onto this hierarchy: envelope

optimization addresses heat protection and modulation, ventilative cooling addresses dissipation,

! The equivalent material is the area-weighted average of the hollow block (85%) and concrete rib (15%), which occupy
the same 0.18 m layer: k=0.85 x 1.10 + 0.15 x 1.75 = 1.20 W/m'K, p = 0.85 x 1620 + 0.15 x 2500 = 1750 kg/m?, and
cp = 1000 J/kg-K (both parts).



and supplementary evaporative cooling is introduced only where dissipation alone cannot maintain

comfort.

This ordering also reflects a physical dependency between the strategies. The cooling load that
ventilation must remove is determined by the envelope, and the effectiveness of thermal mass
depends on the ventilation regime that discharges it; Sun et al. (2022) demonstrated that thermal
mass produces the reverse effect where night cooling is absent, while Rodrigues et al. (2025)
showed that optimal insulation thickness cannot be established independently of the ventilation
strategy. Optimizing ventilation against an envelope that had not yet been fixed would therefore

evaluate each strategy against a moving baseline.

A comparable sequence has been adopted in previous optimization research. Harkouss et al.
(2018) optimized the envelope of a residential building across twenty-five climates for cooling
demand, heating demand, and life-cycle cost, and then assessed thermal comfort in the optimized
building separately, finding that overheating persisted for between 43% and 81% of occupied hours
in the hot climates studied. Passive cooling strategies were introduced only at that point, and
mechanical cooling only where those strategies proved insufficient. The authors state that thermal
comfort was deliberately not implemented as a constraint within the optimization problem, so that
the effect of the optimal design, the passive cooling strategies, and the air-conditioning system
could be observed successively in each room, and they note that attaining minimum thermal loads
does not in itself mean the resulting building is comfortable for its occupants. Reviewing integrated
passive cooling in hot-arid environments, Benzzine et al. (2026) similarly conclude that designs
beginning from airflow, shading, thermal mass, and envelope strategy, and layering active
assistance only where necessary, use fewer resources, particularly where control logic ensures
passive capacity is fully exploited before any active system engages, and identify transferable

hierarchical passive-to-active control frameworks as an outstanding need.

A sequential approach was preferred over simultaneous multi-objective optimization, such as the
NSGA-II genetic algorithm applied by Chen and Yang (2017) and by Harkouss et al. (2018) to
envelope parameters. First, the interdependence described above means the strategies cannot be
varied independently without confounding their individual contributions. Second, the aim of this
research is to produce transferable design and control guidance rather than a single optimal
configuration, which requires the contribution of each layer to be isolated and quantified. The

following subsections describe the simulation methodology for each phase, including the



independent variables, operational variables, evaluation framework, and the outputs that informed

the subsequent phase.

Base-case analysis

Following the calibration and validation of the simulation model, the thermal performance
of the case study building was first evaluated under free-floating conditions during a
representative summer design week to establish the base-case scenario for the subsequent
envelope optimization. The summer design week was selected because it represents the most
demanding cooling conditions of the year, which would provide a more conservative basis for
evaluating passive strategies where effective ones under these peak conditions are expected to
remain effective throughout the cooling season. The base case analysis focused on identifying
hourly indoor operative temperature, including overheating hours above the 80% and 90%
comfort limit based on the ASHRAE 55 adaptive comfort, in addition to the dominant heat
gains which would guide the optimization towards building components with the greatest

influence on thermal performance.

Phasel: Parametric Optimization of Earthen Envelope

After the base-case evaluation, a parametric optimization process improved the earthen
envelope by assessing different configurations, computing the same indicators for each under
free-floating conditions to rank them by CEB wall composition, thickness, insulation type,
and placement. The optimization ran in three stages, each isolating a set of variables, with the

full set of configurations in Figure 4-4.

‘ Phase 1 ] ‘ Parametric Optimization of Earthen Envelope Analysis framework
f e e
CEB Envelope wall Envelope Components | | Design summer week |
configurations . !
e
[1 Infill Wall thickness] [ 2 Wall insulation ] [ 3 Roof and Solar Gains } ' Free floating i
Bt YR TN | e

14 CEB polystyrene Cool roof Performance Metrics

boards
14 :— ----- (-) ----- e
i perative !
29.5 CEB Polyurethane CEB Window to wall ratio : temperature !
spray foam ety G S i
T
i Overheating hours !
43.5 CeB rock wool Combined strategies :\ ____________ % _______ !
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Figure 4-4: Phase 1 optimization framework.



Step 1: compared solid CEB walls of 14, 29.5, and 43.5 cm under free-floating conditions
to determine the wall mass required to adequately damp the outdoor temperature swing. These
three thicknesses were not selected as arbitrary parametric increments but represent the
discrete wall dimensions that can be built from a single standard block. The UNESCO (2013)
Compressed Earth Block Construction Manual for the Jordan Valley specifies a standard
block of 29.5 x 14 x 10 cm, from which 14 cm corresponds to the block laid as a stretcher,
29.5 cm to the block laid as a header, and 43.5 cm to a header and stretcher combined.
Intermediate thicknesses would require cut blocks or non-standard production and were

therefore excluded as impractical for local construction.

The manual recommends a CEB mixture comprising 50-60% sand, 20-30% clay, 10-20%
gravel, and approximately 15% silt, stabilized with 3—-8% cement for sandy soils or 6—12%
lime for clay-rich soils. Since Jordan Valley soils are predominantly sandy, this study adopted
an 8% cement-stabilized CEB. The thermal properties assigned to the CEB walls in the

simulations were adopted from Omar Sore et al. (2018) and are summarized in Table 4-4.

Table 4-4 Thermophysical Properties of Cement-Stabilized Compressed Earth Blocks (CSEB) Reported in Previous
Studies.

Reference thermal conductivity —density Thermal diffusivity Specific heat Location
(Hema et al., 2020) 0.8-1.2 Wm'K 1700 - 2200 - - -
kg/m3
(Omar Sore et al., 2018) 1.22 W/m-K 1900 kg/m?  5.75 x 1077 m?/s 1106.87 J/ Ouagadou
kg K gou,
Burkina
Faso
(Nshimiyimana et al., 2020) 1.01 W/m'K 1781 kg/m* 6.8 x 1077 m%/s 844 J/kg-K Serpa,
Portugal

The thickness optimization was applied only to the non-load-bearing external infill walls,
as the thickness of the structural external walls was fixed by the existing building system. The
analysis also examined the relationship between outdoor temperature and indoor operative
temperature through two thermal-mass indicators defined in Section 3.2: the time lag between
the peak indoor surface temperature, and the decrement factor, the ratio of the indoor to the
outdoor temperature swing, which together measure how far the wall delays the outdoor peak
and how strongly it damps it, against the decrement factor of about 0.2 reported for earthen

buildings by Carrobé et al. (2021). These indicators, read alongside the building's ability to



hold a stable operative temperature under fluctuating outdoor conditions, identified the critical

periods when the thermal mass was insufficient and supplementary cooling was needed.

Step 2: fixes the optimum wall thickness identified in Step 1 and selects the best insulation
material from EPS, polyurethane, and rock wool. These three are the insulations that
Palestinian studies report as common and locally available (Alsayed and Tayeh, 2019;
Alsurakji et al., 2021; Haj Hussein et al., 2021), confirmed for the Jericho market through
interviews with local suppliers and contractors. Table 4-5 shows the insulation material used

and its thermal properties.

Table 4-5 Thermal properties of the insulation materials used in the simulations (Ministry of Local Government, 2004).

Material Conductivity k (W/m-K) Specific heat Cp (J/kg'K)  Density p (kg/m?)
Expanded polystyrene 0.033 1400 30
(EPS)

Sprayed polyurethane 0.026 1470 30
foam (SPF)

Rock wool 0.042 840 92

The insulation was added to the fixed wall thickness placed externally and protected by a
14 cm CEB layer. Each insulation material was evaluated at thicknesses of 3 cm and 5 cm
under two application scopes: first insulating the external infill wall only, and second
extending the insulation to the exterior face of the structural external walls, and all

configurations were simulated under free-floating conditions over the summer design week.

Step 3: This step evaluates passive envelope measures selected in response to the dominant
heat gain elements in the envelope identified during the base case analysis. This stage aimed
to reduce the influence of the roof and solar heat gains using passive measures recommended
by literature for hot-arid climates and compatible with earthen construction, to isolate the
effect of the assessed wall configurations in the subsequent phases. A cool roof strategy of
reflective white acrylic roof coating and a reduced window-to-wall ratio were selected as
passive measures suitable for hot-arid climates and compatible with earthen construction. The
interventions were evaluated individually and in combination under free-floating conditions
over the summer design week. The cool roof strategy was also assessed together with the
minimum insulation configuration (3 cm EPS on the external infill walls) to determine

whether the reduced roof and solar heat gains made a thinner insulation layer sufficient.



Phase 2: Occupancy and internal heat gains

Following the free-floating envelope optimization in Phase 1, occupancy and internal heat
gains were incorporated to evaluate the optimized envelope's performance under realistic
operating conditions as shown in Figure 4-5. The optimum CEB wall thickness and the
insulation material identified in Phase 1 were fixed at this phase, and the variables included
the insulation thickness (3 and 5 cm ), application extent (external infill or all external walls),
and roof and solar control measures under occupied conditions. Additionally, insulation
placement ( exterior or interior of the earthen wall) was also evaluated to assess the
interaction between the indoor environment and the earthen thermal mass. The envelope

strategies were evaluated according to the dominant heat gain mechanism of each zone.

CEB Envelope wall Roof and solar heat gain Analysis framework
‘ Phase 2 | configurations strategies from phase 1
Occupancy & Internal our Optimum ; IN Cool roof
i insulati
Gains Dt insulation - . :
lnflll wall 3em, Sem | [CEB Window to wall ratio
thickness
IN ouT Combined strategies

Figure 4-5: Phase 2 optimization framework.

Phase 3: Integrated Ventilation and Thermal Performance Assessment

Phase 2 evaluated the optimized envelope under occupied conditions, with occupancy and
internal heat gains incorporated, and identified the best-performing combination of insulation
thickness, placement, application extent, and roof and solar control measures for each zone.
Building on that outcome, this phase introduced natural ventilation and compared the thermal
performance of the occupied free-running case with naturally ventilated cases, as shown in
Figure 4-6. The envelope configurations assessed in Phase 2 were re-evaluated under
ventilated conditions to determine whether the optimum configuration remained unchanged

once ventilation was introduced.

An automated all-day ventilation schedule with temperature control was adopted, allowing
windows to open only when the outdoor air temperature was lower than both the indoor air
temperature and the upper limit of the 80% adaptive comfort limit. This control served two
purposes: first. To quantify the maximum cooling potential of natural ventilation by admitting

outdoor air only when it reduced indoor temperature, thereby isolating the cooling effect of



ventilation, and second, to identify the optimum periods for ventilative cooling. By following
the approach of Zeng et al. (2022), who derived a practical rule-based strategy from an
optimum control schedule, the automated control was used as a benchmark to identify these
optimum periods. Therefore, a 24-hour heat map showing the period when the automated
control opened the windows for each zone was used, which provided the basis for obtaining

practical ventilation schedules that could achieve similar results to the automated control.

: : Analysis framework
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& envelope strategies
from phase 2 e e i
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Gains ventilation) ! envelope configuration |

All day automated

1
Ventilative cooling ventilation i

identifying optimum
ventilation periods

Figure 4-6: Phase 3 optimization framework
Phase 4: Ventilation mode: single-sided, cross ventilation, and windcatcher

Building on the optimized envelope configurations established in the previous phase, Phase
4 evaluates the effectiveness of three natural ventilation strategies: single-sided ventilation,
cross ventilation, and windcatcher-assisted ventilation. The objective is to determine whether
these strategies can provide adequate ventilation rates according to EN 16798-1 Category 11
requirements while also improving thermal conditions through increased air movement and
heat removal. The performance of each strategy was evaluated based on achieved air change
rates (ACH), achieving the required ventilation rates, and the effect on indoor operative

temperature.

The same operational conditions established in the previous phase were used, and all
ventilation strategies were simulated using an automated all-day ventilation schedule to
isolate the influence of the ventilation configuration. Natural ventilation was modeled using
DesignBuilder’s airflow network model, which considers wind-driven airflow based on wind
pressure coefficients derived from outdoor wind speed and direction from the weather file, as

well as buoyancy-driven airflow through openings, vents, and cracks.

Among the evaluated strategies, a single-sided windcatcher was investigated because it can
enhance natural ventilation by capturing prevailing wind at higher elevations and increasing

the pressure difference that drives airflow. A square windcatcher configuration was adopted



based on previous studies showing that square sections can provide higher airflow
performance compared with circular and rectangular alternatives (Maneshi et al., 2012;
Alhraki and Sultan Qurraie, 2024). The inlet and outlet openings were designed with an
aspect ratio of 1:1.5, based on the rectangular opening proportion that showed the best
performance among the tested configurations by Shayegani et al. (2024), which achieved the
optimum performance. The opening area was maintained equal to the windcatcher shaft cross-
sectional area for all tested configurations. However, its performance depends largely on its
geometry, particularly the shaft cross-sectional area and height. Therefore, a parametric
analysis was conducted to identify the optimal windcatcher configuration, as illustrated in
Figure 4-7. The shaft cross-sectional area was evaluated at 3% and 6% of the zone floor area.
The 3% ratio was selected based on the recommendation of Attia and De Herde (2009, cited
in Mayhoub et al., 2025), while the 6% ratio was included to examine whether a larger shaft
improves ventilation performance. Heights of 6 m and 9 m were selected based on previous
studies in hot-arid climates, where 6 m was found to be an effective height (Ghadiri, 2011)

and 9 m was shown to further improve ventilation performance (Ayoobi et al., 2024).
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Figure 4-7: Phase 4 optimization framework.

Phase 5: Practical ventilation schedules

The previous phase identified the optimum ventilation mode and performance under an
automated control strategy, representing the maximum achievable benefit when ventilation is
activated at the most effective periods. However, such control requires continuous monitoring
and automatic operation, which may not reflect practical user-operated ventilation. Therefore,
this phase evaluates fixed ventilation schedules that can be realistically applied by occupants

while maintaining the benefits of natural ventilation as shown in Figure 4-8. The practical



schedules were developed based on the effective ventilation periods identified from the
automated ventilation results, considering zone function, occupancy patterns, and operational
feasibility. Each zone was assessed separately, and the selected schedules were compared with
the automated optimum to determine the performance gap between optimum and manually
achievable ventilation control. The evaluation considered ventilation rate (ACH), compliance
with EN 16798-1 Category II requirements, and the impact on indoor operative temperature

and overheating hours and periods.
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Figure 4-8: Phase 5 optimization framework.

Phase 6: IAQ and thermal comfort assessment under occupied-hours ventilation

Building on the practical ventilation schedules identified in the previous phase, this phase
evaluates their ability to maintain both indoor air quality and thermal comfort during occupied
hours as shown in Figure 4-9. In addition to the practical schedules, alternative occupied-hour
ventilation strategies, including single-sided ventilation and intermittent (decremental) cross
ventilation, were evaluated against continuous cross ventilation throughout the occupied
period. In this study, indoor air quality is assessed specifically through CO, concentration and
ventilation rate, which together indicate whether the delivered airflow is adequate to dilute
occupant-generated contaminants to the level specified by EN 16798-1 Category II. Thermal
performance was evaluated using operative temperature. The objective was to determine
whether natural ventilation alone could simultaneously satisfy ventilation and thermal comfort

requirements, or whether additional cooling strategies were required.
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Figure 4-9: Phase 6 optimization framework.

Phase 7: Integration of Direct Evaporative Cooling

This phase investigated the integration of direct evaporative cooling to overcome the
thermal limitation that passive ventilation could not close in the hot occupied hours, when the
outdoor air is too warm to admit and moving it through the room no longer cools (Figure
4-10). The cooler was modelled as an active direct evaporative cooling system: a constant-
volume fan draws 100% outdoor air across a cellulose evaporative pad and supplies it to the
zone, so the incoming air is cooled before it enters, following the direct evaporative approach
of Saif et al. (2021). It was represented in DesignBuilder by the Direct (Research Special)
evaporative cooler in a Detailed HVAC air loop, which predicts the outlet air temperature

from the saturation effectiveness of the pad using equation (x):
Tyt = Ty — € (Tpg = Typ) (4-1)

Where T, is the outlet air temperature °C, T}, is the inlet (outdoor) dry-bulb temperature
°C, Tpp 1is the outdoor dry-bulb temperature, T}y is the outdoor dry-bulb temperature, ¢ is
the effectiveness (or slope coefficient). The model is based on the effectiveness of direct
evaporative cooling to cool the inlet air toward its wet-bulb temperature, derived from the
earlier work of Baruch Givoni on passive downdraught evaporative cooling (PDEC) towers.
Chiesa and Grosso (2015) compared several prediction methods against measured outlet
temperatures from real evaporative systems, including wet pads and shower cooling towers,

and found this simplified model the most accurate; they recommended a slope coefficient of



0.8, which was adopted here and is consistent with the measured effectiveness of corrugated

cellulose pads (Nada et al., 2019; Tejero-Gonzélez and Franco-Salas, 2021).

Within the pad, recirculated water is distributed over the evaporative media and the
incoming air passes through the wetted media, allowing the adiabatic saturation of the air:
heat is removed from the air by the evaporation of water, producing cooler air at a higher
moisture content. The fan runs as an active constant-volume supply rather than on wind-
induced airflow, so the delivered rate does not depend on outdoor pressure or wind. The
supply flow was set for each zone to its own ventilation requirement, so the system delivers
the fresh-air rate and its cooling in one stream of outdoor air. It ran over the hot occupied
hours when passive ventilation could not hold comfort, with the cooler morning left to natural

cross-ventilation.

This study assessed evaporative cooling at the performance level only, testing whether
cooling the fresh-air supply at the required ventilation rate could hold comfort through the
occupied hours. The physical integration of the system, the pad housing, the duct routing, and
its architectural incorporation into the building, was outside the scope and is left to future

work.

Based on the results of all seven phases, a climate-responsive operational control
framework was developed. The framework integrates the heat-modulation strategies with the
heat-dissipating and ventilation strategies, and defines the periods and the climatic conditions
under which each strategy should be activated to complement the others, achieving the
optimum thermal comfort conditions and maintaining acceptable indoor air quality while

minimizing energy consumption.
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Figure 4-10: Phase 7 optimization framework.



4.2.8 Comparative Assessment of Earthen and Conventional Construction

In this final stage, the optimized earthen envelope resulting from Phases 1-5 was compared
against the two conventional reference envelopes defined earlier, which are the insulated cavity
brick wall that prevails in current Jericho construction and the insulated stone-clad wall that is
also common, each paired with the typical ribbed reinforced-concrete roof. The comparison
switches the whole building fabric between the earthen and conventional systems: the external
walls, the roof, the intermediate floors, and the internal partitions (replaced with thin 150 mm
concrete-brick partitions) were all changed to the conventional construction, while the building
geometry, glazing, occupancy, operational schedules, and the climate-responsive control
framework developed in Phase 5 were held identical, so that the comparison isolates the effect of
the construction alone. And because the earthen and conventional walls differ greatly in
thickness, the net internal floor area and volume were held constant across all runs so the
comparison reflects the thermal behaviour of the envelope rather than differences in building
size. Performance was evaluated based on adaptive thermal comfort, overheating severity, and

indoor CO, concentration.



Chapter 5

Case study

5.1 The UNESCO Projects

UNESCO initiated a program to revive earthen architecture in the Jordan Valley. The program
aimed to encourage community participation and engage the locals in the project implementation
through training programs, workshops, and awareness activities that promote the construction
technique of earthen structures, which mainly focused on stabilized compressed earth blocks. In
addition, the programs provided 4000 work hours for more than 240 workers. The program included
a small trial project, three women’s centers, a model sustainable building, and a prototype of a low-
cost, self-built housing unit dedicated to emergencies (Tina and Antonelli, 2013). All the projects
implemented the same construction method with very small variations between them. The blocks
were produced from a mixture of soil, gravel, and cement. The mix consisted of 6 buckets of Valley
Gravel with 4 buckets of white Soil and 4 buckets of red Soil, plus 0.6 buckets of cement, which
produces 18 CEBs (UNESCO, 2013). Soil was first sieved, then all dry materials were mixed and
gradually sprayed with water, and then compressed in a hydraulic press to produce the blocks. The
blocks were then stored in a dry, shaded area for three days to be cured through condensation, then
the blocks were exposed to the sun while regularly sprayed with water until they were ready for use,
with the whole process taking nearly eight days. The block dimensions depend on the mould in the
manual press, and the standard block produced for the Jordan Valley programme measures 10 X
29.5 x 14 cm (UNESCO, 2013). The foundations were constructed from a reinforced concrete slab
on grade, raised approximately 28 cm above ground level. Afterwards, earthen columns were built
directly on top of the concrete foundation, which consisted of thick piers made of CEB linked
together by arches with a thickness of two brick layers that support the roof. The walls were
constructed from one brick layer (30 cm), while in areas with a large span, the facade thickness
could reach 120 cm (Jabara, 2015). The completed projects within the program include women’s

centers in Bardalah, Dyouk, and Agbat Jabr refugee camp in Jericho city.

