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ABSTRACT

ASSESSING THE AIRTIGHTNESS PERFORMANCE OF CONTAINERKE
BUILDINGS IN RELATION TO ITS EFFECT ON ENERGY EFFICIENCY

Bekboliev, Mirbek
M.S. in Building Science, Department Afchitecture
Supervisor: Assoc. Prof. Dr. Ali Murat Tanyer

DecembeR015,155 pages

This studyanalyzeghe effectof airtightnesson the energy efficiencyf singleand
adjacentcontainerized building before and afterefurbishmentlt further gives an
overview of air leakage problem&und in the sample ofprefabricatedbuildings
manufactured and locatedTurkey.

The air leakage of standard contaitike buildingdepends on a number of factors like
theage of the building, manufacturing quaktgdquality of assembly implementation
The airtightnessof four typical containerized buildingsas been measured. The fan
pressurization method séeen applied and carried out witie Minneapolis Blower
Door test and complemented bynfrared Thermography Camerscreeningto
documentall leakageswithin the building envelopeAll building energy simulations
have been performed with WUFI Pligsinvestigatehe outcome of the respective air
leakage of the building obtained from si@llowing that, retrofit measures havgeen
appliedon one of the sample buildiagTestand simulationprocedurs have been
repeated after retrofib compare results.

The postretrofit simulationresultsof the four buildings showthat poor aitightness
hasa negative impact on the energy performance of the buildihg information is
crucial for the future development of improvement measuri@s manufacturing
prefabricated building

Keywords: AirtightnessAir LeakagesBlower Doot Energy Efficiency, WUFI Plus
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KONTEYNER TIPI BINALARINHAVA S| ZDI RMAZ LI J|I PERFORMANSI| NI
ENERJI VERI MLI JI . ZERI NDEKI ETKI SININ DEJE

Bekbdiev, Mirbek
Yé¢ksek Li sansMiYmaaprel eBi IBOnlcenmg
T ez Y ° nAssbd. Rraf. ©i. Ali Murat Tanyer

Ar a 2085Kk155 sayfa

Bu -al ek ma, hava sézdérmazl eéj énén, standar:t
yenil eme °ncesi ve sonrasé enerji verimlilifj
T¢rkiye' de bulunan ve cretilen e ms al prefa
hakka&ngenel Dbir bakék sajlamaktadeéer.

Standart bir konteyner tipi bi nanén hava seé
mont aj uygul amasénéen kalitesi gi bi fakteoerle
t er mal k°opr ¢l eri belirl emek amacéyla fAfan ba
BlowerDoor Testi " ve "Kézél°tesi Termografi Kan
edilen hava ka-aklare verilerini arakt ér mak
bir bina i-in WUFI Plus kullanélarak ayreée ay
tad | at tedbirl eri uygul anméxkt ér . Test vV e S i

tekrarl anmékt ér .

D°rt ems al binanén tadilat °ncesi ve sonras
sézdérmazl éj eénén ener ji ver i mli llé&gkima ¢ zer i nd
sonucunda el de edilen bu bilgi prefabrik bin

yere sahiptir

Anaht ar kel i mel eHav bda k aBlaockwedre eDwaazrl €9 lé-, ¢ m¢ , E
verimliliji, WUFI Pl us

Vi



To my family

Vil



ACKNOWLEDGMENTS

| would like to express my sincere gratitude to my supervisor Assoc. Prof. Dr. Al
Murat Tanyer for his invaluable guidance and support throughout the research study.

| am so grateful to the jury members for their objecfeedback, academic support
and reommendations they have made during my research.

I owe my deepest t hanks and Sallydor éheirt o my

continuousencouragement, loysupport and care.

| express my deepest tharesVEN ESCO Ltd and Mr. Arif i n & mparticular for
providing Blower Door equipment and sharing his help in this research

| would like tothank myf r i e nd Mhan a t¥iefigeadrwithitrong personality
and experienceyho would alwaysshare his help imopics related tqrefabricated

buildings

| would also like to convey my thanks to Pro Clima Gmbh and Mr-Uepsd er Her ms
in particular for sharing hisme insupportingme duringthe airtightness retrofivith

preciousadvices andmaterials

Words cannot express how grateful | anthie Fraunhofer Institute family for their

helpin offering me software

| would to thankThe Presidencyfor Turks Abroad for their grant of a sdlarship
throughout my graduatgudies.

In addition, | would like taexpress my thanks to HitRrefabrik,PrefArme Prefabrik
Paysa Prefabriknd Vendeka Ltd for allowintp take measures from thdiuildings

during my survey.