5.2 Candidate projects

Three completed projects from the programme were considered as candidates for the case study:
the women's centres at Bardalah, Dyouk, and Agbat Jabr. All three lie within the hot-arid climate
zone of the Jordan Valley, shown in yellow in Figure 5-1, which runs the length of the valley's

western edge. The following subsections describe each in turn.
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Figure 5-1: The three candidate projects , (1) Bardalah, (2) Dyouk, and (3) Agbat Jabr, Jericho. Base map
after Mohaibesh et al. (2021); photographs (1) and (2) from Germana and Alatawneh (2016), photograph
(3) by the author.

5.2.1 Bardalah women’s center

The project was completed in 2013, located in the Northern Jordan Valley in Bardalah
village, which falls under Tubas Governorate, north of the West Bank. The building was
constructed from CEB, with a total floor area of about 107.5 m?, and consists of two rooms
and services. The Roof is constructed from two intersecting CEB barrel vaults. The windows
are aluminium-framed and 1.50 m high, in two sizes: two-leaf sliding units 2.00 m wide and
four-leaf sliding units 4.00 m wide, all fitted with external metal protection; the entrances are
single-leaf timber doors and toughened-glass double doors. The design originally included a
passive wind catcher integrated into the southeast facade of the building, however it was not
constructed and was replaced with a small circular ventilation opening located at the upper

part of the facade. Today, the building is used as a kindergarten and a community center.
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()

Figure 5-1: (a) Bardalah women'’s center, (b) floor plan (Germana and Alatawneh, 2016).

5.2.2 Dyouk women’s center and restaurant

The project consisted of two structures, a women’s center with a total floor area of about
95 m?, completed in 2013, and a restaurant operated by the center, completed in 2014, Figure
5-2. The project is located in Dyouk village, which falls under the Jericho governorate,
located northwest of Jericho city. The two structures have CEB barrel vault roofs, which were
constructed on a continuous reinforced concrete ring beam cast along the top of all load-
bearing walls. The windows are aluminium-framed and 1.80 m high, comprising two-leaf
sliding units 0.90 m wide and narrow top-hung units 0.45 m wide, with external metal
protection; the openings include single-leaf timber doors, a two-leaf metal door, and
toughened-glass hinged and sliding doors. What distinguishes the restaurant’s structure from
others is that instead of constructing the CEB columns directly above the reinforced concrete
foundation, the columns were raised on a continuous stone plinth filled with concrete, which
helps to protect the earthen structure from rainwater. This approach followed the traditional

way of building earthen structures (Jabara, 2015).
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Figure 5-2: (a) Dyouk women’s centre and restaurant, exterior view, (b) floor plan (Germana and Alatawneh,
2016).

5.2.3 Agbat Jabr women’s center

This center was the first project within the program to be completed in the Jordan Valley in
2011. The project has a total floor area of about 289.5 m? distributed over two levels: 208 m?
on the ground floor and 81.5 m? on the upper floor. The building was constructed from CEB
in a similar way to the previous projects, with a slightly different structural approach adopted
for the portion of the building holding the first floor, Figure 5-3. The building has a U-shaped
plan composed of several spaces arranged around a courtyard. Most of the ground-floor
spaces are covered by CEB barrel vaults connected to the load-bearing walls by a continuous
reinforced concrete ring beam. Regarding the spaces that support the upper floor, the roof was
constructed from beams and a vaulted structural system. In addition to the reinforced concrete
ring beams, transverse beams were also used with smaller CEB barrel vaults filling the spaces
between the beams. And the roof of the first floor was constructed from CEB domes. The
openings are aluminium-framed and single-‘glazed, and are strongly differentiated between
the two floors. At ground level, the courtyard-facing fagades are opened by large arched
glazed screens that fill the vaulted bays almost to the springing of the vaults at about 2.40 to
2.70 m, each divided by vertical mullions into a central glazed doorway and flanking glazed
panels, giving these spaces a high proportion of glazing. The upper floor, by contrast, is lit
only by small top-hung windows, each of two vertical panes approximately 0.40 m wide and

1.00 m high.
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Figure 5-3: Agbat Jabr women's centre, exterior view of the two-storey building (photograph by the author).
5.3 Evaluation of the Candidate Projects

The UNESCO earthen architecture program in the Jordan Valley built three women’s
centers in Bardalah, Dyouk, and Agbat Jaber. All three use the same stabilized compressed
earth block (CEB) method, yet differ in scale, geometry, and structural complexity. This study
takes one of them as the base case for thermal comfort and IAQ optimization work. The three
buildings were evaluated against the five selection criteria defined in the methodology
chapter, and Table 5-1 presents the results. Bardalah was eliminated as it failed criterion 1, as
the location was not easily accessible for measurements and documentation. Dyouk consists
of two small structures roofed only with CEB barrel vaults, offering a single typology and so
fails C3, and its narrow range of spaces gives little thermal diversity, which weakens C4.

Abate Jabr meets all five criteria.

Table 5-1:Evaluation of the candidate projects against the selection criteria.

Criterion Bardalah Dyouk Agbat Jabr
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Cl1.Physical accessibility Not accessible Accessible Accessible

C2. Representative technique Yes Yes Yes

C3. Typological Vaults only Vaults only Vaults, beam-andvault,

comprehensiveness domes

C4. Diversity of thermal Low (one storey, two Low (two small structures) High (two

conditions rooms) storeys,courtyard, mixed
roofs)

CS. Significance within the 107.5 m2 95 m? 289.5 m?; first project

program (2011)

5.3.1 Justification for Selecting Aqbat Jabr

This study selected the Agate Jabr women’s center as its base case. It is accessible, and one
building holds the full set of structural and roofing systems that UNESCO taught local
builders. CEB barrel vaults on a continuous reinforced concrete ring beam roof the single-
storey ground floor, which is the system Bardalah and Dyouk also use. Transverse reinforced
concrete beams with smaller CEB barrel vaults between them carry the upper level, and a
CEB dome roof the first floor. Each system, therefore, forms a separate unit of analysis in the
embedded single-case study, and the U-shaped courtyard plan gives a wider span of thermal
conditions than any single-typology building. Figure 5-4 sets out this build-up stage by stage,

from the arches on the concrete slab to the completed shell.



CEB piers and pointed arches on a concrete slab CEB Load-bearing walls

Reinforced concrete beams and CEB barrel vault roof CEB barrel vaults between the transverse concrete beams
£ iy ?
| )
)
! [ f
Upper floor: domes and barrel vaults between concrete beams completed shell: CEB walls and windows

Figure 5-4: Construction build-up of the Agbat Jabr women's centre, from slab on grade to the completed shell

(author's Revit model).

5.4 Jericho climate analysis

The results of this analysis show Jericho’s cooling season conditions and set out the passive
potential that the phases build on. The weather data was obtained from the Jericho EnergyPlus
WeatherFile from (OneBuilding), for a site 275 m below sea level at 31.87° N. Jericho sits among
the lowest inhabited places on earth, which leads to its extreme summer heat. Climate Consultant
was used to read the weather file through the temperature range, the monthly diurnal averages, the
wind wheel, and the psychrometric bioclimatic chart, which were evaluated using the ASHRAE 55
adaptive model. The cooling season in Jericho stretches from May to September, with dry-bulb
temperature peaks at 38.6 °C (Figure 5-5). Jericho's mean monthly outdoor temperature ranges from
13.2 °C in January to 30.1 °C in the peak summer month, both within the 10-33.5 °C validity range
of the ASHRAE 55 adaptive comfort model, so the model applies to this climate. Within that range,

the comfort band runs from 18.4 to 30.6 °C, operative at 80% acceptability and 29.6 °C at 90%
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acceptability, as shown in the psychometric chart in Figure 5-6, where 36.2% of the annual hours

can be brought into the ASHRAE 55 adaptive comfort zone through adaptive comfort ventilation,

which which corresponds to approximately 51% of the cooling-season (May—September)hours.
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Figure 5-5: Monthly diurnal averages of dry-bulb and wet-bulb temperature, solar radiation, and the adaptive comfort

band (80%), Jericho. Source: Climate Consultant, EPW (ERAS5-TMYX, 2011-2025).
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Figure 5-6: Adaptive comfort psychrometric chart for Jericho based on the ASHRAE 55 adaptive comfort model (80%

acceptability). Source: Climate Consultant, EPW (ERAS5-TMYx, 2011-2025).

Summer days swing an average of 11.4 °C, and the night air mean temperature of about 25.9 °C.

The timetable plot maps show this rhythm across the year as shown in Figure 5-7, where the hot

27-38 °C band fills the afternoons from May to October, while the hours above and below, mostly

at night and early morning, hold the cooler 20-27 °C and below 20 °C ranges. The summer wind is

weak and northerly. From May to September, it blows from the north-northwest (NNW 28%, N

21%, NW 14%) at a mean of about 1.9 m/s, ranging from near-calm to a peak of 7.9 m/s, though the

high-summer months rarely pass 5 m/s (Figure 5-8).
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LOCATION: Jericho, WBK, PSE
TIMETABLE PLOT Latitude/Longitude: 31.867° North, 35.5° East, Time Zone from Greenwich 2
Data Source: ERA5-TMYx 402800 WMO Station Number, Elevation -275 m
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Figure 5-7: Hourly dry-bulb temperature by time of day and month, Jericho. Source: Climate Consultant, EPW (ERAS-
TMYX, 2011-2025).
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Figure 5-8: Cooling-season wind wheel (May—September), Jericho. Source: Climate Consultant, EPW (ERAS-
TMYx, 2011-2025).
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5.5 Base Case Model Setup

The Agbat Jabr women's centre was created as a base-case model in DesignBuilder, shown in
Figure 5-9. Its U-shaped plan, geometry, and rotation were derived from a Revit model built from
the centre’s official drawings. Figure 5- 10 shows the building's location and orientation on site. The
orientation was measured from the building's true position on site and applied to the model so that
the simulated solar exposure on each fagade matches the building as built. Documented construction
photographs of the centre, published on the Reviving Earth Architecture in the Jordan Valley —
Palestine Facebook page 2, guided the Revit documentation of the building and let the plan and
geometry be checked against the built structure; the outer dimensions were confirmed against the

Jericho Municipality GIS portal3.

Figure 5-9: DesignBuilder model of the Agbat Jabr women’s centre, showing the barrel-vault and domed roofs (author’s

model).

2 Reviving Earth Architecture in the Jordan Valley — Palestine [Facebook page]. https://www.facebook.com/people/
RevivingEarth-Architecture-in-the-Jordan-Valley-Palestine/100076432087517/ (accessed 2026).

3 Jericho Municipality GIS portal. https://map.jericho-city.ps/DefaultApp/map (accessed 2026).
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Figure 5-10: Location and orientation of the Agbat Jabr women's centre on its site in Agbat Jabr camp, Jericho (aerial

imagery: Jericho Municipality GIS portal).

5.5.1 Construction and material properties

Table 5-2, provides the material properties used in the DesignBuilder. The values come from the
Palestinian energy guidelines (Ministry of Local Government, 2004), the DesignBuilder libraries
(CIBSE Guide A 2006 and ISO 10456), while the stabilized compressed earth block follows Omar

Sore et al. (2018). The CEB is the primary material used for all exterior and interior walls and
roofs. Windows use single 6 mm clear glazing (U = 5.78 W/m*K, g = 0.82), fitted with a thin
internal shade 3 mm thick, with a conductivity of 0.10 W/m-K, a solar transmittance of 0.05, a solar
reflectance of 0.10, and a long-wave emissivity of 0.90. The internal floor of the earthen building is
uniform except for its structural layer, where 0.20 m reinforced-concrete beams alternate with 0.15
m compressed-earth-block (CEB) barrel vaults. The floor is beams and vaults side by side, each
with its own thermal resistance, so the two were combined by the share of floor area each covers,
following the method for inhomogeneous elements in ISO 6946. Across a representative 7.44 x
3.509 m bay (26.107 m?), seven 0.30 m beams cover 7.369 m? (28.2%) and the vaults the remaining
18.738 m? (71.8%). With resistances of 0.087 m?-K/W for the concrete (0.20 m, k = 2.30) and 0.123
m?-K/W for the CEB (0.15 m, k = 1.22), the area-weighted structural resistance is 0.11 m*-K/W,

which was entered as the resistance of that layer. The continuous layers above and below clay tile,
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tile mortar, sand and cement plaster, and the interior surface resistance of 0.12 on both faces then

add in series, giving a floor U-value of 2.23 W/m?-K.

Construction /
element

External walls
U varies with
CEB thickness

Internal walls
U varies with
CEB thickness

Intermediate
floor
U=223W/
m2.K

Table 5-2: Base-case envelope assemblies and material properties.

Layers
(outermost to
innermost)

Cement plaster

Compressed
earth block
(CEB)

Cement plaster

Cement plaster

Compressed
earth block
(CEB)

Cement plaster

Clay tile, burnt
Tile mortar

Sand

Structural:
concrete beams
(28.2%)
Structural: CEB
barrel vaults
(71.8%)
Structural:
equivalent
resistance

Cement plaster

First-floor roof Roof screed

concrete
beams
U=2.98 W/
m2.K

Exposed CEB
barrel vaults
U=2.87W/
m2.K

Reinforced
concrete

Cement plaster

Cement plaster

Compressed
earth block
(CEB)

Cement plaster

Density (kg/
m3)

1800

1900

1800

1800

1900

1800

2000
1900

1500

2300

1900

1800

2300
2300

1800

1800

1900

1800

Cp (J/kg.K)

840

1106.87

840

840

1106.87

840

840
650

840

1000

1106.87

840

1000
1000

840

840

1106.87

840

k (W/m.K)

0.87

1.22

0.87

0.87

1.22

0.87

1.30
1.20

1.40

2.30

1.22

R=0.11 m2K/
W

0.87

1.75
2.30

0.87

0.87

1.22

0.87

thickness(m)

0.020

variable

0.020

0.015

variable

0.015

0.018
0.020

0.070

0.200

0.150

0.015

0.080
0.200

0.020

0.020

0.150

0.020

Source

MoLG 2004

Omar Sore
2018

MoLG 2004

MoLG 2004

Omar Sore
2018

MoLG 2004

CIBSE 2006

CIBSE 2006

MoLG 2004

ISO 10456

Omar Sore
2018

ISO 6946

MoLG 2004

MoLG 2004

ISO 10456

MoLG 2004

MoLG 2004

Omar Sore
2018

MoLG 2004



Terrazzo tile 2450 837 1.60 0.020 MoLG 2004

Ground floor Tile mortar 1900 650 1.20 0.020 CIBSE 2006

(ground-

coupled) Sand 1500 840 1.40 0.070 MoLG 2004
Concrete slab 2300 1000 2.30 0.400 ISO 10456

5.5.2 Selection of analysis zones

Based on the embedded case study logic from the previous section, three zones were selected for
analysis and further optimization. They were chosen so that, between them, they cover the full
range of roof and ceiling conditions, floor levels, envelope exposure, and occupancy patterns
present in the building, since each of these determines the dominant heat gain mechanism and
therefore the envelope and ventilation strategies appropriate to the space. The three zones are shown
on the floor plans in Figures 5-11 and 5-12, and their roof geometries and floor-to-ceiling heights in

the cross-sections in Figures 5-13 and 5-14.

The first zone sits on the ground floor and is the largest, shown in yellow in Figure 5-11. The
zone served as a daycare and nursery with 25 children and 2 adults, has north, east and west walls
exposed, and has an exposed CEB barrel vault roof with no floors above. It therefore combines the
largest exposed envelope area in the building with a roof-dominated heat gain path and the highest
occupant density, which makes it the most demanding zone for both thermal comfort and indoor air
quality.

The second zone is also on the ground floor, as shown in Figure 5-11. It served as an office with
six occupants and has transverse reinforced concrete beams with CEB barrel vaults between, and
has a floor above it. Only its north and south walls are exposed, and its ceiling is buffered by the
occupied space above rather than exposed to the sky, so heat gain is dominated by a limited area of
wall and openings. It provides the contrasting case to the first zone: the same floor level, but the

least exposed envelope in the selection against the most exposed.

The third zone occupies the first floor, above the office, as shown in Figure 5-12. The space
served as a residential suite, has north and east walls exposed, and has a CEB dome roof. It
combines an upper-floor position, the third roof geometry present in the building, and the only
overnight occupancy pattern, which is the condition under which night ventilation strategies must

be evaluated against occupant presence rather than an empty building. Its envelope exposure sits



between the other two zones: two exposed walls, as in the office, but with a roof exposed directly to

the sky, as in the daycare.

Three zones were considered sufficient because these combinations are exhaustive rather than
illustrative. The building contains three distinct roof and ceiling conditions, two floor levels, and
three occupancy regimes, and the selected zones span the full range of envelope exposure present in
it: three exposed walls with an exposed roof in the daycare, two exposed walls with a buffered
ceiling in the office, and two exposed walls with an exposed roof in the residential suite. The three
zones therefore represent the highest, lowest, and intermediate exposure conditions in the building
without duplication, whereas additional zones would repeat combinations already represented while
multiplying the number of simulations required across the seven sequential phases. The vertical
relationship between the second and third zones has the further advantage of allowing the thermal

interaction between stacked spaces to be observed directly.

Zone 02

Zone 01

Figure 5-11: Ground floor of the base case model; the zones selected for analysis are shown in yellow (author’s model).



Figure 5-12: First floor of the base case model; the zones selected for analysis are shown in yellow (author’s model).

Figure 5-13: Section A—A through the single-storey wing, showing the barrel-vault geometry and floor-to-ceiling

heights (author's drawing).

Figure 5-14: Section B-B through the two-storey portion, showing the ground-floor vaults, the first-floor dome, and the

stacked relationship of Zones 2 and 3 (author's drawing).
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Results and Discussion

6.1 Measured Thermal Performance of the Selected Earthen Building

6.1.2 Monitoring conditions

Data loggers recorded indoor temperature and relative humidity at 15-minute intervals across
three zones of the earthen building from 25 May to 4 June 2026. Hourly outdoor dry-bulb
temperature and relative humidity came from Open-Meteo historical records for the same period
(31.81°N, 35.44°E, -230 m elevation). Outdoor peak temperatures rose from 32.8°C on 25 May

to 38.2°C on 4 June, placing the monitoring period at the onset of summer in Jericho.

Three adjustments apply across all zones. The loggers ran for partial days on 25 May (starting
mid-morning) and 4 June (ending early evening), so their diurnal swings and decrement factors
are excluded from the zone means, although their recorded minima and maxima are retained in
the overall ranges. On 28 May, a split-unit AC unit ran briefly in Zone 1, producing an irregular
indoor temperature response. That day is excluded from the Zone 1 decrement factor and thermal

lag calculations, while Zones 2 and 3 recorded no AC activity.

6.1.3 Outdoor Climate

Over the monitoring period, outdoor temperature ranged from 20.2°C to 38.2°C, with a mean
of 27.94°C peaking daily between 15:00 and 16:00. Outdoor RH ranged from 9% to 79% and
held a mean of 47%-49% through the night and early morning (22:00-07:00), occasionally
reaching 62-79% on the more humid late May days. From 9:00, RH fell as the temperature rose,
reaching its daily minimum between 14:00 and 16:00, with a mean of 24%-25%. A progressive
drying trend developed across the monitoring period, tracking the seasonal rise in temperature as
June approached. From 26-30 May, daily means ranged from 36% to 46%, and no hourly
reading fell below 20%. By 1 June, 15 hours dropped below 30%, with a minimum of 15%. On 3
June, 8 hours fell below 20% and on 4 June, all 20 recorded hours were below 30%, reaching a

minimum of 9%.

6.1.4 Zone 1 — Daycare

Indoor Temperature



The data logger in Zone 1 was positioned at 1.2 m above floor level, as shown in Figure 6-1.
Over the monitoring period, indoor air temperature ranged from 29.5 °C to 33.9 °C under free-
running conditions, with a mean of 31.6 °C, as shown in Figure 6-1. The first hour of readings was
excluded while the data logger equilibrated to the indoor environment, and Figure 6-1 therefore

begins at 10:57 on 25 May.

Figure 6-1: Location of the data logger in Zone 1 (marked by the circle), positioned at 1.2 m above floor level, on the

ground-floor plan (author's drawing).

On 28 May, a split-unit air conditioner was operated briefly in Zone 1 to maintain suitable
conditions while donated meat was being distributed ahead of Eid al-Adha. During this period, the
external doors were also opened, resulting in an irregular indoor temperature response due to the
combined effects of mechanical cooling and increased air exchange ; this interval is marked by the
grey band in Figure 6-2. Indoor air temperature fell from 32.2 °C at 12:42 to 26.3 °C at 13:12, a
drop of 5.9 °C in thirty minutes, before recovering to 31.0 °C over the following four hours. This
absolute minimum of 26.3 °C does not represent passive performance and is excluded from the
free-running range reported above. At all other times, no occupants were present, and no equipment
other than the data loggers was in operation, so internal heat gains were negligible. Windows and
external doors remained closed, and internal doors were also closed, so air exchange was limited to
infiltration through the building fabric and around closed openings. Apart from the excluded period,
the measured data therefore represent the free-floating thermal response of the envelope alone,

without ventilation, occupancy, or internal gains.

During the hottest part of the day (12:00-16:00), the mean indoor temperature was held at 31.90
°C while the outdoor temperature averaged 33.27 °C, a gap of 1.37 °C. At night (00:00-06:00), the
pattern reversed, with the interior averaging 30.88 °C against an outdoor mean of 23.39 °C, a

difference of 7.49 °C. Of the 250 hourly readings, indoor temperature exceeded outdoor
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temperature in 193 cases (77%). The remaining 57 cases (23%), where the interior was cooler,

clustered in the afternoon peak between 13:00 and 18:00.

Indoor air temperature (°C) Outdoor Dry Bulb Temp (°C)
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Figure 6-2: Zone 1, measured Indoor air temperature (yellow) and outdoor dry-bulb temperature (blue), 25 May—4 June

2026. The grey band marks the brief air-conditioning event on 28 May.

Diurnal Temperature Swing and Decrement Factor

Table 6-1 lists the daily minimum, maximum, and diurnal swing for both indoor and
outdoor temperature, along with the decrement factor, calculated as the ratio of indoor
amplitude to outdoor amplitude as described by Murtyas et al. (2020) and Rathore et al.
(2020), as shown in Equation 6-1. 25 May and 4 June were excluded from the calculations as

they didn’t cover 24 hours record, and 26 May was also excluded for confirmed AC operation.

f= Ti,max_Ti,min (6-1)
To, max To, min



Date

26
May

27
May

29
May

30
May

31
May
June

June

June

where f is the decrement factor, 7; is the maximum indoor air temperature (°C), 7T;

, max , min

is the minimum indoor air temperature (°C), T, is the maximum outdoor air temperature

, max

(°C), and T}, .y, is the minimum outdoor air temperature (°C).

Table 6-1: Daily temperature statistics, decrement factor, and thermal lag for zone 1.

T-in T-in Indoor T-out T-out  Outdoor Decrement T-outpeak T-in peak Lag

min max swing min max swing factor time time (h)
o O O (O O O

29.5 32.1 2.6 20.2 33.7 13.5 0.19 15:57 17:12 +1.25
29.8 323 2.5 21.7 33.6 11.9 0.21 15:57 17:27 +1.50
29.6 31.8 2.2 21.2 32.6 11.4 0.19 14:57 17:12 +2.25
30.0 32.0 2.0 21.3 334 12.1 0.17 15:57 17:27 +1.50
30.2 32.6 24 23.0 35.0 12.0 0.20 15:57 18:27 +2.50
30.4 32.6 2.2 23.0 35.2 12.2 0.18 15:57 17:27 +1.50
30.6 32.7 2.1 22.2 34.9 12.7 0.17 15:57 18:42 +2.75
30.8 334 2.6 23.6 37.2 13.6 0.19 15:58 18:43 +2.75

On the eight complete passive days, the outdoor diurnal swing ranged from 11.4 to 13.6°C
while the indoor swing held between 2.0 and 2.6°C. The building envelope reduced the
outdoor amplitude by 81%, giving a mean decrement factor of 0.19. Outdoor temperature
peaked daily at around 16:00; the indoor peak arrived between 17:12 and 18:43, a mean lag of
2.0 hours. This lag was calculated across all ten non-AC days, including the two partial days,

both of which captured the afternoon peaks in full.

Relative humidity

Indoor relative humidity ranged from 34.0% to 52.8%, as shown in Figure 6-3. Across the
nine complete monitoring days (26 May—3 June), the indoor RH swing ranged from 2.8% on
26 May to 10.7% on 3 June, with a mean of 6.3%. Outdoor swings reached 15-50% over the
same days. The daily indoor RH means held between 44% and 48% from 25 May to 2 June,
and fell to 41.6% on 3 June, and dropped to 36% on 4 June, corresponding to the most acute
outdoor aridity recorded during the study. Indoor RH fell within the ASHRAE 55 comfort
band of 40%-60% for 88.5% of the monitoring period.
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Figure 6-3: Zone 1, Indoor relative humidity (yellow) and outdoor relative humidity (blue), 25 May—4 June 2026.

The drying trend across the monitoring period is clear, as shown in Figure 3.2. Before 30

May, all the recorded RH fell above 20%. By 1 June, 15 hours fell below 30%, reaching 15%.

On 3 June, 8 hours dropped below 20%. On 4 June, all 20 recorded hours were below 30%,

with a minimum of 9% RH.

6.1.5 Zone 2— Office

Indoor Temperature

Zone 2 was monitored under the same conditions as Zone 1, unoccupied and with windows

and external doors closed, as described in Section 6.1. The data logger in Zone 2 was

positioned at 1.2 m above floor level, as shown in Figure 6-4. Over the monitoring period,

indoor air temperature ranged from 29.1 °C to 32.5°C, with a mean of 30.74°C, as shown in

Figure 6-5. During peak hours between 12:00 and 16:00, the indoor mean temperature of

31.44°C was 1.82°C below the outdoor mean of 33.27°C, a greater attenuation than observed

in Zone 1. Between 00:00 and 06:00, the indoor mean of 29.92°C exceeded the outdoor mean



of 23.39°C by 6.53°C, reflecting nocturnal heat retention by the thermal mass. Of the 250

hourly comparison points, 64 (25.6%) recorded indoor temperatures below the corresponding

outdoor value.

Zone 02
[

=]

(. ENVA

\

Figure 6-4: Location of the data logger in Zone 2 (marked by the circle), positioned at 1.2 m above floor level, on the

ground-floor plan (author's drawing).
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Figure 6-5: Zone 2, measured Indoor air temperature (yellow) and outdoor dry-bulb temperature (blue), 25 May—4 June

2026.

Diurnal Temperature Swing and Decrement Factor



Table 6-2 presents the same daily temperature characteristics for Zone 2, calculated using
the same approach. The two partial days (25 May, 4 June) are again excluded from the

decrement factor and swing means, and all nine complete days contribute to the calculations.
Table 6-2: Daily temperature statistics, decrement factor, and thermal lag for zone 2.

Date T-in  T-in Indoor T-out T-out  Outdoor Decrement T-outpeak T-inpeak  Lag

min  max swing min max swing factor time time (h)
O O (O O O (O
26 29.1  31.1 2.0 20.2 33.7 13.5 0.15 15:55 10:25 —5.50
May
27 293 312 1.9 21.7 33.6 11.9 0.16 15:55 10:25 —-5.50
May
28 29.5 314 1.9 214 32.0 10.6 0.18 14:55 10:25 —4.50
May
29 294 315 2.1 21.2 32.6 11.4 0.18 14:55 10:55 —4.00
May
30 29.6 315 1.9 21.3 334 12.1 0.16 15:55 10:40 —5.25
May
31 29.7  31.8 2.1 23.0 35.0 12.0 0.18 15:56 11:11 —4.75
May
1June 299 320 2.1 23.0 352 12.2 0.17 15:56 10:56 —-5.00
2June 299 32.1 2.2 22.2 34.9 12.7 0.17 15:56 10:41 —5.25
3June 302 323 2.1 23.6 37.2 13.6 0.15 15:56 10:56 —-5.00

Across the nine complete monitoring days, the indoor temperature swing ranged from 1.9
to 2.2°C. The mean decrement factor of 0.167 indicates that the building envelope attenuated
83% of the outdoor temperature amplitude, marginally exceeding the attenuation recorded in
Zone 1. Zone 2 exhibits a thermal lag pattern distinct from Zone 1. The indoor temperature
peaked between 10:10 and 11:11 each day, approximately five hours before the outdoor peak
at around 16:00 (mean lag —4.97 hours).

Relative humidity

Indoor relative humidity ranged from 36.9% to 54.8%, as shown in Figure 6-6. Across the
nine complete days, the indoor RH swing ranged from 1.9% to 5.5%, with a mean of 3.87%.
Indoor RH stayed within the 40— 60% comfort band for 95.1% of the monitoring period. The
4.9% of RH below 40% readings occurred exclusively on 4 June (the driest recorded day),

with a minimum of 36.9%.
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Figure 6-6: Zone 2, Indoor relative humidity (yellow) and outdoor relative humidity (blue), 25 May—4 June 2026.

6.1.6 Zone 3— Residential suite

Indoor Temperature

Zone 3 was monitored with its windows open and its internal door closed, in contrast to Zones 1
and 2, which were monitored sealed as described in Section 6.1. The zone was therefore naturally
ventilated throughout the monitoring period, and its measurements represent the combined effect of
the envelope and uncontrolled ventilation rather than the free-floating envelope response recorded

in the other two zones.

The data logger in Zone 2 was positioned at 1.2 m above floor level, as shown in Figure 6-7.
Over the monitoring period, indoor air temperature ranged from 27.7 °C to 35.3 °C, with a mean of
30.71 °C, as shown in Figure 6-8. The range of 7.6 °C is substantially wider than that recorded in
Zone 1 (4.4 °C) or Zone 2 (3.4 °C), consistent with a ventilated zone tracking outdoor conditions
more closely. During peak hours (12:00-16:00), the indoor mean of 31.28 °C was 1.99 °C below
the outdoor mean of 33.27 °C, a margin between those recorded in Zone 1 (1.37 °C) and Zone 2
(1.82 °C). At night (00:00-06:00) the pattern reversed, with the interior averaging 29.81 °C against
an outdoor mean of 23.39 °C, a difference of 6.42 °C. Of the 250 hourly readings, indoor
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temperature exceeded outdoor temperature in 186 cases (74%). The remaining 64 cases (26%),

where the interior was cooler, clustered in the afternoon and early evening between 12:00 and

19:00.

Figure 6-7: Location of the data logger in Zone 3 (marked by the circle), positioned at 1.2 m above floor level, on the

first-floor plan (author's drawing).
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Figure 6-8: Zone 3, measured Indoor air temperature (yellow) and outdoor dry-bulb temperature (blue), 25 May—4 June
2026.

Diurnal Temperature Swing and Decrement Factor



Date

26
May

27
May

28
May

29
May

30
May

31
May
June

June

June

Table 6-3 shows the daily temperature characteristics for Zone 3. The partial days (25 May
and 4 June) are excluded from the decrement factor and swing averages. It should be noted
that windows in Zone 3 stayed open throughout the monitoring period, so the decrement
factor captures both the envelope and ventilation together, not envelope behaviour in

isolation.

Table 6-3: Daily temperature statistics, decrement factor, and thermal lag for zone 3.

T-in T-in Indoor T-out T-out  Outdoor Decrement T-outpeak T-inpeak Lag
min max swing min max swing factor time time (h)
O (O O (O O (O

27.7 32.0 43 20.2 33.7 13.5 0.32 16:00 17:33 +1.56
28.1 322 4.1 21.7 33.6 11.9 0.35 16:00 17:03 +1.06
29.2 322 3.0 21.4 32.0 10.6 0.28 15:00 16:33 +1.57
28.6 322 3.6 21.2 32.6 11.4 0.32 15:00 16:34 +1.57
29.1 32.6 35 21.3 334 12.1 0.29 16:00 17:49 +1.82
28.8 334 4.6 23.0 35.0 12.0 0.38 16:00 17:49 +1.82
28.8 332 4.4 23.0 35.2 12.2 0.36 16:00 17:19 +1.32
29.4 33.2 3.8 22.2 34.9 12.7 0.30 16:00 18:34 +2.58
29.6 342 4.6 23.6 37.2 13.6 0.34 16:00 17:19 +1.33

Across the nine complete monitoring days (26 May—3 June), the indoor temperature swing
ranged from 3.0 to 4.6°C, with a mean decrement factor of 0.326, approximately double that
of Zone 1 (0.160) and Zone 2 (0.167). This reflects the continuous ventilation through open
windows throughout the monitoring period, which increased thermal coupling between the
interior and the outdoor environment. The ventilation through the windows drove the daily
minimum below 29°C on several mornings, reaching 27.7°C on 26 May, the lowest passive
indoor reading across all three zones, as outdoor air between 20 and 23°C moved freely
through the space at night. The indoor temperature peaked consistently between 16:33 and
18:34 each day, after the outdoor peak at approximately 15:00-16:00, yielding a mean

positive thermal lag of +1.63 hours. The outdoor air cools after 16:00 while the thermal mass



continues to release stored heat into the interior, sustaining the indoor maximum into the early

evening.
Relative humidity

Indoor RH in Zone 3 ranged from 22.7% to 55.6% across the full monitoring period, with a
mean of 42.85% as shown in Figure 6-9. Indoor RH stayed within the ASHRAE 55 comfort
band of 40—-60% for 77.2% of readings on complete days. A further 19.6% fell in the 30—40%
range, and only 3.2% (28 readings) dropped below 30%, predominantly on the drier evenings

of late May and early June, and indoor RH never exceeded 60%.

Across the nine complete monitoring days (26 May-3 June), the indoor RH swing ranged
from 9.2% to 20.8%, with a mean of 14.0%, substantially wider than Zone 1 (mean 6.3%) and
Zone 2 (mean 3.87%). Continuous window ventilation throughout the monitoring period
allowed outdoor air, itself subject to diurnal RH swings of 26-50%, to directly influence
indoor humidity, reducing the buffering the earthen mass provides in more enclosed
conditions. On most days, the RH peak fell between 07:00 and 09:30, and the daily minimum
fell consistently in the afternoon or evening, between 15:30 and 21:30. The daily minimum
fell in the afternoon and evening (15:30-21:30), following the outdoor RH pattern as indoor

humidity dropped in response to the rising afternoon temperatures.
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Figure 6-9:Zone 3, Indoor relative humidity (yellow) and outdoor relative humidity (blue), 25 May—4 June 2026.

All three zones buffered indoor temperatures against outdoor peaks without mechanical
cooling, but each revealed a different constraint. Zone 1 attenuated 84% of the outdoor swing,
but the 2-hour thermal lag left the indoor peak in the late afternoon when outdoor
temperatures were still high. Zone 2 was the most stable, with the tightest temperature range
and 95% of readings within the ASHRAE humidity comfort band. Zone 3 shows what night
ventilation can do when outdoor conditions cooperate, where open windows pulled the daily
minimum to 27.7°C, the lowest passive reading across all three zones. The same windows let
afternoon heat in freely, pushing the indoor maximum to 35.3°C, higher than either of the
other zones reached. This shows the importance of controlled ventilation, timed to the outdoor
temperature cycle rather than left open continuously, which would capture the night-cooling
benefit while limiting afternoon heat ingress. Across all three zones, the indoor temperature
peak still occurred during the hottest hours of the day, pointing to thermal lag as the primary
limitation and indicating that the earthen envelope requires further optimisations of wall

thickness or composition to fully decouple the interior from the outdoor cycle.



6.2 Model validation results

After case and zone selection, a base model was developed in DesignBuilder to simulate and
validate the indoor air temperature against the data loggers across the monitoring period, following
ASHRAE Guideline 14 (2014). This section reports the comparison of the three monitored zones.
The simulation was based on a modified typical-year weather file, where the base file was a TMYx
typical meteorological year for Jericho, compiled from 2011 to 2025, downloaded from the
OneBuilding climate database (OneBuilding, n.d). To reproduce the conditions of the monitoring
period, the period from 7 April to 4 June in the original EPW file was replaced with hourly
meteorological data obtained from Open-Meteo for the site coordinates (31.81° N, 35.44° E, —230
m, time zone Asia/Hebron, GMT+3) and the matching local times (Open-Meteo, n.d.). The
replacement covered dry-bulb temperature, relative humidity, atmospheric pressure, wind speed and
direction, and the global, direct, and diffuse solar radiation, referenced to local time (GMT+3).
Replacing the weeks ahead of the monitored period, let the modeled outdoor temperature align with
the site data, and let the earthen mass settle under real conditions before the comparison period of

25 May to 4 June.

6.2.1 Validation against measured indoor temperature

The base model created on DesignBuilder was calibrated against the indoor air temperature
measured in the case study earthen building between 25 May and 4 June. The Data loggers
monitored three thermal zones, and each measured data point was compared with the
corresponding simulated air temperature obtained from DesignBuilder at hourly resolution.
Following ASHRAE Guideline 14 (2014), the agreement was quantified with the three indices
defined in Equations 3 to 5, which are the normalized mean bias error (NMBE), the coefficient
of variation of the root mean square error (CV(RMSE), and the coefficient of determination R2
was also checked as most building simulation studies adopt these indices to validate their models
(Ruiz and Bandera, 2017). The Guideline 14 sets the hourly acceptance limits at +10% for
NMBE and 30% for CV(RMSE) and recommends R2 > (.75.

The loggers’ sampled temperatures were reduced to hourly values by taking the reading
nearest the top of each hour, and the comparison ran for 250 paired hours per zone for the period
from 11:00 am on 25 May and ended on 7:00 pm on 4 June. The building had no occupants
during the monitoring period and ran in free-floating mode with no internal gains from people or

equipment. And the 4 hours of AC operation in zone 1, as mentioned before, were excluded from



the validation, which leaves 246 paired hours for that zone. Table 6-4 reports the three indices for

each zone where every zone falls within the Guideline 14 limits, and all three zones pass.

Table 6-4: ASHRAE Guideline 14 (2014) hourly validation indices for the simulated indoor air temperature of the three

monitored zones, against the on-site data loggers over 25 May to 4 June.

Zone Data points NMBE % CV(RMSE) % R2 Status
01 250 -4.36 5.00 0.8 Pass
02 246 -8.64 8.86 0.75 Pass
03 250 +0.52 1.84 0.88 Pass
ASHRAE 14 - <+£10 <30 >0.75 -

limit

Zone 03 shows the closest agreement, and its simulated mean of 30.9 °C is well within 0.2 °C
of the measured mean, and the model follows the daily cycle, including the late afternoon peak
as shown in Figure 6-12. Zone 01 also passes with a wide margin, and the negative bias shows
that the model runs cooler than the measured as shown in Figure 6-10. Zone 2 follows the
measured daily cycle in phase and shape but sits consistently below it, the two curves remaining
roughly parallel throughout. The deviation is therefore systematic rather than a failure to
reproduce the zone's dynamic behaviour. This is consistent with Zone 2 being an internal zone: it
has the smallest exposed envelope of the three and is the only one with an occupied space above,
so much of its heat exchange occurs through the floor and internal partitions rather than the
external walls, making it more sensitive to the assumed ground and adjacent-zone conditions. As
the error is a near-constant offset, it enters the validation indices as bias while the coefficient of
variation stays low, and the zone passes the Guideline 14 criteria, as shown in Figure 6-11. All

three zones’ results pass and stay below the AHRAE 14 limits.
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Figure 6-10: Measured and simulated indoor air temperature, Zone 01 (the shaded band is the excluded air conditioning

period on 28 May).
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Figure 6-11: Measured and simulated indoor air temperature, Zone 02, 25 May to 4 June.
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Figure 6-12: Measured and simulated indoor air temperature, Zone 03, 25 May to 4 June.

6.3 Phase 1 simulation results

6.3.1 Base case simulation results

Phase 1 begins with the building as-built simulation results, in free-floating mode and no
ventilation or cooling; the results set the base case as a reference for later intervention work.
Table 6-5 gives the simulation results of the base case for the three zones across a summer design
week, and these runs use the original Jericho TMYx weather file reporting the operative

temperature range, the hours above the adaptive 80% and 90% comfort limits, and the dominant

heat gain in each zone.

Zone

02

03

All zones sit above the adaptive comfort limit for most of the week. In Zone 1 (33.51 m?)

which its place in the U-shape puts its long walls on the east and west, the orientations that take

Table 6-5: Base-case simulation results by zone, summer design week.