Finally, | would also like tathank people starting from Dkorahim ¢ akmanusDr.
Ser hat Mr¥BumlkllhanMr. Onur @k andMr. Atakan Yat rikaya

viii

an



TABLE OF CONTENTS

Y S A o PN \Y
B PPN Vi
ACKNOWLEDGMENTS ... e e e e e Viii
TABLE OF CONTENT S ..o e e e e e IX
LIST OF FIGURES. .. .o et e e e Xil
LIST OF TABLES. ... .o oo e s XV
LIST OF ABBREVIATIONS. ... .o e XVi
LIST OF SYMBOLS......cei e XVii
CHAPTERS
1. INTRODUCTION. .. .ttt ae e e e e e eaba e e e eenee 1
R R Y o U] 41T o S PP PTPPRPRN 1.
1.2. Aim and ODJEeCHIVES.......cccvviiiiiiiicc e
1.3, CONEIDULION. ...ttt 5.
1.4, THESIS STIUCUIE. ... ..ttt 5
2. LITERATURE REVIEW......cciiiiiiiiiieiiiiis e eee e
2.1. Introduction to AIrtightNESS......ccvvii i 7
2.1.1. Common Air Leakage Problems...........cccccccoviiieeeeinineennnnn. 9
2.1.2. Impact of Airtightness on Energy Consumptian................ 11
2.1.3. Impact of Airtightness on Human Health........................... 12
2.1.4. Impact of Airtightness on ACOUSLICS..........cccevveevirnneeeennnnn. 14
2.2. Other Researches on AirtightnesS.........ccooevviiiiiiicee e 15
2.2.1. Airtightness Simulations..........ccccoiiiiiiiiiiieeee e, 15
2.2.2. Airtightness Measurements...........ccceeeevveeeeeeeieeeeennneeeennn. 16
2.2.3. Airtightness Retrofit............cccoeeiiiii e, 18
2.2.4. Approaches to Improve Airtightness...........ccccceeevveeeveennn. 19
2.3. Problems in Building Envelope.............ccooooiiiiiieeiii e 21

4



2.3.1. Thermal Bridges.........ccoiiiiiiiiiiiiiiiieeeei e 21

2.3.2. Building Air INfiltration.............coooeiiiiiiiiiiee e, 22
2.3.3. Moisture Problems...........c.cooiiiiiiiiiiiie e 23
2.4. Introduction in the Prefabricated Buildings...............ocoovviiiieennnen. 26
2.4.1. About Containerized BuildingS..........ccuuuiviiiiiiiiiiiiineeeeeens 26
2.4.2. Adjacent (ConexjCONIAINEIS.........oiveviieriiiieeeeieeeiiiee e 28
2.4.3. AFAD - Disaster Relief Containers............ccoecvvvveeveennnnnnn. 29
2.5. Critical Review of the Literature............ccoeviiivviiieeeeein e 33
MATERIAL AND METHOD ... 35
G TNt I /= = 4 1 35
3.1.1. Case Study BuildingS.........coveiiiiiiiiiiieieeeeii e 35
3.1.2. Climate Data..........ooevvueieeiiiiieeeeee e 40
3.1.3. Minneapolis BloweiDoor TeSt...........uueivieiiiiiiiiiieneeeeeeeiienn, 41
3.1.4. Infrared Thermography Camera..........ccccceeveeiiiiiinninnnneenn. 43
3.1.5. WUFIPIUS 3.0. . eeeeeee e 45
3.1.6. Air Sealing Material............ccccooviviiiiiireeiiieeeeeeeieeenn AT
G T2 Y/ =1 4 (o To (o] o V2 50
3.2.1. Field Measurements: The Fan Pressurization Method......50
3.2.2. Whole Building Energy Simulaiins...............ccccoeevvviieeeennnn. 53
RESULTS AND DISCUSSION.......cccviiiiiiiiiiiiiiieerreeeee e ee e e e e eeeeeeeeeenines 57
4.1. Evaluation of the Airtightness of the Pretrofit Case....................... 57
4.2. Simulation of the Energipemand of the Preetrofit Case................. 58
4.3. Retrofit ProCEAUIE..........ovi i e 63
4.4. Evaluation of Airtightness of the Pesttrofit Case..........................! 65
4.5. Simulation of the Energy Demand of the PBstrofit Case............... 65
4.6. Comparison of the Pre and Post Retrofit Cases............cc.ccevvunen.n. 68
CONCLUSION. .. ..ottt a e e e e e e e e e e e ae e e e e e e e e eeeeeaennennnns 73
5.1. Savings via Applying Airtightness Strategies............cccoeeevvevieeees 74
5.2. Evaluation of the Detailing of thereretrofit Building....................... 74
5.3. Evaluation of the Detailing of the Pestrofit Building.....................75
5.4. Further RESEArCh........c.ui i 75

X



REFERENCES........ et neeenes 77

APPENDICES

A. WUFI PLUS SIMULATION PROCEDURE..........cccoiiiiiiiieieeeeee e 87
B. PRERETROFIT BUILDING INPUTS......cciii e 97
C. POSTRETROFIT BUILDING INPUTS. ..ot 103
D. PRERETROFIT BLOWER DOOR RESULTS.......cooiiiiiiiieceeiee e 109
E. WUFI PLUS PRERETROFIT RESULTS. ..ot 119
F.WUFI PLUS POSTRETROFIT RESULT.......coiiiiiiiiieeee e 129
G. POSTRETROFIT BLOWER DOOR RESULTS.......cooiiiiiiiicieieeeeeee 131