Op T min/mean/ Hours over 30.6 Hours over 29.6 Dominant gain
max (°C) (80%) 90%) (peak)
29.6/32.1/344 139/168 (83%) 167/168 (99%) solar 6.8 kW (roof
2.1, walls 1.1)
28.8/30.1/312 44/168 (26%) 129/168 (77%) solar 0.32 kW, walls
0.20 kW
31.8/33.8/359 168/168 (100%) 168/168 (100%) roof 1.14 kW
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the heaviest sun causes the solar gain to pour through its north east large glazing with a mean
value of 1.49 kW(peak 6.8), its exposed barrel-vault roof adds a second load with a mean value
of 0.74 kW (Peak 2.1), and at last comes the wall with a mean heat gain at about 0.35 k (peak
1.1), making the solar gain the dominant factor and the operative temperature reached 34.4 °C,

and for 139 hours of the 168 hours, it was above the 80% acceptability limit.

Zone 2 (12.23 m?) is the mildest, peaking at 31.2 °C and over the 80% limit 26% of the time.
It’s oriented north and south with no exposed walls from the east and west, and although it has a
large glazed facade too, the glazing faces north, so it admits little direct sun, and as a ground-
floor space with an internal ceiling, it takes no roof load. The wall conduction and solar gain
through the windows are similar, with the walls’ mean gain 0.10 kW (0.20) kW and solar gains
0.12 kW (0.32).

Zone 3 (24.01 m?) performs the worst, as the roof drives a peak heat gain of 1.14 kW and a
mean value of 0.32 kW into the space while solar gains are negligible, and the results are 100%
of the time above the 80% limit, with a peak of 35.9 °C. Its walls do almost nothing, with a mean
heat gain of —0.08 kW (0.08 peak), because it’s oriented north and south with no exposed east
and west facades and has a mean solar heat gain of 0.09 kW (0.26 peak). Figure 6-13 shows that
the outdoor dry-bulb temperature varies by about 12 °C per day, while the operative temperature

in the three zones varies by 2-4 °C.
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Figure 6-13: Zone case operative temperatures vs outdoor dry-bulb, summer design week. Shaded zone: adaptive 80%

and 90% limit (30.6, 29.6°C).



6.3.2 Step 1: Wall thickness optimization results

In Step 1, the thickness of the CEB external walls was evaluated at three values: 14, 29.5, and
43.5 cm, with the rest of the model held at its base-case values. As set out in Section 4.2.7, these
correspond to the standard block laid as a stretcher, as a header, and as a header and stretcher
combined, and are the only wall thicknesses buildable from the standard block without cutting.
Table 6-6 shows the simulation results. In zone 1, its peak operative temperature drops from 34.6
to 34.0 °C between 14 and 29.5 cm, then loses another 0.2 °C at 43.5 c¢cm, and the hours above
the 80% stay near 80% since the solar gain peaks at around 6.8 kW, keeping the operative
temperature high. Wall mean conduction drops as the thickness increases, with a 0.06 kW
decrease in mean heat gain from 14 to 29.5 cm, and 0.04 kW decrease for the 43.5 cm. Zone 1
follows a similar trend, and because the operative temperatures run near the comfort line, the
added mass makes a real effect where its overheating hours decreased from 27% to 13% when
the thickness increased from 14 to 29.5, and only another 3% hours decreased when the
thickness was 43.5. The wall mean heat gain decreased 0.011 kW from 14 to 43.5 and 0.008 kW
from 29.5 to 43.5. Zone 3, which is located on the first floor, stays the hottest because it has no
way to lose the accumulated heat compared with the cool ground of zones 1 and 2. The roof adds
about 0.3 kW, peaking at around 1 kW, so adding mass to the walls barely has any effect. At this
stage, the 29.5 cm was considered as the optimum as it provides most of the thermal damping
while avoiding the diminishing returns related to increasing the thickness further. By 29.5 cm,
the operative swing has already done most of its narrowing, from 4.5 to 3.7 °C in Zone 1, 1.95 to
1.6 °C in Zone 2, and 3.7 to 3.05 °C in Zone 3, and it holds there. Beyond 29.5 c¢cm, the swing
stops tightening because the core of a thicker wall sits past the depth the daily heat wave reaches,

so the step to 43.5 cm adds mass without adding damping.

Table 6-6: Parametric Analysis of External Wall Thickness for the Three Zones

Zone Wall Op T min/ Hours over Hours over Wall peak Mean OpT
Thickness mean/max  30.6 (80%) 29.6 (90%) (kW) wall gain  swing
(§(®) (kW) ((®)
1 14 cm 294/32.1/ 136/168 165/168 (98%) 1.24 0.363 4.54
34.6 (81%)
29.5 cm 29.6/319/ 141/168 168/168 0.99 0.302 3.73
34.0 (84%) (100%)
43.5 cm 294/31.8/ 131/168 165/168 (98%) 0.92 0.257 3.84

33.8 (78%)



14 cm 289/302/ 46/168 (27%) 132/168 (79%) 0.201 0.103 195

312

295 cm 28.8/30.0/ 21/168 (13%) 127/168 (76%) 0.184 0.092 1.64
30.9

435 cm 286/299/ 16/168 (10%) 110/168 (65%) 0.165 0.084 1.72
30.8

14 cm 31.7/33.8/ 168/168 168/168 0.05 -0.092 3.65
36.1 (100%) (100%)

295 cm 319/33.8/ 168/168 168/168 0.16 -0.077 3.05
357 (100%) (100%)

435 cm 31.8/337/ 168/168 168/168 0.18 -0.071 3.05
35.6 (100%) (100%)

Time lag and decrement factor

The inside and outside surface temperature of a specific external wall for each zone and
wall thickness was exported from the DesignBuilder simulation results and was used to
calculate the time lag based on equation 3 and the decrement factor based on equation 4 as
stated in chapter 3. All three walls share the same CEB construction, so they damp the
outdoor swing the same way, and the results follow one trend as shown in Figure 6-14. Across
the three walls, the outer surface swings by 18 to 25 °C over the day, widest on Zone 1's more
sun-exposed wall, and climbs past 45 °C at midday. At 14 cm, the inner surface swings about
6 °C a day, which is 30% of the outside surface swing, and lags 3 to 4 hours, with a decrement
factor near 0.3. At 29.5 cm, the interior surface swings drop to about 2 °C, with a time lag of
about 8 hours and a decrement factor of around 0.1. At 43.5 cm, the inner swing falls to about
1 °C, showing that increasing the wall thickness beyond 30cm provides little additional
benefit. The diminishing benefit of increasing wall thickness can be explained by how the
daily outdoor temperature wave becomes weaker as it moves through the wall. For the CEB
used in this study, the diurnal thermal penetration depth was calculated using the following

equation (Szokolay, 2014):

d=% (6-1)

Where a is the thermal diffusivity of the material, and P is the period of the cycle (86,400
s). For the CEB adopted here, with a = 5.75 x 10~ m?/s (Omar Sore et al., 2018), d = 12.6

cm. Therefore, a 29.5 cm wall corresponds to approximately 2.3 diurnal penetration depths,

indicating that the daily temperature fluctuation is already strongly attenuated before reaching



the inner surface. Therefore, adding more material beyond this point gives only a small
improvement. These results are consistent with the 30- 40 cm optimum reported by El Fgaier

et al (2016), and the 8—12 hour time lag reported by Toure et al (2019).

Zone 2 Zone 1 * Zone3d -+ Mean Decrement Factor ~ — Time lag

04 12

03 9

02

Decrement Factor

0.0

14 295 435
CEB external wall thickness (cm)

Figure 6-14: Decrement factor and time lag of the external CEB wall against thickness, mean of the three zones.

6.3.3 Stage 2: Wall insulation optimization results

Stage 2 evaluates the thermal performance of the wall insulation configurations described in
the methodology to determine the optimum insulation material, thickness, and application extent.
All configurations were simulated under free-floating conditions over the summer design week.
The full results for all runs, giving the operative temperature (minimum, mean, maximum), the
hours over the adaptive 80% and 90% comfort limits, and the wall peak heat gain for each
material, thickness, and wall scope, are provided in Tables 6-7 to 6-9, one per zone. All runs

were simulated in free-floating mode across the summer design week.

As shown in Figure 6-15, the insulation reduces the mean operative temperature in every
zone, but only zone 2 reaches a comfortable level. The mean falls from 30.0 °C with 30 cm bare
walls to 29.0 °C with 5 cm of polyurethane on all external walls, crossing below the 30.6 °C
limit. Zone 1 drops from 31.9 with 30 cm bare walls to 31.18 °C with 5 cm of polyurethane on
all walls, and stays above the line, because the solar heat gain associated with the large east-
facing glazed facade is the dominant source of heat, and the insulation reduces only a small
portion of the heat entering the space. This highlights the unsuitability of large glazed facades in
hot arid climates unless effective solar shading is employed. Zone 3 moves from 33.78 to 33.35

°C and holds far above comfort, since the roof is the dominant heat source.
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Figure 6-15: Mean operative temperature by zone for the evaluated CEB wall configurations. The dashed line represents

the ASHRAE 55 adaptive comfort limit (30.6 °C, 80% acceptability).

Against the 80% adaptive comfort limit, adding insulation, whatever thickness or scope meets
comfort in zone 2. Zone 1 achieves 109 to 117 hours over the limit, whatever the built-up, since
solar gain dominates as shown in Figure 6-16. Zone 3 achieved all hours above the comfort limit.
At this limit, it makes little difference whether the load-bearing walls are insulated too.
Insulating only the infill walls —the non-load-bearing CEB walls located between the structural
CEB piers that support the vaults, rather than the load-bearing walls themselves— lands within
four hours of insulating every wall, so the infill walls carry nearly the whole effect. To separate

the effect of each insulation material, the comparison is tightened to the 90% limit.

Against the 90% adaptive comfort limit, in zone 2 at 5 cm on all walls, Polyurethane achieves
38 hours above the 90% limit against EPS at 42 hours and rock wool at 49 hours, as shown in
Figure 6-17, The same ranking appears in Zone 1, though all three stay high at 145 to 150 hours
because solar keeps it overheated, while Zone 3 holds at 168 hours regardless of material, driven

by its roof.

Between the two thicknesses, 5 cm outperforms 3cm for the EPS and SPF by a limited
margin. Moving EPS and SPF from 3 to Scm on all walls cuts about 11 to 14 hours in zone 2,
and 6 to 7 hours reduction in zone 1; zone 3 holds at 168 hours above the 90% comfort limit,

whatever the thickness.
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Figure 6-16: Hours above the ASHRAE 55 adaptive comfort limit (30.6 °C, 80% acceptability) for the evaluated
CEB wall configurations in each zone. Bars compare insulation applied to all external walls and to infill walls only.
All walls External Infill walis Al walls External Infill walis Al walls External infill walls
180 180 180

=] 154 150 150 149 156 150
&
E 135 135 136
R
)
O
g 86 87
ES 90 90 7 83 = 82 90
L9 S
£
B 45 45 45
(=]
@
2

0 0 0

’% 6‘% J% J‘Q}) JC,,} J‘C’)} (_)0 JC,» u’c‘b \5‘% \?% 5% dC/,) 5‘(\% w‘r‘/’3 ) J‘(\% J‘o
% S % % % % B % % % % % S G e % B %
Zone 1 Zone 2 Zone 3

Figure 6-17:Hours above the ASHRAE 55 adaptive comfort limit (29.6 °C, 90% acceptability) for the evaluated CEB

wall configurations in each zone. Bars compare insulation applied to all external walls and to infill walls only.

EPS appears to offer a favourable cost—performance balance among the insulation options
tested. Alsurakji et al. (2021) reported that EPS was approximately one-third the price of
polyurethane in Palestine; however, this earlier cost comparison is used only as an indicative
reference. This observation was also consistent with informal discussions with local site
engineers and suppliers, who indicated that polyurethane spray foam is generally more expensive
than EPS in the local market. Nevertheless, a dedicated cost analysis based on current material,
installation, and labour prices would be required to determine the most cost-effective option.
From a thermal-performance perspective, polyurethane provided the highest performance, but its
additional benefit over EPS was limited to approximately 2-3 fewer overheating hours.
Therefore, EPS may provide a more practical cost—performance balance, although this

conclusion should be confirmed through a detailed economic analysis.

Moreover, Figures 6-16 and 6-17 show the benefit of adding insulation to all external walls
compared to only infill external walls. In Zone 2, adding insulation to all walls removes another
0.32 to 0.48 °C from the mean operative temperature and reduces the overheating hours over the

90% limit by about 24 to 35 hours. Zone 1 shows almost no change, with a reduction of up to 4 h



and a 0.1 °C reduction in operative temperature or less. Zone 3, adding insulation to all walls,

reduced the mean operative temperature by 0.06 to 0.13 °C, yet it stays 100% over the 90% limit.

Based on the comfort achieved and the cost-tradeoff, 3 cm EPS on the infill external walls

meets the 80% adaptive comfort acceptability limit in zone 2. The extra 2 cm of wall insulation

buys only a tighter 90% margin, and the night ventilation phase is expected to address the

remaining overheating that wall insulation alone could not eliminate.

Table 6-7: Comparison of the thermal performance of the evaluated wall insulation configurations in Zone 1.

Configuration

Base case (30 cm
CEB infill walls)

EPS 3 cm

EPS 3 cm

EPS 5 cm

EPS 5 cm

SPF 3 cm

SPF 3 cm
SPF 5 cm
SPF 5 cm

Rock wool 3 cm

Rock wool 3 cm
Rock wool 5 cm

Rock wool 5 cm

Scope

External infill
walls

External infill
walls

all walls

External infill
walls

all walls

External infill
walls

all walls
free walls
all walls

External infill
walls

all walls
free walls

all walls

Op T min/mean/
max (°C)

29.6/31.92/34.0

29.0/31.40/33.5

29.0/31.36/33.5

28.8/31.29/33.4

28.9/31.23/33.3

28.9/31.35/33.5

28.9/31.30/33.4
28.8/31.25/33.4
28.8/31.18/33.3

29.0/31.45/33.6

29.1/31.42/33.5
28.9/31.34/33.5

28.9/31.28/33.4

Mean

Hours over 30.6

reduction vs (80%)

bare 30 cm
O

-0.52

-0.56

-0.63

-0.69

-0.57

-0.62
-0.67
-0.74

-0.47

-0.50
-0.58

-0.64

141/168 (84%)

116/168 (69%)

116/168 (69%)

115/168 (68%)

112/168 (67%)

116/168 (69%)

115/168 (68%)
113/168 (67%)
109/168 (65%)

118/168 (70%)

117/168 (70%)
116/168 (69%)

115/168 (68%)

Hours over 29.6
(90%)

168/168 (100%)

154/168 (92%)

154/168 (92%)

150/168 (89%)

147/168 (88%)

150/168 (89%)

151/168 (90%)
149/168 (89%)
145/168 (86%)

156/168 (93%)

156/168 (93%)
150/168 (89%)

150/168 (89%)

Table 6-8: Comparison of the thermal performance of the evaluated wall insulation configurations in Zone 2.

Configuration

Base case (30 cm
CEB infill walls)

EPS 3 cm

EPS 3 cm

Scope

Baseline

External infill
walls

all walls

Op T min/mean/
max (°C)

28.8/30.01/30.9

28.4/29.63/30.6

27.9/29.27/30.4

Mean

Hours over 30.6

reduction vs (80%)

bare 30 cm
O

-0.37

-0.74

21/168 (12%)

1/168 (1%)

0/168 (0%)

Hours over 29.6
(90%)

127/168 (76%)

86/168 (51%)

55/168 (33%)



EPS 5 cm

EPS 5 cm

SPF 3 cm

SPF 3 cm

SPF 5 cm

SPF 5 cm

Rock wool 3 cm

Rock wool 3 cm

Rock wool 5 cm

Rock wool 5 cm

External infill
walls

all walls

External infill
walls

all walls

External infill
walls

all walls

External infill
walls

all walls

External infill
walls

all walls

28.3/29.56/30.6

27.7/29.10/30.2

28.3/29.60/30.6

27.8/29.17/30.3

28.2/29.53/30.5

27.6/29.05/30.2

28.4/29.67/30.7

28.0/29.35/30.4

28.3/29.59/30.6

27.8/29.18/30.3

-0.45

-0.91

-0.41

-0.84

-0.48

-0.96

-0.34

-0.66

-0.41

-0.83

0/168 (0%)

0/168 (0%)

0/168 (0%)

0/168 (0%)

0/168 (0%)

0/168 (0%)

2/168 (1%)

0/168 (0%)

0/168 (0%)

0/168 (0%)

75/168 (45%)

42/168 (25%)

83/168 (49%)

49/168 (29%)

73/168 (43%)

38/168 (23%)

87/168 (52%)

63/168 (38%)

82/168 (49%)

49/168 (29%)

Table 6-9: Comparison of the thermal performance of the evaluated wall insulation configurations in Zone 3.

Configuration

Scope

Base case (30 cm  baseline

CEB infill walls)
EPS 3 cm

EPS 3 cm

EPS 5 cm

EPS 5 cm

SPF 3 cm

SPF 3 cm

SPF 5 cm

SPF 5 cm

Rock wool 3 cm

Rock wool 3 cm

Rock wool 5 cm

Rock wool 5 cm

External infill
walls

all walls

External infill
walls

all walls

External infill
walls

all walls

External infill
walls

all walls

External infill
walls

all walls

External infill
walls

all walls

Op T min/mean/
max (°C)

31.9/33.76/35.7

31.6/33.57/35.5

31.5/33.49/35.4

31.5/33.50/35.4

31.3/33.38/353

31.6/33.54/35.5

31.4/33.43/35.4

31.5/33.48/354

31.3/33.35/353

31.7/33.60/35.5

31.6/33.54/35.5

31.6/33.53/35.5

31.4/33.43/354

Mean

Hours over 30.6

reduction vs (80%)

bare 30 cm
O

-0.19

-0.26

-0.26

-0.38

-0.22

-0.33

-0.28

-0.41

-0.16

-0.22

-0.22

-0.32

168/168 (100%)

168/168 (100%)

168/168 (100%)

168/168 (100%)

168/168 (100%)

168/168 (100%)

168/168 (100%)

168/168 (100%)

168/168 (100%)

168/168 (100%)

168/168 (100%)

168/168 (100%)

168/168 (100%)

Hours over 29.6
(90%)

168/168 (100%)

168/168 (100%)

168/168 (100%)

168/168 (100%)

168/168 (100%)

168/168 (100%)

168/168 (100%)

168/168 (100%)

168/168 (100%)

168/168 (100%)

168/168 (100%)

168/168 (100%)

168/168 (100%)



6.3.4 Stage 3: Results of Roof and solar heat gain control

To overcome the limitations of the walls in mitigating the overheating hours in zones 1 and 3,
this stage addresses the two loads that the base case identified as dominant, which are the heat
gain through the exposed roof in zones 1 and 3, and the heat gain from the large glazed facade in
zone 1 (WWR 63%). For zones 1 and 3, a cool roof strategy was evaluated in addition to cutting
the glazing window-to-wall ratio to 20% in zone 1, the low end of the range reported as optimum
for hot-arid climates and sun-exposed east facades (Alwetaishi and Benjeddou, 2021; Alwetaishi
and Taki, 2020). A reflective white acrylic coating was evaluated as the cool roof strategy
because of its proven effectiveness in substantially reducing roof heat gain. This coating was also
chosen as it is applied as a thin layer over the existing roof, so the barrel vault and dome keep
their form and take no added load and need no structural change, which is critical in earthen
buildings. The coating has a thermal emissivity of 0.85, solar absorptance of 0.25, and visible
absorptance of 0.2 (Synnefa et al., 2007). These strategies were evaluated across the summer
design week under free-running conditions, with all windows and external doors closed and air
exchange limited to infiltration, so that ventilation was excluded at this stage and introduced only
in Phase 3. They were assessed as single strategies and in combination according to the zone,
against the base case of 30 cm CEB infill external walls with no insulation.. In addition, it was
evaluated in combination with the minimum insulation configuration (3 cm EPS applied to the
external infill walls) to determine whether these strategies affected the amount of insulation
needed and whether a thinner insulation layer became sufficient to achieve the desired thermal

performance.

Zone 1

The simulation results show that the cool roof removes 100 of the 139 hours over the 80%
limit. The WWR reduction removes 76 hours of overheating on its own, and the wall
insulation removes 22 hours, as shown in Figure 6-15. None of the three strategies reaches
comfort on its own. The cool roof and the reduced glazing together reduce the overheating
hours to zero for both adaptive comfort limits, at a mean of 28.1 °C and a peak of 29.2 °C
(Table 6-18). Adding the insulation leaves the hours count above the comfort limit at zero, but
reduces the mean operative temperature to 26.7 °C and the peak to 28.0. And combining the

cool roof with Insulation also reduces the overheating hours to only 2 at 80% limit and 57



hours at the 90% limit. While insulation combined with the reduced glazing doesn’t achieve

100% comfort hours for both limits.
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Figure 6-18: Overheating hours above the ASHRAE 55 adaptive comfort limits (80% and 90% acceptability) for the

eight evaluated envelope configurations in Zone 1.

Table 6-10: Operative temperature (mean, peak, and minimum) and hours over the 80% and 90% adaptive comfort
limits for the eight strategy combinations in Zone 1.

Strategy combination Mean Op T °C Peak Op T °C Min Op T °C
Base case (30 cm CEB infill 32.07 34.39 29.57
walls)

Reflective roof only 30.08 31.33 28.37

3 cm EPS infill insulation only 31.40 33.52 28.97
20% glazing only 30.13 32.08 28.41
Reflective roof + insulation 29.21 30.69 27.32
Reflective roof + 20% glazing 28.07 29.20 26.96
Insulation + 20% glazing 29.92 31.90 28.08
All three strategies 26.66 27.99 25.46

h>80%

139

39

117

63

53

h>90%

167

124

154

102

57

89



Zone 3

As shown in Figure 6-19, The Insulation on its own doesn’t decrease the number of hours
above the 90% an 80% comfort limit, so it holds 168 hours, and the mean operative
temperature is reduced by about 0.19 °C only, as shown in Table 6-11. The cool roof alone
reduced the overheating hours from 168 to 69 hours and when combined with the insulation it
removes another 53 down to 16 hours above the 80% limit. This is because without the cool
roof, the heat gain from the roof dominates, so wall insulation has little effect, and when the
roof heat gain is reduced, the indoor temperature also decreases, which makes the wall

insulation more effective.
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Figure 6-19: Overheating hours above the ASHRAE 55 adaptive comfort limits (80% and 90% acceptability) for the

eight evaluated envelope configurations in Zone 3.

Table 6-11: Operative temperature (mean, peak, and minimum) and hours over the 80% and 90% adaptive comfort
limits for the eight strategy combinations in Zone 3.

Strategy combination Mean Op T °C Peak Op T °C Min Op T °C h>80%  h>90%
Base case (30 cm CEB infill 33.76 35.89 31.80 168 168
walls)

3 cm EPS 33.57 35.51 31.61 168 168
Cool roof only 30.39 31.63 28.97 69 139

Cool roof + 3 cm EPS 29.64 31.01 28.21 16 &3



6.4 Phase 2 simulation results

This stage incorporated occupancy into the simulation and re-evaluated the envelope strategies
settled in the previous phase. Each zone carries its own occupants and schedule, and comfort is
assessed over both the whole week and the occupied hours, since the operative temperature matters
to the users only while the space is in use. The measures examined follow each zone's dominant
load: the wall configuration in Zone 2, which the base case tied to wall conduction, with the cool
roof and reduced WWR assessed in Zone 1, and the cool roof assessed in Zone 3, which are
governed by roof and solar gain. Any envelope variable left open from the previous phase is

resolved here under occupancy, and all runs are free-running with no ventilation.

6.4.1 Zone 1

This phase analysed the strategies established in the previous section, which are the cool roof
and window-to-wall ratio reduction to 20%, under occupancy. Zone 1 is a daycare occupied by
25 people, mostly children, with 2 adults, from 8:00 to 14:00, Sunday to Thursday. The best-
performing strategies from the cool roof and glazing study were tested with occupancy and no
ventilation, combined with the optimum wall configuration (5 cm EPS on all exterior walls
exterior to the mass) and the least required wall configuration ( 3 cm EPS on infill exterior
walls). Table 6-12 shows the operative temperature and the hours over 80% and 90% comfort

limit for the whole week and the occupied hours.

Under occupancy, the optimum envelope configuration is the cool roof combined with the
reduced 20% window-to-wall ratio for the east facade. This combination achieved zero hours
above the 80% and 90% comfort limit. The Insulation further improves thermal performance by
deepening the occupied mean from 28.9 °C with the roof and glazing alone to 27.8 °C with 3 cm
infill and 27.3 at 5 cm on all walls, but it’s not necessary to achieve comfort. Roof only and
glazing alone with insulation are the only strategies that didn’t achieve full comfort, with 13
hours above the 80% limit for the occupied hours for the cool roof only and 7 and 3 hours for the
reduced window-to-wall ratio with 3cm infill insulation and 5 cm all-walls insulation,
respectively. The difference between the 3 cm infill and the 5 cm on-walls insulation is only
apparent under full glazing on the cool roof, where the Scm insulation cuts the overheating hours
from 24 to 8 hours above the 90% comfort limit. Still, both achieve zero hours above the 80%

limit. And once the 20% glazing is incorporated, the difference is only 0.45 °C.



Table 6-12: Zone 1 (daycare) thermal performance by envelope configuration over a full week (168 hours) and over the
occupied hours (08:00—14:00 Sunday to Thursday, 30 hours) in free-floating mode.

Full week (of 168 h) Occupied hours (of 30 h)
Strategy MeanOp MaxOp MinOpT h>80% h>90% Mean Op h>80% h>90%
T°C T°C °C T °C

With cool roof
Roof only 29.70 30.98 27.68 23 97 30.57 13 30
Roof + 3 cm infill 28.86 30.47 26.68 0 51 29.91 0 24
insulation
Roof + 5 cm all-walls 28.40 29.93 26.21 0 14 29.37 0 8
insulation
Roof + 20% glazing 28.54 29.59 27.09 0 0 28.88 0 0
Roof + 3 cm infill
insulation + 20% glazing  27.21 28.51 25.61 0 0 27.79
Roof + 5 cm all-walls 26.82 28.07 25.25 0 0 27.34 0 0
insulation + 20%
glazing
Without cool roof
3 cm infill insulation + 30.24 32.06 28.16 67 115 30.23 7 26
20% glazing
5 cm all-walls 30.06 31.97 27.96 59 104 29.93 3 20
insulation + 20%
glazing

6.4.2 Zone 2

Wall Assembly Optimization with Occupancy results

This stage evaluated the effects of insulation material, thickness (3cm and 5 cm EPS),
application extent ( infill walls or all external walls), and insulation placement (internal or
external to the earthen wall) plus occupancy. The wall configuration assessment with
occupancy was run only in Zone 2, which is the only zone governed by wall conduction. The
results of this stage, being the properties of the wall assembly, can be carried on in the other

Zones.

Occupancy in Zone 2, an office with 6 people occupied from 8:00 am to 2:00 pm Sunday
to Thursday, raised the overheating hours from 0 to 65 over the 80% comfort limit for the
whole week, with 5 cm insulation on all external walls, which was found to be the optimum in
the previous phase. Among the externally insulated configurations, the 3 cm insulation
applied to the infill external walls performed worst, with 82 hours above the 80% comfort

limit.



Exterior insulation beats interior insulation in every single pair, by 4 to 9 hours for the
whole week. Reversing the layers, mass outside and insulation inside cuts the earthen mass
off from the room, making it unable to absorb the heat from inside. This agrees with the
literature on insulation placement. Oktay et al. (2020) and Al-Sanea et al. (2012) both found
that placing the insulation on the outer face reduces heat flow into the wall and lets the mass
absorb heat from the interior more effectively, and Hema et al. (2021) reported that a CEB
layer inside with the insulation outside performed best against daytime overheating. Table
6-13 reports the mean, maximum, and minimum operative temperature and the hours over the
80% and 90% limits for the eight wall configurations for the whole week and the occupied

hours.

Table 6-13: Zone 2 (office, six people) thermal performance by wall configuration, over a full week (168 hours) and
over the occupied hours (08:00-14:00 Sunday to Thursday, 30 hours) in free-floating mode.

Full week (of 168 h) Occupied hours (of 30 h)

Wall scope  Insulation Position Mean MaxOp MinOp h>80 h>90 Mean h>80 h>90
OpT°C T°C T°C % % OpT°C % %

All external walls 5 cm exterior 30.14 31.88 28.11 65 110 31.20 28 30

All external 5cm interior 30.35 32.05 28.40 74 122 31.40 30 30
walls

All external 3cm exterior 30.29 32.02 28.30 73 120 31.35 30 30
walls

All external 3cm interior 30.43 32.12 28.50 77 124 31.48 30 30
walls

Infill walls 5 cm exterior 30.54 32.18 28.61 81 131 31.58 30 30
only

Infill walls 5cm interior 30.64 32.25 28.79 84 135 31.68 30 30
only

Infill walls 3cm exterior 30.61 32.25 28.70 82 134 31.65 30 30
only

Infill walls 3cm interior 30.68 32.29 28.84 86 137 31.72 30 30
only

For the occupied period between 8:00 am and 2:00 pm, the results are different, where every
configuration was over the 80% limit for at least 28 of the 30 occupied hours, which was achieved
in the Scm insulation on all walls, while the rest of the configurations had all the occupied hours
above the 80% comfort limit. The operative temperature rises from about 30.6 °C at 08:00 at the
beginning of the week and reaches 31.9 at 13:00 on the last day of the week, with only 2 hours
below the 80% limit. The overheating hours span from 8:00 to 19:00, and the coolest period is
between 01:00 and 06:00, reaching 28 to 29 °C.



Influence of Upper-Floor Roof Cooling

Although Zone 2 does not have an exposed roof, it is located beneath Zone 3 with an
exposed roof, where the two are joined by a floor slab. Therefore, the indirect effect of the
cool roof on the thermal performance of Zone 2 was evaluated, which would decrease the heat

transfer through the intermediate floor into Zone 2 , Table 6-14.

With the cool roof above accounted for, the optimum envelope (5cm insulation on all
walls) reduced the overheating hours above the 80% limit from 28 to 2 hours during the
occupied hours, with a mean operative temperature of about 30.02 °C, which is a drop of
about 1.18 °C. And the heat conducted down through the slab into Zone 2 fell from a weekly
mean of 21.5 W/m2 to 14.2, a cut of about 7.4 W/m?2, and its peak fell from 0.48 to 0.38 kW.
The only two occupied hours that cross the limit both fall at 13:00 at 30.77 and 30.72 °C.

The wall assembly comparison gave the same results, with insulating the outer side of the
mass beating the interior side, and insulating all external walls gave better results than
insulating only the infill walls, and Scm EPS insulation as the optimum. Moreover, the
influence of insulation placement will be further evaluated in the subsequent phase with

ventilation to determine the most effective configuration.

Table 6-14: Zone 2 (office, six people) thermal performance by wall configuration, over a full week (168 hours) and

over the occupied hours (08:00-14:00 Sunday to Thursday, 30 hours) in free-floating mode.

Full week (of 168 h) Occupied hours (of 30 h)

Wall scope  Insulation Position Mean MaxOp MinOp h>80 h>90 Mean h>80 h>90

OpT°C T°C T°C Y% % OpT°C % %
28.85 30.77 26.76 2 56 30.02 2 25

All external walls 5cm exterior

All external Sem nterior 5905 3093 2699 6 60 3021 6 28
walls

All external Jem exterior 5907 3097 2700 6 63 3023 6 28
walls

All external 3em interior 5900 3108 2716 7 70 3036 6 30
walls

Inﬁé‘ﬂ;‘;ans Sem exterior 5945 3126 2744 20 76 3059 11 30

Inﬁéilf;aus Sem interior 5955 3134 2760 29 79 3069 16 30

Infill walls Jem exterior o955 3136 2755 29 80 3069 16 30
only

Infill walls 3em interior 5963 3141 2768 37 82 3076 17 30

only



6.4.3 Zone 3

This phase assessed the most effective strategies from the previous section, which are the cool
roof alone, and the combination of cool roof and wall insulation of 3 cm EPS on infill walls, and
also the 5 cm EPS insulation on all exterior walls spanning the least and the most insulated build-
ups. Zone 3 is a residential suite, so the assessment was for the whole week instead of a certain
occupancy period. Table 6-15 shows the operative temperature and the hours over the 80% and

90% comfort limits across the week.

The occupancy raised the hours over the 80% limit from 69 to 125 for the cool roof and from
16 to 24 for the cool roof combined with 3cm infill insulation, and when combined with the 5 cm
insulation on all external walls, the hours reached 8 over the 80% limit with a mean operative
temperature of about 29.4 °C and max 30.8 °C, achieving the least overheating hours with a

difference of about 0.7 °C indicating the importance of insulating all walls.

Table 6-15: Zone 3 (residential suite) thermal performance by envelope configuration over a full week (168 hours)
occupied, no ventilation.

Strategy MeanOpT MaxOpT°C MinOpT°C h>80% h>90%
°C

Roof only 30.9 31.6 30.0 125 168

Roof + 3 c¢m infill insulation 30.1 31.0 29.1 24 145

Roof + 5 cm all-walls insulation 204 30.8 27.9 8 66

6.5 Phase 3 simulation results

Ventilative cooling is assessed for each zone's settled envelope under an automated optimum: all-
day ventilation with temperature control, where the windows may open at any hour but open only
when the outdoor air is cooler than the indoor air and lower than the 80% comfort operative
temperature limit, so ventilation is admitted whenever it cools and never when opening would draw
in warmer air. Because it takes every cooling opportunity, day or night, this is the most that
ventilation can achieve. It serves two purposes: it isolates the cooling that ventilation alone
contributes, so the envelope and strategy comparisons rest on that benefit and are never charged
with heat the openings would not have let in, and it reveals the timing of when each zone benefits

from ventilation, from the hours the control actually opens the windows.

6.5.1 Zone 1



The automated optimum, all-day ventilation with temperature control, was assessed on the same
eight envelope strategies as the free-floating occupancy analysis, against the no-ventilation case
(Table 6-16). The ventilation draws through the zone's four west-facing windows, each 1 X 0.4 m,
bottom-hung and set to open fully at a discharge coefficient (Cd) of 0.65. Every strategy holds zero
occupied hours over the 80% limit except the cool roof alone and the two glazing cases that drop
the roof, matching the free-floating counts almost exactly. With all-day ventilation, the operative
temperature is reduced at most by about 0.13 °C among all envelope configurations against the
sealed case and lowers the overheating counts by 1 to 2 at most within the envelopes that didn’t
reach zero overheating hours during the occupied hours and at most 3 hours reduced within the

stricter 90% comfort limit within the occupied hours.

The reason is the flow and the temperature difference, which are both small. The openings
exchange very little heat with the room because the air change is low, and across the eight
envelopes, over the hours the control opens the windows, they deliver a mean of about 1.5 to 2.4
ACH and peak between 2.7 and 3.2 ACH under all-day ventilation; the cooler envelopes open for
fewer hours and move less air, far below what would cool the zone. And when the windows do
open, the room and the outside sit at almost the same temperature, where on the settled design the
indoor air leads the outdoor by only about 0.5 °C on average and at most 1.6 °C. Ventilative cooling
depends on air change and the temperature difference, so with both this small, the openings
exchange almost no heat. The warmer envelopes open at a wider gap, leading the outside by about
1.4 to 1.6 °C and up to 3.4 °C, but their air change is still only about 2 ACH, so the cooling stays
negligible there too; across every envelope, either the difference is too small to act on or the flow
too weak to act on it. Ventilation is not what carries this zone; the roof and the glazing are, and with
3 cm EPS infill walls about 1 °C is reduced while the heavier 5 cm all-walls build-up runs about
half a degree cooler than the 3 cm design, 27.3 against 27.8 °C occupied and 26.8 against 27.2 over
the week, yet both already hold zero hours over either limit, so the extra insulation buys margin

rather than compliance.

The control opens the windows overnight and through the morning, from about midnight to
10:00, with the highest airflow between 08:00 and 10:00, when the outdoor air has cooled below the
room, and shuts them from 11:00 through the evening once the outside runs hotter than the room
and above the 80% comfort limit; see Figure 6-20. The pattern follows the office's, open at night
and in the morning and shut through the hot afternoon, but on fewer hours and at a lower flow as

the cooler envelope holds the interior below the outdoor air for most of the week, so the control



finds fewer moments when opening would cool and the flow is slight throughout, peaking at 2.7

ACH.

Table 6-16: Zone 1 (daycare) performance by wall configuration and ventilation schedule, reported over the full week

(168 hours) and over the occupied hours (08:00—14:00 Sunday to Thursday, 30 hours).

Envelope
Roof only
Roof + 3 cm infill
Roof + 5 cm all walls
Roof + 20% glazing
Roof + 3 cm infill +20%
Roof + 5 cm all walls + 20%
3 cm infill +20%

5 cm all walls + 20% glazing

Roof only

Roof + 3 cm infill

Roof + 5 cm all walls

Roof + 20% glazing

Roof + 3 cm infill +20%
Roof + 5 cm all walls + 20%
3 cm infill + 20%, no roof

5 cm all walls + 20%, no roof

Occupied hours over 80% / 90%
limit

Full-week hours over 80% / 90%
limit

(of 30)
No vent All-day
13/30 12 /28
0/24 0/23
0/8 0/6
0/0 0/0
0/0 0/0
0/0 0/0
71726 7/23
3/20 3/18
Mean operative temperature,
occupied (°C)
30.6 30.4
29.9 29.8
29.4 29.3
28.9 28.8
27.8 27.8
273 273
30.2 30.1
29.9 29.8

(of 168)
No vent All-day
23/97 21/93
0/51 0/50
0/14 0/11
0/0 0/0
0/0 0/0
0/0 0/0
67 /115 66 /107
59/104 57799
Mean operative temperature, full
week (°C)
29.7 29.6
28.9 28.8
28.4 28.4
28.5 28.5
27.2 27.2
26.8 26.8
30.2 30.2
30.1 30.0
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Hour Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7
01:00 26.4/27.1  265/27.1 @ 26.8/28.7 269/270  273/284  272/264
02:00 26.2/26.3 26.3/27.2 26.7/28.7 26.7 /28 27.1/28.2 27.0/25.6
03:00 26.1/26.0 26.2/27.6 26.5/28.5 26.5/26.4 27.0/27.9 26.8/253
04:00 259/264 26.0/27.6 26.4/28.2 26.4/26.7 26.8/27.7 26.6/25.1
05:00 25.7/26.8 259/27.2 26.2/279 26.2/26.0 26.6/27.4 26.5/24.7

06:00 25.6/26.9 2571274 26.1/27.6 26.0/25.5 26.5/27.2 26.3/24.7

07:00 25.6/26.5 25.8/26.7 26.1/26.8 26.0/25.2 26.2/25.6 IR AP 26.3/24.9
08:00 25.7/217.1 27.0/27.4 27.1/26.4 27.4128.6 27.5/26.9 26.4/26.2
09:00 25.8/27.9 27.3/28.9 27.6/29.5 27.7130.9 26.5/27.3
10:00 25.9/28.3 274/29.7 27.7/30.0 27.9/31.9 27.9/29.3 26.6/27.8
11:00 26.0/30.8 27.6/31.5 27.9/31.4 27.8/30.4 28.1/34.3 28.1/30.8 26.7/29.5
12:00 26.1/32.9 27.7/33.5 28.0/33.1 27.9/32.3 28.3/36.1 28.2/32.1 26.8/31.1
13:00 26.3/34.4 27.9/35.1 28.2/34.4 28.2/33.7 28.5/37.2 28.4/33.2 26.9/32.5
14:00 26.6/35.6 2737363 27.6/ 354 2757 34.8 27.97 38.1 2718/ 34.4 27.2/33.7
15:00 27.0/36.5 274/37.0 27.7/36.0 27.6/35.2 28.0/38.4 27.9/35.2 27.5/342
16:00 27.2137.0 27.6/37.4 27.9/36.4 27.8/35.6 28.2/38.5 28.1/35.7 27.8/34.6
17:00 27.4/36.8 27.8/37.1 28.1/36.0 28.0/35.5 28.4/37.8 28.3/35.2 28.0/34.3
18:00 27.5/363 27.9/36.3 28.1/352 28.0/35.2 28.4/37.1 28.4/34.5 28.0/33.9
19:00 27.4/36.0 27.8/35.4 28.0/34.8 27.9/34.9 28.3/36.7 28.2/33.9 27.9/33.4
20:00 27.3/34.0 27.6/33.9 27.8/33.0 27.8/32.9 28.2/34.2 28.1/32.1 27.8/31.8
21:00 27.2/32.0 27.5/32.4 27.7/312 27.6/31.2 28.0/32.1 27.9/30.5 27.6/30.3
22:00 27.0/31.0 27.3/31.4 27.5/30.2 27.4/30.6 27.9/314 27.7/29.7 27.5/29.7
23:00 26.8/29.2 27.1/30.1 27.3/28.6 27.3/29.1 27.7/29.9 27.5/28.4 27.3/28.6
24:00 26.7/279 27.0/28.9 27.1/27.1 27.1/28.0 27.5/28.7 273/27.3 27.1/274

Figure 6-20: Zone 1 window-opening across the design week (12—18 August) for the settled envelope (3cm insulation
infill walls+ cool roof +20% glazing) under all-day ventilation. Cells are shaded by air-change rate (darker blue =

higher ACH) and labelled with the indoor operative and outdoor dry-bulb temperature

6.5.2 Zone 2

The office ventilates through its two south-facing windows (8.5% WWR), each 1 x 0.4 m,
bottom-hung and set to open fully at a discharge coefficient (Cd) of 0.65, under the optimum
control that opens them only while the outdoor air is cooler than the indoor. Table 6-16 reports
each wall configuration with the windows shut and under this ventilation, over the full week and

the occupied hours.