H. PRERETROFIT IR THERMAL CAMERA AIR LEAKAGE
DOCUMENTATION L. et 135

. POSTRETROFIT IR THERMAL CAMERA AIR LEAKAGE
DOCUMENTATION L..ouiiii e 149

Xi



LIST OF FIGURES

FIGURES

Figure 1: A Breakdown of Energy Use (Left) and Common Source of Air Leaks
Figure 2: The Effect Air Leakage in the Airtightness Layer.............ccccvvvvnnennn. 9
Figure 3: Potential air leakage paths............ccoooiiiiiiiii 10
Figure 4: Typical outdoor pOlUtANtS.........ccouuiiiiieiiiiii e 13
Figure 5: Continuous Airtightness Layer...........ccooevviiiiiiiieeiiii e 20
Figure 6: Air Sealed TIMbePanelS.............uoiiiiiiiiiiiie e 21
Figure 7: Consequences of Poor AIrtightness............ccoovvviiiiienneiiiiiiiineeeeeees 24
Figure 8: Moisture Content via Building Component...............cccovvvevvieeveinnnnnn. 25
Figure 9: Summer Condensation on PE Sheet..............oooiiiciiii 25
Figure 10: Standard 1SO Shipping ContaiNers.............coevevvviiieeeeeiieeeeiieeeeens 27
Figure 11: Containers at the Port of Iskendetun..............cccoeviiieeiiiiviiiin e, 28
Figure 12: Floor plan of a pair of expanded eadntainers).............cccceevvvveeees 29
Figure 13: Two pairs of eneCoNtaiNers.........cc..oveeiiiiiiciiiieee e 29
Figure 14: Temporary Refuge Center&seneral VieW..........ccooveevviiiiviiiceeeeen, 31
Figure 15: Typical Single UNIL..........cooiiiiii e 36
Figure 16: Typical Adjacent Office UNItS...........cooevvviiiiiiiieeeei e 36
Figure 17: Floor plan of TYPE A.....oereieeie e e e e 37
Figure 18: Floor plan of TYPE B.....cocuuiiiiiiece e eee 38
Figure 19: Floor plan of TYPe C.....covvnieiie e 39
Figure 20: Floor plan of TYPe D.....cocvuiiiiiiii e e e 40
Figure 21: Ankara Weather Data...............cccoeeevviiieeeviiieecie e 41
Figure 22: Ankara Weathei General Information................cccoooevvieeeiiienens 41
Figure 23: Typical BIOWEr DOO............coeeviiiiieiiiiiieeeeiieeee e A2
Figure 24: Standard Minneapolis Blower Door Test Assembled.................... 43
Figure 25: Sample Infrared Thermography Image.............cco.cooiiieeeriiiieeeennnn 44
Figure 26: WUFI Plus INterface...........coooiiiiiiii e, 46

Xil



Figure 27:

Air Sealing the Ventilation System with Rubber Balloon to Prepare the

Blower DOOr MEASUIEMEIL.........uuuiiiieiee e e e et e e e e e e e e eaanes ol
Figure 28: Minneapolis Blower DOOr TeSL.........c.uuuiiiieiiiiiiiiee e 52
Figure 29: Working Principle of Minneapolis Blower Door Test..................... 53
Figure 30: WUFI WOrkflow SEQUENCE...........coviiiiiiiiiiiieeeeeeeeei e 54
Figure 31: WUFI Plus Navigation Tree............oiiieiiiiiiiiiieeeeeeeeiii e 55
Figure 32: Preretrofit Blower Door Test ReSUltS..........c.uviiiiiiiiiiiiiiiieeeeeeen 58
Figure 33: 3D Section of building envelope............cccoooiiiiiiiiiiiiii e, 59
Figure 34: Container Exterior Wall.............ccoooiiiiiiiiiiii e 60
Figure 35: ContaiNer ROOT...........uuuiiiiiiiiii e 61
Figure 36: Container SIab...........coooiiiiiiiiiii e 62
Figure 37: PreRetrofit WUFI Plus Simulation ReSultS............cccccoovveviiiiiennennn. 63
Figure 38: Three main retrofit POINTS.........c.uuuiiiiiiiiiii e 64
Figure 39: Postretrofit Blower Door Test Results on continrype B...............! 65
Figure 40: Container Exterior Wall with Airtightness Membrane....................] 66
Figure 41: Container Roof with Airtightness Membrane...............ccccccevvveeen... 66
Figure 42: Container Slab with Airtightness Membrane................cccc.covveuee.... 67
Figure 43: Building Type B. WUFI Plus Preetrofit and Postetrofit Case

(@] o]0 = 1o o 1S 68

Figure 44: Building Type B. Blower Door Preetrofit and Postetrofit Case

(@] 010 =1 1 1o o 1 69
Figure 45: WUFI Project General Informatian..............cccooeveiiiieeeriiinicviineeees 87
Figure 46: WUFI SImulation CaSeS.......cccuuiiiiiiiiiieiiiiee e eeen e e e evna s 38
Figure 47: WUFI Climate Data Page...........cccoiiiiiiiiiieeie e eeen 39
Figure 48: WUFI Building Modeling and 3D Editor..........ccccooeeviviiieiieeineeeen, 90
Figure 49: Air FIOW INPUL Page........coovuiiiiiii e 91
Figure 50: WUFI ZoNesS INPULS........cccvuiiiiiii e eee e 91
Figure 51: WUFI Visualized COMPONENLS..........oeeiiiiiieiiiiiieeeecie e 92
Figure 52: WUFI Building Inner LOads.............ccoeeviiiieiiiiiiee e 93
Figure 53: WUFI Design ConditioNS. ........ccceuuiiiiiiiieeieeee e eeennd 94
Figure 54: WUFI Other Parameters..........cooovviiiiiiiiiiee e 94
Figure 55: WUFI HVAC SettiNgS.....couviiiiiieiiieei et e e 95



Figure 56:
Figure 57:
Figure 58:
Figure 59:
Figure 60:
Figure 61:
Figure 62:
Figure 63:
Figure 64:
Figure 65:
Figure 66:
Figure 67:
Figure 68:
Figure 69:
Figure 70:
Figure 71:

WUFI Error INAICAtOrS .....covviiiieieiiii e eeeeeeee 95
WUFI ReadyTo-Simulation Button...............ccooeeiiiiiiee e, 96
PreRetrofit Blower Door Test Report Type.A.....ccoovvviiiieiiiiininnns 109
PreRetrofit Blower Door Test Report Type(Bage 1)................... 110
PreRetrofit Blower Door Test Report Type B (page.2)............... 111
PreRetrofit Blower Door Test Report Type B (page.3)............... 112
PreRetrofit Blower Door Test Report Type B (page 4)............... 113
PreRetrofit Blower Door Test Report Type B (page.5)............... 114
PreRetrofit Blower Door Test Report Type B (page.g)............... 115
PreRetrofit Blower Door Test Report Type.C.......coovvviiiieiiiiinnnnns 116
PreRetrofit Blower Door Test Report Type.D........ccoveviiiiiiiinnnne. 117
PostRetrofit Blower Door TesReport Type B (page 1)................. 131
PostRetrofit Blower Door Test Report Type B (page.2)............... 132
PostRetrofit Blower Door Test Report Type B (page.3)............... 132
PostRetrofit Blower Door Test Report Type B (page.4)............... 133
PostRetrofit Blower Door Test Report Type B (page.5)............... 133

Xiv



LIST OF TABLES

TABLES

Table 1: Air leakage rates for European Union, United States and Passive.Hdlse
Table 2: Whole-house Mechanical Ventilation Options............c.vveivieiiiieennnnnnnn. 3
Table 3: Typical Infiltration Rates for BuildingsS...........ccouuiiiiiiiiiiiiiiieeeeieen, 8
Table 4: Leakage Paths.............uiiiiiiiiii e 10
Table 5: Pollutants, Sources and Health Impacts...........cccoooviiiiiiiiiiiis 14
Table 6: AIrtightNesS SIrategy........ccoveuiiiie e 20
Table 7: Poor Airtightness. Problems and Cause...........c.ccocoeviiiveeiiiieeennnnnn. 23
Table 8: Current Status in Refugee Accommodation Centers....................... 32
Table 9: Pro Clima Contega Solido SL...........uiiiiiiiiiiii e 47
Table 10: Pro Clima TeSCON VaANA........cccuiieiiiiiieeiiiees e eeeie e e e e eeann e a7
Table 11:Pro Clima EXtOSeal ENCOIS........cooviiiiiiiiiieeiieeeeiii e 48
Table 12:Pro Clima INtella.........coooiiiiiiiii e 49
Table 13:Olive G-22 Silicone Sealant...............cooveuiiiiiienniiiiiii s 49
Table 14: Preretrofit (Left) and Postetrofit (Right) IR Thermal Imaging.......... 70
Table 15: Schematic Interpretation of the Air Leakage at the Container Corner
D77 = 1| PRSPPI 71
Table 16: PreRetrofit Building INPULS.........ccovviiiiiiie e 97
Table 17: Postretrofit Building INPULS.........ccovviiiiiiiie e 103
Table 18: WUFI Plus PreRetrofit Simulation Results................cccccceeiieeene. 119
Table 19: Air Sealing Retrofit Procedure............cccoiieviiiiieeeeiie e, 121
Table 20: WUFI Plus PosRetrofit Simulation Results...............cccccoeeeeiieeeens 129
Table 21: PreRetrofit IR Thermal Camera Air Leakage Documentation....... 135
Table 22: PostRetrofit IR Thermal Camera Air Leakage Documentatian.....149

XV



LIST OF ABBREVIATIONS

ABBREVIATIONS

AFAD:

ASHRAE:

ASTM:
BRE:
ECEEE:
EnerPHit:
EU:
HVAC:
iPHA:
ISO:
IEA:
LEED:
MURB:
PE:

PH:
UNDP:
USACE
WHO:
WUFI:

U.S. DOE

Prime Ministry DisasteandEmergency Management Authority

American Society of Heating, Refrigerating, and-8onditioning

Engineers
American Society for Testing and Materials
Building Research Establishment

European Council for aBnergy Efficient Economy

Quality-Approved Energy Retrofit with Passive House Components

European Union

Heating Ventilating Air Conditioning
International Passive House Association
InternationalOrganization for Standardization
International Energy Agency

Leadership in Energy and Environmental Design
MultiZJnit Residential Buildings

Polyethylene

Passive House

United NationdDevelopmenProgram

United Stateg\rmy Corps of Engineers

World Health Organization.

Und

Heat and Moisture Transien€W2 r me

United State®epartment of Energy

XVi

Feukhte

nstat.



LIST OF SYMBOLS

SYMBOLS

A

Area of each elementr?