The office already sits near comfort on the envelope, so the optimum ventilation has little left
to add. On the settled 5 cm all-walls exterior wall, it removes one occupied hour over the 80%
limit, from 2 to 1, and trims the stricter 90% band from 25 occupied hours to 17, at an occupied
mean of 29.76 °C, a drop of about 0.26 °C from the non-ventilated schedule. The wall ranking
holds under ventilation as it did without it: insulating all external walls beats the infill walls
alone, exterior placement beats interior, and 5 cm beats 3 cm, so the office keeps 5 cm of EPS on
all external walls, outboard of the mass. The reversed build-up, with the insulation interior to the
mass, stayed about 0.2 to 0.3 °C warmer than the exterior placement at every hour and held more

hours over both limits, which diverges from Hema et al. (2021), who found interior insulation
112



more effective for nighttime mitigation once night ventilation was applied; here the exterior
placement was cooler throughout, night included. Even at its optimum, the flush is modest.
While the windows are open, around 3.0 ACH overnight, strengthening to about 4.6 through the
occupied morning with a peak of 6.8 ACH when the occupants' own heat widens the indoor—
outdoor gap that drives the buoyancy flow. Both stay well below the roughly 10 ACH that
Darmanis et al. (2020) and Amos-Abanyie et al. (2013) report as necessary for night ventilation
to be effective, so the cool air the openings admit does only a little for a zone the envelope has

already carried within reach of comfort.

The control opens the windows overnight and through the morning, from about midnight to
11:00, and highest airflow between 07:00 and 11:00, when the outdoor air has cooled below it,
and shuts them from noon through the evening when the outside runs hotter than the room and

above the 80% comfort limit; see Figure 6-21.

Table 6-17: Zone 2 (office) thermal performance by wall configuration and ventilation schedule, reported over the full
week (168 hours) and over the occupied hours (08:00-14:00 Sunday to Thursday, 30 hours).

Full week (of 168 h) Occupied hours (of 30 h)
Wall scope  Insulation Position  ventilation Mean h>80% h>90 MeanOp h>80 h>90

schedule OpT°C % T°C % %
All external walls5 cm  exterior No vent 28.85 2 56 30.02 2 25
All-day 28.67 1 42 29.76 1 17
No vent 29.05 6 60 30.21 6 28

All external walls5 cm  interior
All-day 28.97 3 53 30.03 3 21
No vent 29.07 6 63 30.23 6 28

All external walls3 cm  exterior
All-day 28.99 4 55 30.05 4 22
No vent 29.20 7 70 30.36 6 30

All external walls3 cm  interior
All-day 29.11 6 62 30.16 6 24
No vent 29.45 20 76 30.59 11 30

Infill wallsonly 5cm  exterior
All-day 29.36 18 74 30.38 11 28
No vent 29.55 29 79 30.69 16 30

Infill walls only 5c¢m  interior
All-day 29.45 22 77 30.46 13 29
No vent 29.55 29 80 30.69 16 30

Infill walls only 3 cm  exterior
All-day 29.45 23 78 30.47 13 29

Infill walls only 3 ¢m  interior No vent 29.63 37 82 30.76 17 30
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All-day 29.52 27 80 30.53 14 29

Hour Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7

01:00 27.00/27.13 27.20/27.13 27.63/28.68 26.32 ; ¥ 28.07 / 28.44 27.98/26.36
02:00 26.84 / 26.33 27.10/27.21 27.52 1 28.68 @gm 2593 27.93/28.23 27.81/25.61
03:00 26.70/ 26.00 27.01/27.62 27.40/28.48 27.80/27.93 27.68/25.34

04:00 26.64 / 26.41 26.92 /27.58 27.29/28.23 27.28/26.02 27.69/27.68 27.57125.12
05:00 26.56 / 26.82 26.81/27.21 27.18/27.87 6 | 27.11/2561 27.59/27.43 27.45/24.71

06:00  26.54/26.90  26.76/27.06  27.14/27.64 27.52/27.18  27.40/24.73
07:00  27.79/26.49  27.99/26.69 WEENENFCRCNPIREYPLRINRPYICTYPL VRN PP YPECTE  28.46 / 24.90
ERVRPIN DRI REIN  28.86/27.45 | 29.17/27.95 | 28.91/26.40 | 29.39/2857 | 29.29/26.89 [WPLENNPILRE
09:00  27.94/27.92 [RPENPEEVINFEEIFEE N IEERIEE PEEPEC R 26.75/27.33
10:00  28.01/28.29

29.27 /1 29.69 29.57 /29.99 29.32/28.43 29.90/31.88 29.78/29.29 28.86/27.79

11:00 28.28/30.77 29.6/31.5 29.9/314 29.8/304 30.2/34.3 30.1/30.8 29.09/29.46
12:00 28.51/32.92 29.83/33.52 30.10/33.08 30.12/32.28 30.43/36.11 30.42/32.09 29.32/31.08
13:00 28.69/34.35 30.03/35.08 30.29 / 34.40 30.31/33.69 30.63/37.16 30.59/33.23 29.50/32.55

14:00 28.89/35.62 29.49 / 36.33 29.73 1 35.37 29.75/34.75 30.14/ 38.11 30.02 / 34.37 29.63/33.71
15:00 29.05/36.47 29.53/36.99 29.72/35.99 29.76 / 35.23 30.15/38.40 30.03/35.17 20.72/34.23
16:00 29.18/37.03 29.63/37.38 29.77 1 36.38 29.82/35.58 30.18/38.52 30.10/ 35.67 29.77 ] 34.58
17:00 29.20/36.79 29.65/37.15 29.75/35.98 29.82 / 35.47 30.15/37.84 30.07 / 35.22 29.76/34.29
18:00 29.15/ 36.33 29.57 / 36.26 29.68 / 35.26 29.77 1 35.24 30.07 /37.12 29.97 / 34.45 29.71/33.88
19:00 28.60/36.02 29.00/35.39 29.13/34.77 29.20/ 34.85 29.52/36.71 29.36 / 33.85 29.15/33.39
20:00 28.28 /34.03 28.67 /1 33.88 28.80/33.02 28.88/32.91 29.16/34.23 29.06 / 32.08 28.87/31.76
21:00 28.00/32.00 28.40/ 32.36 28.53/31.20 28.60/31.23 28.86/32.13 28.80/30.53 28.62/30.33
22:00 27.82/30.98 28.21/31.43 28.32/30.23 28.43/30.55 28.68/31.39 28.60/29.68 28.44/29.71
23:00 27.59/29.20 28.00/30.11 28.07 / 28.56 28.22/29.07 28.44 /29.88 28.37 /28.37 28.23/28.57
24:00 27.36/ 27.85 27.78 1 28.88 27.80/27.13 28.01/27.97 28.22 /28.71 28.12/27.29 28.02/27.43

Figure 6-21: Zone 2 window-opening across the design week (12—18 August) for the settled envelope (5 cm EPS on all
external walls) under all-day ventilation. Cells are shaded by air-change rate (darker blue = higher ac/h) and labelled

with the indoor operative and outdoor dry-bulb temperature

6.5.3 Zone 3

The three envelopes assessed under occupancy were also evaluated with all-day ventilation
under temperature control, each compared with the sealed case, as shown in Table 6-18. The
residence ventilates through six windows, four on the north facade (8.5% WWR) and two on the
south facade (4.25% WWR), each 1 x 0.4 m, bottom-hung and set to open fully at a discharge

coefficient (Cd) of 0.65, and the results are analyzed over the full design week.

Airflow distinguishes Zone 3 from the other two zones, as its openings sit on opposite
facades, north and south, achieving cross-ventilation and a higher air change, where the other
two zones manage only single-sided ventilation. Averaged over the open hours the flow runs
about 9 ACH and peaks near 21. This higher air change is what lets ventilation contribute at all
here, unlike the daycare where it did almost nothing: it lowers the hours over the 80% limit
sharply on the weaker envelopes, from 125 to 55 on the cool roof alone and from 24 to 9 with 3
cm of infill insulation. On the settled 5 cm all-walls envelope, however, which the walls have

already carried close to comfort, its effect is modest, trimming the hours over the stricter 90%
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limit only from 66 to 55 and over the 80% from 8 to 4, at a mean 0.25 °C cooler than sealed

(Table 6-18).

The cooling is delivered as a night flush (Figure 6-22). The windows open on all seven nights
from about 23:00 to 08:00, extending on some mornings to 09:00-11:00 while the outdoor air is
still below the interior, and shut through the hot afternoon from noon to 20:00, reopening in the
late evening around 21:00-22:00; the overnight flush runs about 10 to 13 ac/h around midnight.
Occupied around the clock, sealed, it is hottest in the early evening, from 17:00 to 20:00, where
all its hours over the limit fall, and coolest in the late morning. Because it stays warm into the
night while the outdoor air cools to 26 to 28 °C, it keeps a real temperature difference to flush
against, where the office and daycare, cooler and closed at night, do not. The control opens the
windows across exactly those hours, drawing some of the accumulated heat from the mass so the
following day runs cooler. The gain, however, is small, even at its most effective; in the small
hours when the outdoor air has dropped near 25 °C, some 4 °C below the room, the flush lowers
the operative temperature by only about 1.0 °C against the sealed case, and by 0.25 °C on the
weekly mean. The residence is the zone ventilation that helps most of the three, but the envelope

carries the comfort, and the night flush only refines it.

Table 6-18: Zone 3 (residential suite) performance by wall configuration and automated ventilation schedule, reported
over the full week (168 hours)

Envelope Ventilation MeanOpT°C MaxOpT°C h>80% h>90%
Roof only No ventilation 30.92 31.64 125 168
All day 30.31 31.42 55 138
Roof + 3 em infill No ventilation 30.13 31.00 24 145
All day 29.74 30.85 9 97
Roof + 5 cm all walls No ventilation 29.41 30.84 8 66

All day 29.16 30.75 4 55



Chapter 6

Hour Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7

01:00 28.4/27.1 29.2/28.7 NPT 29.0/27.0 29.5/28.4 28.9/26.4
02:00 280/263 | 283/272 SEIPECNN 2887263 294/282 |NEREPEE
03:00 27.8/26.0 284/27.6 28.6/ 26. :

285/262 BEENRACE 2857253
04:00 7787264 [T0831376

283/27.3
284/278
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Figure 6-22: Zone 3 window-opening across the design week (12—18 August) for the settled envelope (Scm insulation

on all external walls+ cool roof) under all-day automated ventilation. Cells are shaded by air-change rate (darker blue =

higher ACH) and labelled with the indoor operative and outdoor dry-bulb temperature.
6.6 Phase 4 Results

After settling each zone envelope and its schedule, this stage evaluates three ventilation modes:
single-sided against cross ventilation and a windcatcher tested across shaft cross section ( 3% and
6% of Zone floor area) and heights (6 and 9m). All the strategies were assessed under an all-day
ventilation automated schedule so the comparison isolates the effect of the ventilation mode. The
results show which mode gives higher ACH and whether it lifts the ventilation rate to the required
standard based on EN 16798-1 Category II ventilation rates, which were calculated to be 6.35 ACH
for zone 1, 5.51 ACH for zone 2, and 1.76 ACH for zone 3, in addition to the cooling effect of the

ventilation mode.

6.6.1 Zone 1

The three ventilation strategies were evaluated using the optimized envelope under the same
all-day automated operating schedule. Single-sided ventilation was provided through the four
west-facing windows, while cross-ventilation was achieved by opening the two north doors and

the west-facing windows. For the windcatcher configuration, it was placed on the north facade of
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the zone with a north-facing inlet as shown in Figure 6-23, which was evaluated using two shaft

cross-sections and two tower heights.

Wind catcher

Zone 01

Figure 6-23: The wind catcher serving Zone 1 of the Aqgbat Jabr women's centre: (left) the DesignBuilder model, and

(right) the wind catcher's position on the ground-floor plan (author's model and drawing).

Every strategy achieves zero hours above the 80% and 90% comfort limits (Table 6-19).
However, the ACH distinguishes between them, as the single-sided ventilation moves only a mean
of 2.0 ACH over the occupied hours, well below the required 6.35 ACH. Cross ventilation lifts that
to 11.7 ACH, and wind catchers to between 9 and 23 ACH.

For cooling, neither strategy was effective, and the windcatcher even worked
counterproductively. The occupied mean operative temperature falls about 0.06 °C under cross-

ventilation, but rises about 0.2 °C to 0.35 °C under every windcatcher configuration.

Cross-ventilation is therefore the mode carried forward for the daycare. It delivers the
required ventilation rate while the windows are open, matches the windcatcher on air without its
slight thermal penalty, and needs only a through-path across the space rather than a built shaft, so
it is the simplest and least costly of the three. Single-sided is retained only as the fallback where
a through-path cannot be opened, since it alone falls short of the rate.

Table 6-19: Zone 1 (office) occupied-hours performance under single-sided, cross, hybrid, and windcatcher ventilation,

on the settled 5 cm all-walls envelope, all-day automated schedule with temperature control.

Occ hrs Occ hrs Occ open- open-hrs

Strat p P

rategy ~80% ~90% OccOp T°C hrs ACH ACH Peak ACH
No ventilation 0 0 27.79 - - -
Single-sided 0 0 27.78 2.0 1.7 2.7

117



Chapter 6

Cross-ventilation 0 0 27.73 11.7 11.9 23.1

Windcatcher 1 m2 /6 m 0 0 28.00 17.0 17.8 35.7

Windcatcher 1 m2 /9 m 0 0 28.09 17.3 18.2 37.4

Windcatcher 2 m2 / 6 m 0 0 28.08 9.4 9.9 16.7

Windcatcher 2 m2 /9 m 0 0 28.15 22.6 229 48.4
6.6.2 Zone 2

The three ventilation strategies were evaluated using the optimized envelope under the same
all-day automated operating schedule. Single-sided ventilation was provided through the two
south-facing windows, while cross-ventilation was achieved by opening the north door and the
south-facing windows. For the windcatcher configuration, the two south-facing windows were
replaced with a windcatcher as shown in Figure 6-24, which was evaluated using two shaft

cross-sections and two tower heights.

Wind Catcher

Figure 6-24: The wind catcher serving Zone 2 of the Agbat Jabr women's centre: (left) the DesignBuilder model, and

(right) the wind catcher's position on the ground-floor plan (author's model and drawing).

As shown in Table 6-20, the comfort limit barely moves across the ventilation modes. The
envelope already carries the office to the edge of the comfort limit, holding 2 occupied hours
over the 80% limit, under the free floating mode, and 25 hours above the 90% comfort limit. The
occupied mean operative temperature nearly stays the same, falling from 30.02 °C under no
ventilation to between 29.76 and 29.37 across all the modes, with under 0.5 °C difference. And
even the stricter 90% comfort band moves little, from 25 hours with no ventilation to 17 under

single-sided and 14 under the largest wind catcher.
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The ventilation rate clearly distinguishes the three strategies. The single-sided moves 4.6
ACH over the open occupied hours, below the 5.51 the standard requires; cross ventilation
reaches 21.3 ACH, and the wind catchers 18 to 26 ACH, with a peak of 43.9 for the cross
ventilation. Even though all the modes exceed the 10 ACH the literature recommends, the
operative temperature didn’t follow the air change, with a very slight decrease compared to the
single-sided mode, showing that higher airflow buys no further cooling. The reason is that the
temperature difference is never higher than 2.5 °C and mostly below 2 °C. The results also show
that cross ventilation is more than enough, as it clears the required ventilation rate and matches
the wind catchers on both airflow rate and comfort, without the added structure and cost of the

tower. Cross-ventilation is therefore the mode carried forward.

Table 6-20: Zone 2 (office) occupied-hours performance under single-sided, cross, hybrid, and windcatcher ventilation,
on the settled 5 cm all-walls envelope, all-day automated schedule with temperature control.

Strategy Occ hrs Occ hrs Occ mean Open-hrs  Occ open- Peak ACH
>80% >90% Operative mean ACH hrs ACH
No vent 2 25 30.02 - - -
Single-sided 1 17 29.76 3.8 4.6 6.8
Cross-ventilation 0 16 29.54 20.1 21.3 43.9
Windcatcher 0.33 m2 / 6 m 0 17 29.65 14.8 18.0 26.3
Windcatcher 0.33 m2 /9 m 0 15 29.50 13.5 18.0 30.9
Windcatcher 0.66 m2 / 6 m 0 14 29.39 21.6 23.0 32.0
Windcatcher 0.66 m2 / 9 m 0 14 29.37 21.2 25.9 36.1
6.6.3 Zone 3

Ventilation modes were not assessed in this zone, as the windows sit on opposite facades, so it
easily ventilates by cross flow, delivering about 9 ACH over open hours, which is well above the
required 1.76 ACH. So the cross ventilation is already its settled mode, and the wind catcher only

delivers higher airflows with no cooling, as proved in the other zones.
6.7 Phase 5 results
This section assessed how closely a fixed, manually operated schedule can deliver. Ventilation

schedules are determined for each zone based on the periods identified as feasible for ventilation

and based on practicality.



6.7.1 Zone 1

As shown in the previous section, ventilative cooling has a negligible benefit to this zone as
on the optimum envelope the cross ventilation lowered the occupied mean operative temperature
by at most 0.06 °C with zero overheating hours on both limits. Zone 2 also showed that the only
practical schedule to take advantage of the cooling effect of ventilation is during the occupied
early morning hours. Therefore, the ventilation purpose in Zone 1 is not to flush heat but to
provide adequate ventilation while also maintaining thermal comfort, which will be assessed in

the next section.
6.7.2 Zone 2

For the office, two periods can be operated by hand: the occupied morning, when the windows
are open on arrival, and the unoccupied afternoon and night, when windows can be left open
after the office closes at 14:00. Therefore, 5 practical schedules were evaluated and compared
with the automated optimum as shown in Table 6-21. The morning opening achieved the best
results where cross ventilation from 8:00 to 11:00, with no flush at all holds 1 occupied hour over
the 80% comfort limit and 17 over the 90%, with a peak operative temperature of 30.72 °C,
nearly matching the automated optimum, with a mean airflow rate of about 11.7 ACH well above
the required 5.51 ACH. The night flush adds nothing, as a fixed schedule that starts at 14:00
imports heat during the day’s hottest period, thereby increasing the peak operative temperature
and carrying heat into the mass and pushing the next occupied morning from 2 to 4 hours over
the comfort limit.
Table 6-21: Zone 2 (office) manual fixed ventilation schedules versus the automated optimum, settled 5 cm all-walls
envelope, over the occupied hours.

Schedule Occ hrs Occ hrs Occ mean Occ mean Peak Overheating
>80% >90% Operative ACH Operative period

Optimum single-sided (all-day +

1 17 29.76 4.6 30.63 13:00
control)
Optimum cross (all-day + 0 16 29.54 213 30.61 i
control)
Single-sided 08-11 2 20 29.89 2.7 30.75 13:00
Cross 08-11 1 17 29.62 11.7 30.72 13:00
Single-sided 08-11 + 14-08 flush 2 20 29.95 2.7 31.48 13:00
Cross 08-11 + cross 14-08 flush 4 19 29.79 12.8 33.04 12:00-13:00
Cross 08-11 + single-sided 14-08 ) 17 2969 12.7 3146 13:00

flush



6.7.3 Zone 3

For the residence, night flush is possible due to occupancy, and based on the automated
ventilation, the windows opened through the night and morning and closed across the hot
afternoon. Therefore, three night flush schedules were tested, opening at 21:00, 22:00, and 23:00

and each closing at 11:00, against the automated optimum as shown in Table 6-22.