ACH Air changes rate,'ht

ACHso Air changes rate at 50 Pa

o

Thermal conductivity, W/mK

Length of the building element)

Air changes per hoyteakage volume airflow ratehf *
Air changes pehour at 50 Pascal, i

Building Pressure, Pa

Temperature/C

Temperaturaifference A C

Thermal transmittance of the building element, \AKm
Building volume, m

Volume air flow rate through the leakage site, m2/h

Air flow coefficient, ihiPd

XVil






CHAPTER 1

INTRODUCTION

In this chapteargument aim and objectives of the study are presetdgdther with
asection on the contribution of the stuttyconcludes witha disposition othesubject
matter that follows in the remaining chapters

1.1. Argument

Building energyperformanceas nowadays aimportant topicnot only in architecture
butin every field of human life. In someuntries;t is a matter of prestige, while in
others it is anecessity tasurvival. As a result of energy crisedependence on fossil
fuels and constant increase in energy prices, research and pramtichigh
performance building construction has baereasedn the pasyears

The European Commissicset a target to reduce energy consumption wéhed
schemes and directiveshich coverghe Energy Performance of Buildings Directive
(ECEEE, 2015)According to this directive, all new buildings have to meet the low
energy building requirementsby December 2020 European Council 2002).
According to the Passive House Institute, one of the nwatnon pathways accepted

by many member countries, is the low energy standard of Passive House, which is
currently applied in more than 15 countries worldwide, in particular Germany, United
Kingdom and United Statebloweverthere are some obstacles to Bsssive House
(PH) certification in Turkey on a broader base. One important factor is the cost of
material and components, which is currently artificially raised by import taxes since
local analogues approved by tREl Institute are not available. Payback rates are thus
longer in Turkey and make projects often not feaslhlspite of the abovenentioned
obstaclesthere are some attempts to improve shigation. Funding organizations,
municipalities and some end users are investingnergy efficientbuildings but

without certification

The PHcomprises a buildingvith superinsulation, high level of airtightness, thermal

bridge free design, ventilation with heat recovery and good window/door system
1



(Passive House Institute, 2010). Due to bige number of buildings that hate be
refurbished, PH Institute released the EnerPHit Standard, which allows existing
building to meet less stringed requirements

Airtightness is not only one of the main criteria of PH but also a decisive factor
energy efficiencyForinstance, irPH the air change rate at 50Pa should be less than
0.6 (1/h), while in théenerPHit avalueof 1.0 (1/h) is accepted able 1lpresents air
leakage rates in different countries

Table 1: Air leakagerates for European Union, United States and Passive House (Source: IEA, 2013)

Northern Northern |United States,| Passivhaus Typical for Old leaky
European European residential | residential |very tight new| houses
Union witho Union with (code) guideline houses with
ventilation ventilation ventilation
(code) (code)
Performance 2.5 ACH 1.0 ACH =3.0ACH =0.6 ACH  Approximately 10 ACH
metrics, air to 3.0 ACH to 0.6 ACH cold climate; 0.2 ACH to 20 ACH
leakage at 50 Pa = 5.0 ACH hot

climate

Airtightness is especially important since, if not gividse mould risk in addition to
other harmful pollutantsinhealthyindoorenvironment, waste of heat, probleimshe
exterior envelope may occur due to the air leakadéss may result in structral
damages as welRAccording to the Fraunhofer Institute for Building Physics (IBP),
poor airtightnessfor instance leaky housewjll result inan increased Walue of the
building material by4.8 factor (Erhorn et al, 2008). In other words, thermal
characteristic of a given material would be 4.8 times wadndact, proper air exchange
i's vital f or wdllbeing yetmajbrity ofthgouildirgge have digheair
changeate tharexpectedIn cases where dwellings must meet an airtight value tighter
than 3 ACH at 50 Panechanicalentilationis vital to provide requiregamount of
clean air WithersandSonne(2014) haveprovided their briefoutline for thebuilding
ventilation schemes (Table 2) with recommendation to be combine control and
monitoring for moisture. According tdagg and Scivyef2009) in order to achieve
energy and ventilation efficiency, mechanical ventilation have to be designed in
tandem with the heat recovery systekhleast 75% waste heat havelte recovered

from exhaustwith the help of thdeat exchanggPassive House Instityt2003)



Table 2: Whole-house Mechanical Ventilation OptiofSourceWithers and Sonn2014

Ventilation
Description Pros Cons
Option
Low operation cost. Conditioned air Not possible for Heat and/or energy
Fresh ontdoorair delivered info | by posit i ( ) ty ai
driven by positive pressure via cracks enthalpy) recovery. Poorsupply air
the buikding throngh the fan or
Supply Only and holes within the building distribution in case of single duct
ducts to specific ventilation
envelope. Filtered ontdoor supply air system. Risk for the high relative
ZORES.
Moistnre problems may occnr dne fo
Exhaust Exhanst air extracted from envelope nnder negative pressure. Iigh
Low first and operation cost.

Only ‘building with fan or single duct. tisk for the polintants infiltration from
garage and attic direction. Not snitable
for energy and heat recovery system.