The 23:00 to 11:00 schedule achieved the same results as the automated, with 4 hours above
the 80% limit and 55 above the 90% limit and a mean of 29.13 °C. While shifting the start earlier
to 22:00 raised the hours above the 90% limit to 65 against 55, and at 21:00 raised the
overheating hours above the 80% to 9 against 4 hours and widened the overheating period from
17:00-19:00 to 22:00. Therefore, the 23:00-11:00 schedule was considered the optimum,
delivering the same comfort as the automated ventilation with a mean ACH of about 9.2 well
above the required 1.76 ACH.

Table 6-22: Table X. Zone 3 (residence) manual fixed ventilation schedules versus the automated optimum, settled 5 cm

all-walls envelope, over the occupied hours.

Schedule Occ hrs Occ hrs Occ mean  Occ mean Peak Overheating
>80% >90%, Operative ACH Operative period

Optimum cross (all-day + 4 55 29.16 8.9 3075 17:00-19:00
control)
Cross 23:00-11:00 4 55 29.13 9.2 30.76 17:00-19:00
Cross 22:00-11:00 4 57 29.16 9.6 30.77 17:00-19:00
Cross 21:00-11:00 9 65 29.30 10.0 30.94 17:00-22:00
6.8 Phase 6 results

The cooling stages judged ventilation by the heat it removes. This section evaluates the same
openings by the fresh air they deliver to the occupants, and weighs the two against each other, since
ventilating for fresh air can work against ventilating for cooling. Each zone is read on both counts at
once: whether it holds the operative temperature within the comfort limit, so the fresh air is not
accompanied by overheating, and whether it brings the carbon dioxide under the standard. Air
quality is assessed through CO, against the EN 16798-1 Category II limits defined in the
methodology: 1220 ppm for the office and daycare, and 970 ppm for the residence, together with

the corresponding ventilation rate for each space.



6.8.1 Zone 1

When the daycare is sealed through the occupied hours, the CO2 levels reach above the limit
in all 30 occupied hours at a mean of 4580 ppm, while the cross ventilation schedule from
8:00-11:00 achieved the lowest operative temperature with a mean of 27.83 and brought the CO2
levels below the limit with an adequate ventilation rate but fails once the windows were shut

after 11:00 where the CO 2 levels reached above the limit for the rest of the occupied hours at a

peak of 4053 as shown in Figure 6-24.
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Figure 6-24: Zone 1 (daycare), CO; concentration and delivered air-change rate through the design week under
occupancy. Horizontal lines mark the Category II CO; limit (1220 ppm) and the required rate (6.35 ACH).

Table 6-23 summarises the thermal comfort, ventilation rate, and indoor air quality
performance of the evaluated ventilation schedules during the occupied hours in Zone 2. The
single-sided ventilation schedule maintained comfort over both limits but failed to sufficiently
decrease the CO2 concentration below the limit, leading to 29 hours above the limit due to an
inadequate ventilation rate of about 1.9 ACH. The cross-ventilation combined with single-sided
and intermittent ventilation for 30 min every 30 min also fails but slightly decreases the hours
where the CO2 concentration is above the limit to 29 and 14, respectively, and the intermittent
ventilation increased the comfort hours to 2 above the 90% limit. Cross ventilation during the
occupied hours and cross ventilation combined with intermittent ventilation for 45 mins every 30

min are the only schedules that maintained CO2 levels below the limit, as shown in Figure 6-25,



reaching mean CO2 levels of about 717 and 824 with a max of about 968 and 1207,
respectively. However, the cross with the intermittent 30/45  raised the max operative
temperature to 1.71 °C compared to the free-floating mode, while the cross ventilation raised it
to 2.46 °C and added one hour above the 80% limit, and both added 2 hours above the 90% limit.
This pattern aligns with Ragab et al. (2025), who reported for a hot-arid classroom in Aswan that
scheduled cross-ventilation at 60-minute intervals in summer held indoor carbon dioxide within
the limit while adding far less discomfort than continuous operation, whereas single-sided and
shorter, partial schemes were insufficient. The same applies to this zone; the longer 45-minute
interval cleared the carbon dioxide where the 30-minute one could not, and at a lower operative-

temperature rise than continuous cross-ventilation.

Table 6-23: Comparison of the thermal comfort, ventilation rate (ACH), and indoor air quality performance of the
evaluated ventilation schedules in Zone 1 during occupied hours.

Ventilation Occ hrs Occ hrs Occ mean Occ open Peak CO2mean CO2hrs CO2 peak

>80% >90% Operative ACH operative pPpm >1220 ppm
LETE8 I 0 0 27.79 - 28.50 4580 30 7241
ventilation
3;‘_8161’ cross 0 0 27.83 123 28.70 1757 15 4053
Cross 08-11 +
single-sided 0 0 27.92 7.1 29.12 1322 14 2808
11-14
Cross 08-11 +
door 30/30 0 2 28.17 10.1 30.19 888 5 1331
Cross 08-11 +
I 0 7 28.22 10.8 30.21 824 0 1207
Cross 08-14 ! 2 28.36 13.4 30.96 717 0 968
continuous
Single-sided 0 0 27.88 1.9 28.82 1919 29 2822

08-14

Unlike the office, ventilating during occupied hours doesn’t greatly compromise the indoor
thermal comfort, even though the openings admit the full afternoon heat. With cross ventilation
at 13:00, the openings draw in 35 °C outdoor air at 16 ACH, and the air temperature rises to 31.8
°C indoors, but the operative temperature reaches only 29.6 °C, five degrees below the outside.
The reason is that the thermal mass could keep the surface temperature near 28 °C, maintaining

indoor comfort.
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Figure 6-25: Zone 1 (daycare), CO; concentration and delivered air-change rate under the optimum ventilation

schedule.
6.8.2 Zone 2

When the office is sealed through the occupied hours, the CO2 levels reach above the limit in
all 30 occupied hours at a mean of 3174 ppm, and the ventilation mode of cross ventilation from
8:00-11:00 achieved the best comfort and brought the CO2 levels below the limit with an
adequate ventilation rate but fails once the windows were shut after 11:00 were the CO 2 levels

reached at a peak of 4162 for the rest of the occupied hours as shown in Figure 6-26.

Adding a single-sided ventilation from 11:00-14:00 holds the CO2 close to the limit but still
fails, peaking at 1595 ppm at a modest cost of 3 comfort hours, while opening windows for
cross-ventilation through the occupied hours, whether it was continuous or intermittent, as
shown in Table 6-24, maintain CO 2 levels below the limit but add up to 6 to 7 discomfort hours,
and the operative temperature peaks about 32 to 32.5 °C. The office therefore cannot hold both
comfort IAQ using the outdoor air alone, as every strategy that clears the afternoon CO2 imports
enough heat to break the comfort envelope secured, and the gender compromise that protects
comfort also leaves the air marginally over the limit. The overheating always ends at 13:00 (the
last occupied hour), but it spreads earlier as more daytime ventilation is added. The sealed and
morning-only cases overheat only at 13:00, while the schedules that keep opening through the

afternoon (intermittent and continuous) admit hot outdoor air and push the overheating back to
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11:00. So the extra ventilation that clears the CO, is the same air movement that widens the

overheating window.

Table 6-24: Thermal comfort and indoor air quality performance of the ventilation schedules in Zone 2 during occupied

hours.
Ventilation Occ Occ CcO2
Occ hrs h mean  Occ open Peak mean CO2 hrs CO2 peak
o . . S
>80% ~00% Opezatlv ACH  operative ppm 1220 ppm
Base: no 2 25 30.02 0.1 30.77 3174 30 4479 13:00
ventilation
g;_slel: cross 1 17 29.62 23.2 30.72 1819 15 4162 13:00
Cross 08-11 +
single-sided 3 17 29.69 14.3 31.12 882 9 1595 12:00-13:00
11-14
Cross 08-11 +
intermittent 6 18 29.80 17.8 31.92 685 0 924  11:00-13:00
(30/30)
Cross 08-11 +
intermittent 7 19 29.83 16.5 31.95 736 0 1172 11:00-13:00
(30/45)
Cross 08-14 7 16 2987 237 32.53 561 0 862 11:00-13:00
continuous
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Figure 6-26: Zone 2 (office) CO, concentration and delivered air-change rate through the design week under occupancy.

Horizontal lines mark the Category II CO, limit (1220 ppm) and the required rate (5.51 ACH).
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6.8.3 Zone 3

When the residence is sealed through the day, the CO2 levels reach above the limit in all 168
occupied hours at a mean of 2701 ppm, while the cross ventilation schedule from 23:00-11:00
achieved the lowest operative temperature with a mean of 29.13 and brought the CO2 levels
below the limit with an adequate ventilation rate but fails once the windows were shut after
11:00 where the CO 2 levels reached above the limit for the rest of the occupied hours till 23:00

at a peak of 3571 as shown in Figure 6-27.

Table 6-25 summarises the thermal comfort, ventilation rate, and indoor air quality
performance of the evaluated ventilation schedules during the occupied hours in Zone 3. The
south single-sided ventilation and the cross ventilation from 23:00-11 with south single-sided
ventilation failed to maintain CO2 levels below 970 and raised the overheating hours to 28 and
23 above the 80% comfort limit, respectively. Only the cross ventilation from 23:00-11:00 plus
north single-sided ventilation maintained CO2 levels below 970 ppm with an adequate
ventilation rate, with a mean of 6.7 ACH, but raised the overheating hours above the 80% limit
to 42, which is the lowest against the all-day cross ventilation, which also maintained the
required CO2 levels with 57 hours above the 80% comfort limit and north single sided

ventilation which left 44 hours above the comfort limit with one hour above the required CO2

limit.
== No vent ACH Cross vent 23:00-11:00
4000 25
3200 et et 20
| ’
¢ ‘r A . x‘ i “ ‘\ ¢ :
\*“/ N '’ o’ R 1 ' ¢ | & ' . R
_ 2400 [T~ | v | s b 1R b 15
3 x S 1 w ‘ot
g | | ‘ (J.:)
1600 ' ‘ ‘ } ' 10
T [ ‘ [
\
\ |
800 o \ T ‘ ' 5
“ N requi
AR | } |
| ‘ [
0 | | | ‘
e e 2 22 PP R TP 22T T2 22222
<<<nooo<<<iooo<<<bonoo<<<iooao<<<ooo<<<ooao<<<ooo
OO0 0O0O0CO000O0D00000000D00000000000000000000000O0
S5 0000506005086 05608655856865905685656986965659
OO~~~V YFOLO~"LOO"TLOODEFOLOO-TWLOOD™~OO®O

Figure 6-27: Zone 3 (residence), CO; concentration and delivered air-change rate through the design week under

occupancy. Horizontal lines mark the Category II CO; limit (970 ppm) and the required rate (2.61 ACH).



Table 6-25: Comparison of the thermal comfort, ventilation rate (ACH), and indoor air quality performance of the

Ventilation

Base: No
ventilation
Base: cross
23-11

Cross

23:00-11:00+.

South single
sided

South single-
sided all day
Cross
23:00-11:00+
north single
sided

North single
sided

All day cross
ventilation

Occ hrs
>80%

23

28

42

44

57

evaluated ventilation schedules in Zone 3 during occupied hours.

Occ hrs
>90%

66

55

74

83

81

88

94

Occ

mean
Operativ

29.41

29.13

29.48

29.65

29.68

29.80

30.06

Occ
mean
ACH

9.2

5.7

2.0

6.7

39

11.7

Peak
operative

30.84

30.76

31.42

31.47

31.87

31.90

32.86

CO2
mean
ppm

2701

1129

728

935

624

714

526

CO2 hrs CO2 peak Overheating

>970

168

72

26

58

ppm

3571

2543

1200

1256

924

981

713

period

17:00-20:00

17:00-19:00

14:00-21:00

14:00-22:00

14:00-22:00

13:00-22:00

12:00-22:00

Figure 6-28 maps the operative temperature under the cross-ventilation 23-11 plus north single-

sided ventilation across the assessed week. The zone stays within the comfort limit through the

night and morning, and reaches the overheating hours between about 14:00 and 23:00, peaking at

17:00 to 18:00. So the additional single-sided north ventilation buys another 3 hours from 11:00 to

14:00 before the ventilation fails thermally. Similar to the office, this zone needs a supply that cools

the incoming air rather than only moving it, taken up next with evaporative cooling.
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Hour Day 1 Day 2 Day 3 Day 4 Day 6 Day 7
01:00 28.67 28.74 29.49 28.97 29.76 29.13
02:00 28.33 28.60 29.44 28.82 29.72 28.88
03:00 28.10 28.66 29.28 28.86 29.55 28.69
04:00 28.11 28.62 29.09 28.78 29.36 28.56
05:00 28.16 28.50 28.87 28.47 29.17 28.46
06:00 28.13 28.37 28.72 28.14 29.00 28.38
07:00 28.02 28.25 28.54 27.94 28.71 28.33
08:00 28.05 28.27 28.65 28.04 28.73 28.41
09:00 28.10 28.46 28.83 28.33 28.99 28.50
10:00 28.19 28.65 28.98 28.52 29.15 28.58
11:00 28.56 28.91 29.20 28.86 29.41 29.05
12:00 29.04 29.38 29.61 29.31 29.73 29.33
13:00 29.49 29.85 30.04 29.73 30.10 29.72
14:00 29.97 30.31 30.44 30.16 30.51 30.18
15:00 30.40 30.72 30.81 30.53 30.90 30.53
16:00 30.76 31.06 31.11 30.86 31.22 30.82
17:00 30.94 31.26 31.24 31.04 31.36 30.96
18:00 31.00 31.26 31.25 31.13 31:35 31.02
19:00 30.93 31.10 31.11 31.03 3147 30.89
20:00 30.60 30.82 30.82 30.68 30.93 30.70
21:00 30.23 30.50 30.57 30.42 30.70 30.50
22:00 30.056 30.32 30.36 30.27 30.49 30.32
23:00 29.60 30.03 29.70 29.91 29.85 29.78
24:00 29.10 29.59 29.20 29.57 2943 29.37

Figure 6-28: Zone 3 operative temperature during the design week (12—18 August) under the optimized ventilation

schedule and envelope. Orange shading indicates hours above the 80% comfort limit (>30.63 °C).
6.9 Phase 7 results

The passive ventilation strategies carried each zone close to comfort, but failed to maintain it
specifically through the afternoon occupied period while also maintaining acceptable CO2 levels
and an adequate ventilation rate specifically for the office and the residence. Therefore, evaporative
cooling is tested as the air supply that could resolve this tradeoff. It cools the incoming air before it
enters, so a single strategy can both meet the ventilation requirement and the comfort limit together.
This strategy was found suitable for Jericho’s cooling season, which is mostly hot and dry. Direct
evaporative cooling draws its capacity from the gap between the dry-bulb and the wet-bulb
temperature, and the drier the incoming air, the further it cools as it takes up water. The climate
analysis for Jericho showed this gap is widest in the hot afternoon: through the cooling-season
hours when the evaporative cooler runs and the passive openings fail, the relative humidity falls to a
mean near 40% and as low as about 20%, while the dry-bulb holds above 33 °C. The afternoon is at
once the hottest part of the day and the driest, so the moment the room most needs cooling is the
moment evaporation works best. This section sets out the model and its inputs as described in the
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methodology section, shown in Figure 6-29, then applies it to the office (Zone 2) and the residence

(Zone 3), each at its own required ventilation rate and occupied schedule.
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Figure 6-29: Air-loop model of the direct evaporative supply built in DesignBuilder.

6.9.1 Zone 2

The office was cooled in two stages across the occupied hours, where natural cross-ventilation
ran from 8:00 to 11:00, then the evaporative cooling took over the remaining occupied hours
from 11:00 to 14:00. The airflow rate of the evaporative cooling was set to the office requirement
of about 0.0505 m3/s based on the 5.51 ACH the standard requires for 6 occupants in the 33m3

room, at the fixed 0.8 effectiveness.

The two-stage supply maintained both comfort and IAQ through the occupied hours. The
operative temperature stays under the 80% comfort limit in every occupied hour and crosses the
90% limit in only two hours, with a mean of 29.07 and a peak of 30.08 °C, against the sealed
room’s 30.02 °C mean and its 25 hours above the 90% limit. The CO2 levels had a mean of 693
ppm. Speak of 862, well below the 1220 limit, as shown in Table 6-26 and Figure 6-30. Table
6-26 sets the evaporative cooling system against the passive strategies, each of which held one

standard but broke the other.

The relative humidity rises to a mean of 53.9% and a peak of 69.8%, compared with the
44.5% the cross-plus-intermittent opening held over the same hours. This sits within the

comfortable range and well below saturation, and it matches the field evidence for a pad-based

O (nnrm)
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direct evaporative system in hot-dry climates where Alshenaifi et al. (2024) measured 61-70%

RH.
Table 6-26: Thermal comfort and indoor air quality performance of the ventilation schedules in Zone 2 during occupied
hours.
Ventilation Occ hrs Occ hrs  Occ mean Occ open Peak CO2 hrs CO2 peak
>80% >90%  Operative ACH operative >1220 ppm
Base: no 2 25 30.02 - 30.77 30 4479
ventilation
Base: cross 1 17 29.62 232 30.72 15 4162
08-11
Cross 08-11 +
intermittent
(30/30) 6 18 29.80 17.8 31.92 0 924
11:00-14:00
Cross vent
8:00-11:00 +
Evaporative 0 2 29.07 13.1 30.08 0 841
cooling
11:00-14:00
- - No vent ACH Cross vent 8:00-11:00 + evaporative cooling
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Figure 6-30: Zone 2 (office): CO, concentration and air-change rate for the sealed case and the two-stage ventilation

strategy. Horizontal lines indicate the CO; limit (1220 ppm) and required ventilation rate (5.51 ACH).

6.9.2 Zone 3

The residence was cooled in three stages across the day, since it’s occupied around the clock,
where cross ventilation ran from 23:00 to 11:00, and a single sided north windows then carried
the late morning from 11:00 to 14:00, then the evaporative cooling system took over from 14:00
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to 23:00. The evaporative cooling supply air flow rate was set to the residence requirement, of
about 0.035 m?/s, which achieved the 1.76 ACH the standard requires for sleeping spaces, at the

fixed 0.8 effectiveness.

The three-stage ventilation schedule achieved both comfort and IAQ across the whole week.
The operative temperature stayed under the 80% limit in every one of the 168 hours and below
the 90% comfort limit in 39 hours at a mean of 29:00 °C and a peak of 30.38 °C, against the non-
ventilated base with 8 hours above the 80% comfort limit and 66 hours above the 90% limit. The
CO2 levels remained below the 970 ppm limit in every hour, as shown in Table 6-27 and Figure
6-26. Table 6-27 sets the evaporative cooling system against the passive strategies, each of which
held one standard but broke the other. The north single-sided ventilation bought 3 hours before
the evaporative system became necessary, but a stricter schedule would run the evaporative

system from 11:00 to 23:00.

The relative humidity rises to a mean of 54.4% and a peak of 68.8% against the 48.4% mean
the same schedule held without the cooler, moving only dry outdoor air, yet it stays within the

comfortable range and below saturation.

Table 6-27: Thermal comfort and indoor air quality performance of the ventilation schedules in Zone 3 during occupied

hours.

Occ hrs Occ hrs  Occ mean Occ open Peak CO2 hrs CO2 peak

Ventilati
entiation >80% >90%  Operative ACH operative >1220 ppm

Base: no
ventilation
Base: cross
23:00-11:00
Cross
23:00-11:00+
north single sided
11:00-23:00
Cross
23:00-11:00+
north single
sided+
evaporative
14:00-23:00

8

4

42

66

55

81

39

30.41

29.13

29.68

29.00

9.2

6.7

30.84

30.76

31.87

30.38

168

72

3571

2543

924

826
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Figure 6-26: Zone 3 (residence): CO, concentration and air-change rate for the sealed case and the three-stage

ventilation.
6. 10 Comparative analysis

The comparison between the three envelopes was assessed only on zone 2, the office, chosen for
reasons of both geometry and thermal representativeness. Exchanging the earthen construction for
the conventional ones changes the wall thickness substantially, and in zones 1 and 3, this changes
the floor area and volume, as these remaining spaces are not single zones but pairs of adjacent
rooms joined by openings separated by very thick internal walls that are also structural. So zone 2 is
the one space whose geometry keeps the correct floor area and volume after the wall swap, and the
results remain comparable for the three constructions. The comparison therefore offers an indicative
glimpse of how the optimized earthen envelope performs against current conventional construction,
not as a full whole building or per zone assessment, which is left to future work. Based on that,
Table 6-28 reports the three constructions across four operating strategies, from sealed building to
cross ventilation, evaporative cooling and a reflective roof, and Figure 6-27 shows their overheating

hours side by side.