Balanced or positive honse pressure is
Balanced Supply duct brings ontdoor air . Ineffective energy recovery in pivotal
possible. Ontdoor air can be
with or w/o | inlo home while exhanst duct seasons. High energy nse for
conditioned thongh energy and heat
Temoves indoor air. ventilation High investment cost.
Recovery TECOVELY.
Ontdoor supply air snpplied to | Excessive air supply can be limited | Large air handler nnit consnmes more
Runtime retnm side of air handler via with monitoring. Oniside air can be energy and delivers relatively small
duct. provided only at no heating or cooling, amonnt of air.

About 36% of thewhole energyusedin Turkey falls to thebuilding industry, the
secondmajor energyuser in the regioflUNDP in Turkey 2015). Although major

improvementsvere initiated through the T&5 (2008) Standard, energgfficiency

remainsinsufficient in practice since the control and verification mechanisms are not

yet regulated. For examplairtightness measurements aog obligatory

As a result of several disastethe use anananufacture of prefabricated building

technologies increased after th899 Izmit and 2011 Van earthquak@FADO 1

AThe PrimeMinistry Disaster and Emergency Management Authaoityrurkeyo -

supplies disastetelief shelters, mainlgontainerized buildings and tentecause of

3



their fast fabrication and mobility (AFAD, 2015). In order to accommodate a growing
number of people, rapid construction has gained importance in the selection of
structural systems as well. Apart of egency sheltering, containerized buildings are
widely utilized atconstructions sites both residential as dormitory andrasidential

as offices, dining facilities, WC/shower, storages, laundryguaddhousesThis type

of buildings is mainly assembled in factories, with strict quality control, by
manufacturers and commissioned by clients. Idgakge buildings must satisfy the
requirements of airtightness and energy efficiency like USASHEM-E-779 Air
Leakage TesProtocol or equivalent standard whi ¢ h c uexistenffurkeyy donot
Thus, end users are complaining about air draft and dust accumulated within the
container. Those structures are facing two major problems. First, rainwater that
penetrateshrough leaky roof and accumulates in the insulation layer, which result in
total damages likedeterioration othe insulation and rust on the steel parts unless
galvanized. The seod problem isair leakage, whichis ignored by most

manufacturers

This study is carrietbr assessing the airtightness performancsingle and adjacent

type of containetlike buildings in relation to its effect on energy efficiendy is

assumed that the adjacent units are worse in comparison to the singtegaitsng

energy performance amdgttightnessince the adjacent units are transported separately

and most of the timassembled on site by sebntractors. Thus, unlike in the factory
environment , site assembly might have negat
quality. In this study, four containerized building units are studied. Using the building

energy simulation softare WU F | (W2rme Und FRlusehstng | nstati o
situations are evaluated with theeasured air leakage values obtained from Blower

Door tests. Following that, in order to provide guidance idiightness, retrofit air

sealing is performed for the least airtight container

1.2. Aim and Objectives
The main aim of this study is to understand the effect of airtightness on the energy

consumption level of containdike buildings.

The objectives of the study are



to measure airtightness level of selected containerized building units,
to perform airtightness retrofit of a selected unit

to measure posetrofit airtightnessdvels,

= =/ =4

to evaluate the effects of airtightness on annual energy demand of selected
case studwnits

This thesis is a step towards the development of effective and practical approaches for
the simulation of energy efficiency of containerized buildingsce containeized
buildings are widely applied in various contextss study is focusing oproviding

an example for manufacturers to improve airtightness level and resolve leakages in
place withsimple and affordable methods. The study will also give an overall picture
of the current airtightness situation in the prefabricated seciarkey:.

1.3. Contribution

The contribution of this thesis is to provide assessiehiniqus that canguide and
supportfuture studiesn performing a general energgtimationof buildings and to

give practical instructions to designers and other construction professionals on how to
achieve sufficiently airtight building envelopes in the Turkish prefabricated building
sectorthrough the combined approach of simulationd ansite blower door testing

for existing conditions and posttrofit measurementsvhich are introduced in the
materials sectiorin this respectenergy efficiency simulationwill no longer be based

on assumptions but aealmeasured values

1.4. Thesis Structure

This study is composed of five chaptéFke introductory firsthapter is composed of
argument, aim and objectives, contribution and dispositibrprovides a brief
depiction of the importance of the research topic, explanation of the problem

expectations of the study and the order of the report

The literature review on the subject domain is presented in the second chapter. It
contains information on airtightness, building air leakage problems, Blower Door
measurements and a general overviewpifabricated buildingsThe chapter is

concluded witha critical review of the literature



Thethird chapter on material and method provides a description of how the research
is performed. The aterialpart refers to what is examined and the method part refers
to how the generated data is ugedrderto fulfill the aim of the study. Firsthe case

study buildings are presented as material. Following that, climate, airtightness
measurement tool Blower Door, Infrared Thermography Camera and the energy
simulation program WURPIlus are introduced. The method of the study is laidrout

the secondgart. Energy demand of the existing and postrofit buildings and air
sealing retrofit are explained

In the fourth chapter, data anesults of the research together with interpretations are
presented

The findings of the study asummarized in the fifth chapter



CHAPTER 2

LITERATURE REVIEW

In this chapter, key themes related to the presented study are summarized as they were
discussed in the general literature and in previous studies

2.1. Introduction to Airtightness

Guyot et al. (2010) gave definition of thebuilding airtightnessas fithe inward or
outward air leakage resistanthrough unintentional leakage points or areas within the
building envelope, driven by differential pressures due to the combined stack effects,
external wind and mechanical ventilation

In recent decades varioussearchesndicatedairtightness as importaractor for
energydemandothin new andexisting buildings. According to Kronvall (198®ne
of the main aspectsfor the building energy efficiency, airtightnesshas a strong
connection to thendoor environmental quality

A typical breakdown for an average US building and its air lealsagegcesis
illustrated in Figure 1

Electric OQutlets
2%

Fans and Vents
4%

o N Foors, Wal,
\ and Ceiling
3%

1

Electronics
%

Plumbing
Penetrations
13%

Figure 1: A Breakdown of Energy Use (Left) a@bmmon Source of Air Leak&ight) (SourceU.S.DOE,
2007)

Miller et al. (2010) poinéd out that the leakier the housthe higherbills for the

electricity and gas in addition tsksof excessive humiditgndo ¢ ¢ u p a Rbeidgs we |



(seeTable 3). The authors also stated thgreenbuilding contractors and general
buildersshould targeto achieve airtightness not more than 5 A&@tb0 Pascal

Table 3: Typical Infiltration Rates for BuildingéSource: Milleret al, 2010)

Air Changes per Hour at 50 Pascal Pressure

Passive House Construction, Energy Efficient Building (Mechanical | Less than 1.5
Heat Recovery Ventilation), airtightness barrier

New airtight building with mechanical ventilation, new windows 1.5-3
New building with uninterrupted airtightness layer 3-5
Average existing building 5-17

0ld building without insulation and air barrier, old windows, poor T7-10
airtightness (in-sitn measurements)
Very old home, no insulation and no air barrier, gaps within the 10—-25

envelope (in-situ measurements)

The effects of inadequate airtightn@gseinvestigated in a measurement stbghthe
Fraunhofer Institute for Building Physics(Deutsche BauZeitschrift, 1989 The
Fraunhofer IBReonducted experimentsthon thermaland moisturepermeatiorvia
vapour check and4 cmmineral woolthermal insulation1-meterlong and 1 mm
widthsair leakagesourcehave beewlesignatedt thecenter of theth| v aclpeoku r

The leakage sourdes beemepresented only the vapourcheck(Figure?2).



Moisture transport due to diffusion in
winter

140 mm
im

At an s, value of 30 m (150 MNs/q)
Moisture transport in winter due to diffusion:
0.5 g/m’ x 24 h

Amount of moisture due to convection

=10°C

«—1 mm gap

N

+20°C 14 cm
im

Moisture transport

through the vapour check: 0.5 g/m2 x 24 h
Through a 1 mm gap: 800 g/m?x 24 h
Increased by a factor of: 1,600

Conditions:

Vapour check vapour resistance value = 150 MNs(g
Indoor temperature = +20°C

Qutdoor temperature= -10°C

Pressure difference = 20 Pa

Corresponding to wind force 2-3

Heat loss via gap

|

«—1 mm gap

N

+20°C Adem
m

U-value

with airtight vapour barrier = 0.30 W/m2K
with 1mm gap in vapour barrier =1.44 W/m2K

Conditions:

Outdoor temperature = +20°C
Indoor temperature = -10°C
Pressure difference = 20 Pa
(equivalent to wind force 2-3)
Fibrous insulating material

Figure 2: The EffectAir Leakagen the Airtightness LayerAdapted fromFraurhoferIBP, 1989.
FraunhoferlBP (1989) reported that during the experimer®,0 Ad€ interior and-

1 0 AoCexterior wasiesignated for thermal loss measurememtsle +2 0 An@rior

up to0 A C exteriorsidewas produced for determining the humidity streaButh

experiments have been conducted@Pacal The noisture transmissioandthermal

insulation effectwere under investigationSuch an experiment has shown that heat

loss via 1mm gap in 14 cm insulation sample incrédsealue by 4.8 timesnore

than acoss the entire insulation arda case of experiment withothe gap0.5g/nt

of moistureper day was able to penetrate wviapour barrier under the effect of

diffusion. While almmgapover a 1 square meter area in tlagour barrier resulted

in 80Qy/n? x24h of moisture transfer into the structusg convection As a result of

these two experiments, Fraunhofer Institute for Building Physics (Fraunhofer IBP)
made aconclusion that in addition toondensation, the overall thermal resistance of
the insulation material may decreasgnificantly in cases when thermal insulation has

not been applied with proper airtightness methods

2.1.1. Common Air Leakage Problems
According to Jaggs and Scivy@009),theprecise airtightarrier planning and hidyn
gualified workmanshipcan help to eliminatair leaks that ardrequenty detected

within the building enclosurg$igure 3.



e —_—
Intended Ventilation/Openings Unintended air leakage paths

A ______.:_-,-_-:.-»-'""'-:::;-. T ‘8\ E/

A r

8

12

4
= 3

3
[ 12

L',r |

Figure 3: Potential air leakage pathadaptedfrom Jaggs and Scivye2009
The aame autha give a description for each path in the following Tadle

Table 4: Leakage Paths

Suspended floors

Gaps between floors

Door and window connections

Joists that penetrate into wall construction

Window and door sills

Gaps between dry lining and ceilings

Wall partitions

Attic access doors

A =20 -~ B I - N LV I I VAR N

Recessed lighting fixtures

o
(=]