When sealed, the three are compared by their mass alone, where the earthen envelope holds a
mean operative temperature of 31.20 °C and crosses the 80% limit in 28 of the 30 occupied hours,
where the brick and stone walls reach 32.38 and 32.62 °C and fail in all thirty. The 1.2 °C difference

in the mean operative temperature reflects the earthen build heat capacity, where it stores the heat



during occupancy and release its later after occupancy hours, reducing the peak operative
temperature. The addition of a cool roof separates sharply between the constructions as it lowers the
mean operative temperature by about 1.2 °C in all of them, but the effect on comfort was not even.
The earthen envelope falls from 28 hours over the limit to 2, while the brick and stone walls barely
move, from 30 to 28 and 29, and that is because the earthen envelope already sits just above the
80% comfort limit. Under the optimum ventilation schedule, which is cross-ventilation from 8:00 to
11:00, the evaporative cooling till 14:00 reaches 7 hours over the 80% limit without the cool roof,
against 19 and 20 for the brick and stone envelopes at a mean of about 0.6 °C cooler. And when
combined with the cool roof, the three reach comfort at 0 for the earthen envelope and 1 hour over
the 80% limit for the conventional envelopes. However, the earthen envelope holds a mean of 29.07
°C, which is about 0.8 °C lower than the other envelopes and reaches only 2 hours above the stricter
90% limit compared to 20 and 23 hours for the brick and stone envelopes. Even though the
difference in the operative temperature is relatively low, the earthen envelope is comfortably below
the 80% limit while the conventional envelope lies near the threshold. However, both envelopes
achieve thermal comfort under the optimum ventilation schedule, demonstrating that it’s effective

for both construction types.

Table 6-28: Thermal comfort and indoor air quality performance of the earthen, brick cavity, and stone envelopes under
the evaluated passive strategies.

Mean CO2 mean/

Construction Strategy h>80% h>90% operative C Peak operative C peak

Sealed 28 30 31.20 31.88
+ cool roof 2 25 30.02 30.77

Earthen (CEB)
Vent + evaporative 7 23 30.11 30.94
*coolroof +vent+ 2 29.07 30.08 693 / 862
evap
Sealed 30 30 32.38 33.04
+ cool roof 28 30 31.17 31.81

Brick (cavity)
Vent + evaporative 19 29 30.69 31.62 659 /822
*coolroof +vent+ 20 29.79 30.78
evap
Sealed 30 30 32.62 33.27
+ cool roof 29 30 31.39 32.03

Stone

Vent + evaporative 20 29 30.85 31.76
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Figure 6-27: Comparison of overheating hours (>80% adaptive comfort limit) for the earthen, brick cavity, and stone

envelopes under successive passive strategies.

134



Chapter 7
Conclusion and Recommendations

This thesis set out to evaluate and optimize the performance of earth buildings coupled with
ventilative cooling in the hot-arid climate of the Jordan Valley, and to develop an integrated climate-
responsive control framework in which thermal mass, envelope configuration, natural ventilation,
and an evaporative cooling system operate as one system to achieve thermal comfort and IAQ. This
chapter summarizes the methodology, states how each research objective was met and each research
question answered, sets out the major scientific findings and the contributions they make, and ends
with practical implications, design recommendations, limitations, and directions for future work that

follow the research.

The study was built on a calibrated simulation model of a real compressed earth block building
in Jericho, the Agbat Jabr women’s centre. A field study documented the building’s construction and
operation and monitored indoor temperature and humidity over ten days of the cooling season,
which was used to calibrate and validate a DesignBuilder model within the ASHRAE 14
recommendations. The validated model was then used to perform seven sequential optimization
phases, each addressing the limitation of the previous one exposed, and these phases include base
case analysis, parametric optimization of the CEB envelope, integrated natural ventilation, and
ventilation mode selection, practical ventilation schedules, and indoor air quality assessment and
evaporative cooling. Three zones with different thermal characteristics and occupancy were selected
and were carried through the phases and judged on adaptive thermal comfort (ASHRAE 55) and
indoor air quality (CO; ppm against EN 16798-1 Category II). Lastly, a Final phase compared the
optimized earthen envelope against the two insulated wall types now built in Jericho, documented

through a field survey of local practice.

7.1 Findings in Relation to the Research Objectives and Questions

The field monitoring and the simulated base case both showed that the earthen envelope is a
strong heat modulator, but that damping the daily swing is not the same as achieving thermal
comfort. The heavy CEB fabric held the interior steady against a large outdoor swing: in the field
measurements the indoor air temperature varied by only about 2.0 to 2.6 °C over the day against an
outdoor swing of 11 to 14 °C, a reduction of about 80%, and the simulated design summer week
gave a similar result, with operative temperature swinging 2 to 4 °C against a 12 °C outdoor swing.

This stability, however, was achieved around a mean that stayed above the comfort range: the



indoor temperature exceeded the outdoor temperature for most of the monitored period and
remained warm through the night. The mass delays and stores heat but does not remove it, so
wherever a dominant load enters the space continuously it is overwhelmed. As built, with 14 cm
CEB infill walls in most zones, exposed barrel-vault and dome roofs of the same 14 cm earthen
thickness, and a large glazed facade, the envelope could not shed the heat it accumulated, and the
simulated design week confirmed that the earthen mass underperforms wherever other envelope

elements dominate the heat gain.

A 29.5 cm CEB was found to be the most practical thickness that can carry most of the available
damping, lowering the decrement factor from about 0.3 at 14 cm to about 0.1 and lengthening the
time lag between the outdoor and indoor surface from 3 or 4 hours to about eight, with no further
gain beyond it since the core then lies past the depth the daily heat wave reaches. Insulation is most
effectively placed on the exterior face of the wall, keeping the earthen mass on the room side where
it can absorb the indoor heat, and applied to all external walls. The choice of insulation material
makes little difference; the three tested materials fall within 0.1 °C in mean operative temperature
and have narrow and nearly the same overheating hours, so expanded polystyrene, at about a third
of the price of polyurethane in Palestine, is the value choice, while polyurethane gives the peak. 5
cm EPS on all external walls produces a reduction of about 1 to 1.5 °C in mean operative
temperature wherever the wall is the governing heat source. While when other heat sources are not
considered, the impact of insulation becomes less significant, resulting in only a minor reduction in
operative temperature of a few tenths of a degree. Between the least insulation of 3 cm on infill
walls and the full treatment, Scm on all walls, the operative temperature differs by less than 1 °C,
but the effect on overheating hours is far larger, especially when the zone sits near the comfort limit.
Crucially, the wall configuration reaches comfort only where wall conduction is the dominant load;
therefore, a balanced envelope strategy that addresses the major heat gain transfer pathways,

including the roof and solar heat gain, is required.

The study developed a climate-responsive control framework for the case study building and
identified the conditions that determine when each operational control mode should operate, as
shown in Figure 7-1. The framework, and the schedules derived from it, apply to the summer design
week (12—-18 August), the period of greatest thermal stress on which the analysis was based. The
framework opens the building only when the outdoor air is cooler than both the interior and the

80% adaptive comfort limit, so that ventilation is admitted only when it cools the space rather than



importing heat. Two conditions then decide what each opening can achieve: the airflow it allows,

and the temperature gap between the room and the outdoor air at the moment the control opens.
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Figure 7-1: Climate responsive control logic for the earthen building in the Jordan valley.

Cross ventilation was identified as the primary mode, delivering ventilation rates of about 9 to 21
mean ACH, peaking near 44 ACH, in the occupied zones, whereas single-sided ventilation held to a
mean of 2 to 5 ACH and generally stayed below the required rate. The exception was the low-
demand residence, where single-sided ventilation at a window-to-wall ratio of about 8.5% was
adequate, though lower ratios could not reach the required rate. The wind catcher raised the air
change rate further but delivered no additional cooling. Cross ventilation therefore already captures
the available cooling potential, and the additional airflow from the wind catcher offers no

meaningful thermal benefit; it was not considered further.

Ventilation cools only where a real temperature gap exists for it to act on, and once the envelope
holds the interior near comfort, that remaining gap decides whether night flushing is worth
operating. In the cooler hours the indoor—outdoor gap is generally small, about 0.5 to 2.5 °C,

because the outdoor air remains relatively warm even overnight, so ventilation lowers the occupied



operative temperature by at most 0.06 to 0.26 °C, rising to about 1 °C only in the residence where
all-day occupancy widens the gap to about 4 °C. Night flushing is therefore most useful where a
space stays warm into the night while the outdoor air cools, opening a usable gap between indoor
and outdoor. This tends to arise under continuous occupancy, whose internal gains, together with the
heat still held in the mass, keep the interior warm after sunset so that a gap opens as the outdoor air
cools. The simulations confirmed this: in the daycare and office, occupied only until 14:00, the
space has largely cooled and closed by nightfall, so there is little gradient to flush, and opening the
windows after occupancy hours imports the day's stored heat rather than removing it, leaving the
operative temperature higher at the start of the next occupancy than if the space had been kept
closed. Beyond this negligible benefit, leaving the windows open through the night in an
unoccupied building is neither secure nor realistic in normal use. Night flushing was therefore
applied only to the continuously occupied residence, while the daytime zones rely instead on

morning cross ventilation and, through the hot afternoon, on pre-cooled fresh air.

A further finding concerns the operative-temperature margin that decides whether a space can
ventilate through the hot hours at all: this requires the operative temperature to sit at least 2.5 °C
below the comfort limit. The earthen mass makes this possible by keeping the surrounding surfaces
cool and decoupling the operative temperature from the incoming air. Within that margin, pulsing
the openings rather than holding them open clears the CO; at a smaller thermal cost. In the daycare,
an intermittent schedule of about 45 minutes open and 30 minutes closed met the air-quality limit
while raising the peak operative temperature by about 1.7 °C, against about 2.5 °C under continuous

cross ventilation; a shorter 30-minute interval did not clear the CO,.

Where the openings could no longer maintain thermal comfort in the space and dilute the stale
air at the same time. Pre-cooling the fresh air becomes necessary; otherwise, ventilation would raise
the discomfort hours. So evaporative cooling proved to be effective through the hot, dry occupied
hours. Particularly during the afternoon, when the hottest and driest part of the day with relative
humidity near 40% while the outdoor temperature is above 33 °C, which is the time the evaporation
works best. Sized to each zone’s required ventilation rate at 0.8 effectiveness, the evaporative

system supplied cooled air that was able to maintain comfort and healthy CO2 levels.

The control framework is therefore governed by three factors: outdoor temperature, occupancy,
and the indoor operative temperature relative to the comfort limit. Together these determine which
strategy operates at each hour, each taking over precisely where the previous one could no longer

maintain comfort and air quality. The outdoor gap decides whether an opening cools or merely



refreshes: the control admits air whenever it is cooler than the room and below the comfort limit,
but the flush removes meaningful heat only once that gap approaches about 4 °C. The operative-
temperature margin covers the hot hours: while the space sits about 2.5 °C below the limit it can be
ventilated for fresh air, and only as that margin closes does it hand over to pre-cooled air; within
that margin, pulsing the openings rather than holding them open meets the air-quality requirement at
a lower thermal cost. This ordering, cross ventilation as the primary mode, night flushing added
where continuous occupancy makes it useful, and evaporative cooling as the fallback for the hot,
dry afternoon, is the study's principal operational contribution: comfort in this climate is reached not
by any single strategy but by handing the space from one measure to the next as outdoor conditions
and occupancy demand. Translated into practice, this logic reduces to a fixed daily schedule for
each zone (Figure 7-2) that an operator can follow hour by hour to reproduce the same climate-

responsive behaviour without automated controls.

Zone 1-daycare

Zone 2-office

] |
Zone 3-residence : :
] i

0 2 B 6 8 10 12 14 16 18 20 22 24
Hour of the day
Night flush Cross ventilation Evaporative cooling [T7] Single sided vent Closed

Figure 7-2: Daily practical control schedule for each zone.

This framework integrates two categories of determinants: the properties of the building itself,
and the way it is used. The building-related factors describe what the fabric can do. The first is the
envelope's damping, the extent to which the heavy earthen mass flattens the outdoor temperature
swing before it reaches the interior. The second is the operative-temperature margin: how far below
the comfort limit the treated envelope holds the space, which determines how much imported heat it
can absorb before comfort is lost. Together, these set what each zone is physically capable of at a
given hour, whether it can be cooled by outdoor air, whether it can tolerate the heat that ventilation

brings in, and whether it has enough stored coolness to be ventilated for fresh air without



overheating. The occupancy and behaviour-related factors describe what the space needs, and when.
These are the hours a zone is occupied, which fix when fresh air and CO, control are required; the
occupancy pattern, which determines whether the space stays warm into the night and so whether
night flushing can work; and the operation the occupants can realistically carry out, such as opening
and closing windows at set times or leaving a building secure overnight. Comfort is reached where
these two sets meet: a strategy is deployed only where the fabric's capability and the occupants'
demand coincide. This is why night flushing suits the continuously occupied residence, which stays
warm at night and is occupied to make use of the cooler morning, but not the daytime zones, which
are empty and already cool by night; and why intermittent window operation suits a zone whose

thermal margin is wide enough to absorb the interruption while still clearing the stale air.

The framework was developed and tested on the Agbat Jabr women's centre, and its specific
thresholds, the airflow rates, the 2.5 °C margin, the evaporative sizing, reflect that building's
geometry, zoning, and occupancy. The underlying logic, which matches each strategy to outdoor
conditions and occupancy, is expected to transfer to the other UNESCO earthen projects in the
Jordan Valley, which share the same construction system, climate, and building types. Confirming
this would require the framework to be applied and re-tested on those buildings, since their differing
plan forms, orientations, and occupancy patterns would shift the specific thresholds even if the
ordering of strategies held. This transferability is identified as a direction for future work rather than

a claim of the present study.

The final stage set the optimized earthen envelope against the two conventional constructions of
current Jericho practice, the insulated cavity brick wall and the stone-clad wall, on the
representative office zone. The earthen envelope led at every operating stage. Sealed, its mass alone
held it about 1.2 °C cooler than the two conventional walls. The reflective roof rewarded only the
earthen envelope, carrying it under the comfort limit because it already sat close, while the
conventional walls stayed too warm for the same roof to reach comfort and needed the full addition
of ventilation and evaporative cooling before they approached it. Under that full control logic the
three converge near comfort, so the integrated strategy proves effective for either construction. The
earthen envelope's edge is that it reaches comfort sooner and with fewer interventions, and holds a

deeper margin, sitting comfortably below the limit where the conventional walls sit on it.

7.2 Major scientific findings

The study points to one common principle, load sequencing. Because the earthen mass stores

heat and releases it later rather than dissipating it, it delays and reduces the heat reaching the interior



but cannot carry heat out of the building. It is therefore overwhelmed wherever a dominant load
enters continuously, such as an unshaded facade or an exposed roof, and no wall thickness,
insulation, or placement reaches comfort until that load is cut. Optimizing the envelope by working
on the thermal mass alone is therefore not sufficient: thickening the wall or improving the insulation
refines how the mass handles the heat that reaches it, but does nothing about the dominant gains
entering through the roof and the glazing. Those gains must be mitigated first. Only once the roof
gain is rejected does insulation begin to matter, and the two then work well in combination, the
reflective roof cutting the incoming load and the insulation holding the treated mass at the level it

reaches, so that together they carry the zone below the comfort limit where neither does so alone.

This establishes a clear order of priority: the dominant load must be cut before the mass can
dampen what remains. Figure 7-3 shows this directly. Counted over the hours the zones are
occupied, adding insulation removes almost none of the overheating in the roof- and solar-governed
zones, none at all in the daycare and only a small fraction in the office, whereas rejecting the roof
heat gain collapses it. The combination of insulation and a reflective roof clears the occupied period
where insulation alone leaves it almost unchanged. This matches hot-arid studies that identify the
roof as the dominant heat-gain path, on the order of half the total gain in single-storey buildings

(Sharma and Sengar, 2019; Shohan et al., 2021).
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Figure 7-3: Overheating hours above the 80% adaptive comfort limit over the design week during occupancy hours for

each zone.

A second finding is that the three analysis zones represent three thermal archetypes, each with a
generalizable path to comfort and air quality. The first, a single-storey space with an exposed roof
and large glazing, is the common configuration in the UNESCO buildings, represented here by the
daycare. It is solved by cutting its two dominant loads, the solar gain through the exposed vault or

dome roof and the direct solar gain through the large glazed facade, and then ventilating for fresh



air; because its treated mass then sits deep below the comfort limit, it absorbs the warm air the
ventilation during the day admits and meets both the comfort and the air-quality standard on
ventilation alone. The second, an internal space with no exposed roof, represented by the office, is
carried to the edge of comfort by mass and insulation but not past it, so it needs an evaporative
supply to cool the fresh air through the occupied afternoon. The third, a top-floor space under an
exposed roof and occupied around the clock, represented by the residence, must first have the heat
gain through its roof cut, can then night-flush while the outdoor air is cool, and still needs an
evaporative supply through the hot evening. Across all three the sequence is the same: cut the
dominant load, let the mass dampen what remains, ventilate for fresh air, and add evaporative

cooling only where the envelope's margin is too thin for ventilation to cool the air it admits.

The fourth, which unifies the archetypes, is that the envelope's comfort margin decides whether
ventilation alone suffices: where the treated envelope holds the space well below the limit, the mass
absorbs ventilation's imported heat and ventilation serves both comfort and air; where it holds the

space at the limit, imported heat breaks comfort and evaporative cooling becomes necessary.

7.3 Research contributions

To the author's knowledge, this study provides the first comprehensive assessment of earthen
(CEB) building performance in the hot-arid climate of Palestine, evaluated on thermal comfort and
indoor air quality together rather than either alone. It establishes a load-sequencing principle for
earthen design, expressed through three transferable thermal archetypes and their routes to comfort.
The study provides a clear framework for how ventilative cooling should be operated and
reproduces practical, operable occupant schedules based on an automated optimum by fixed
occupant schedules. And it delivers an integrated, climate-responsive control framework that
switches between mass, ventilation, and evaporative cooling by outdoor condition, and quantifies

the comfort advantage of earthen construction over current local practice.

7.4 Practical implications

For the reintroduction of earthen architecture in Jericho, the study carries three practical
implications. It shows that a heavy earthen envelope alone is not a guarantee of comfort, so the
revival of earthen construction should not rely solely on thermal mass but should integrate a treated
roof and carefully controlled glazing through effective shading and an appropriate window-to-wall
ratio (WWR), without which the mass underperforms, and the case for earthen construction is

weakened. It shows that comfort and acceptable air quality can be achieved across the cooling



season on passive and low-energy means, a cross-path opening, a night flush, and an evaporative
cooling system, without mechanical refrigeration, which matters directly in a region facing energy
insecurity. And it shows that the operation these strategies require is simple enough for occupants to
run by hand, so the framework can be delivered as guidance to users rather than as an automated
control system that a low-cost building could not sustain. Moreover, the same logic could serve as
an intermediate step between hand operation and full automation through a simple sensor tracking
the indoor and outdoor conditions would let occupants follow the control logic more precisely,

signalling when to open, close, or switch to the cooler while keeping control in their hands.

7.5 Limitations

The findings hold within the study's bounds. The analysis addresses the cooling season only, on
small-scale buildings in the hot-arid climate of Palestine, so the strategies may not transfer to other
climates or to larger building types and larger occupancy. Indoor air quality was assessed on CO;
and ventilation rate alone; outdoor pollutants, dust, lay outside its scope. Because the case-study
building stands empty, the model was calibrated on measured indoor temperature under free-
floating conditions, and the CO, results, resting on assumed generation and occupancy recalled by
former users, indicate ventilation adequacy rather than a validated prediction of occupant CO,. The
evaporative cooling was assessed at the performance level only; its physical and architectural
integration, and its water consumption, a real consideration in a water-scarce valley, were not
examined. The earthen-versus-conventional comparison was drawn on a single, geometrically stable

zone and is offered as an indicative glimpse rather than a whole-building account.

7.6 Future work

Future work should extend the framework to the winter season for a year-round assessment. In
winter, the goal reverses, from rejecting heat to retaining it, so the control logic must be reworked to
hold warmth while still meeting the fresh-air requirement. Compressed earth should also be
evaluated as infill within a conventional structural frame rather than as the load-bearing structure, a
more likely route to adoption. Future work should also validate the CO, predictions against
measurement in an occupied earthen building, quantify the water use of the evaporative supply, and
pursue the architectural integration and airflow (CFD) study that were beyond the scope of this
thesis. Testing the control framework under projected future climate would complete the case for
earthen construction as a resilient response to the hot-arid climates most exposed to a warming

world.
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