Chimneys and ventilation pipes
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Table 4: Continued

11 | Extractor fans and cooker hoods, ventilation grills
12 | Service and utility penetrations

13 | General air leakage through walls

14 | Cracks between exterior walls and slabs

2.1.2. Impact of Airtightness on Energy Consumption

The impact ofairtightness orenergyconsumptionwasreportedirom different states
According toOrme (2001) more than half of energy losses accounted for air leaks
based data collected from 13 EU member st&esnerichet al.(2007)reported that
by reducing infiltration rates, the buildingeating and cooling energgemand
reductioncan be handled fror® up to 36% Similar study peiormed onoffice
buildingsin US. Based on study findings on existigugd new US officesEmmerich
and Persily (1998howed thaheating demandf 13%-25%accounts for airtightness.
Based on building energy simulation results performed on office buildiogl,
Rioux, and Flanderd 997) reported thab1% increase imentilationhas been resulted
from 0.5 il 1.5 ACH, while similar building simulated in another US state has
different resultsFrom 48 bw-energybuildings tested for air leakages @®@ermany
approximatehhalf of measured buildings hadrtightness level higher tha(1/h), in
this casanechanicalentilation cannoperformin efficient way (Zeller and Werner
1993)

Moll (2012) describé that with the good airtight constructiohO kWh would be
enoughto heatup 1 mponditionedarea togain comfortableindoor environment
during subzerowinter conditionsThe Author also highlighted th#te rew German
houses with goodhermal insulationand airtight construction technologiémve
approximately 6RWh consumption The @me author explains that energy
consumption exceeding 500 kWhe r m|] o f widaspraadm lpakybuiléirgs i s

(see table 2) and resultant heat losses through leakages

11



2.1.3. Impact of Airtightness on Human Health
Sincemost of thepeoplearestayng 80% indoors physical and mentatell-beingare
directly affected by working ank/ing environment

"Health is a state of complephysical, mental and social wdiking and not merely
the absence of disease or infirmity." (Definition of WHO, 22nd July 1946)

High infiltration rates can increase exposta@ollutants that originatieom outdoors
(Chanet al, 2006). AccordingSe pp 2 ne n a (2@D9),Khe gafity consrdd for
thebuilding enclosue could started from airtightness as well as insulation

Bailes (2013)on the other handtatedsome of the typical pollutants found in the air

within the buildingas follows(Figure4):

1 WaterVapor

1 Radon

1 Mould Spores
1 CarbonMonoxide
1 VOCsand Ozone

1 Formaldehyde

1 Allergens

1 Airborne Diseases
1 Nitrogen Oxides

1

Tobacco Smoke

12



ATTIC
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muient & bird poop.
mold and ot
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Carbon mosodde,
Folen. owmhumes, L, Fertilizers
dist, pases,
|
CRAWILSPACE
Moid, disss, lead, mdan,
mosture, tErmitcide

Figure 4: Typical outdoomollutants Adapted fromBailes 2013
Boulangeet al. (2012) emphasizé that airtightness affects positively dndoor air

guality at the same time orentilation systenwhichoperates more efficientlBut in
some cases whole envelope infiltratioray seem adequatduilding lealages may

cause uncontrolled airflows and potentiatigufficient ventilaion in therooms

Caygill (2010)in thework to UK Parliament POSTNotegporteddifferent types of

air pollutants found indoors driven from outdoor sources (Ta)ble

13



Table 5: Pollutants, Sources and Health Impa&surce: Caygill, 2010)

Pollutant Sources Health Impacts
nitrogen Qﬂeslt:i';ia"d associated with respiratory
dioxide (NO,) appliances symptoms
carbon‘ heatntng and lethal at high levels, potential
monoxide ka‘.'”g chronic effects at low levels
(CO) appliances
particulate cooking and feducei{;urjgkfupit|nn a”':'jj
matter (PM) aerosols increased risk of heart an
respiratory disease

ground gases

radon especially in lung cancer

defined areas

lung cancer, chronic

fg;;glmental g:ggzgﬁi obstructive pulmonary
'8 disease, asthma and reduced

smoke (ETS) pipes jung function

moulds and worsening of symptoms of
allergens house dust asthma; causation of

mites wheezing
;?;trlmlii Elr?::?jrllgti respiratory tract irritation,
compounds paints and g:ts;;:;ifects on
and ozone printers

Moll (2012) emphasizes thatisible mould on open surfaces can be detected and

eliminatedeasily incomparsonto mould within the building structurevhich poses

2.1.4. Impact of Airtightness on Acoustics

nvisible

danger.

for i nhabitant 6s

heal t h

According to Canada Mortgage and Housing Corporation (2013), airtigtttagseen

identified asone of theimportantissues regardingnergysaving acousticsand IEQ

in Multi-Unit-ResidentialBuildingsdesign

lordache and Catalina (2012halysé the leakagairflow using an acoustic method.

The airtightness measurements and the airborne trasfafieisehas been conducted

inside of the buildinghroughthe window sealsto measurdhe Sound Transmission

Loss(STL). According to theresuls of the experiment, thACH rateis inversdy

correspondo theSTL,; in other words, the higher tI&TL, thesmallerACH level

14



Sonoda and Peterson (1986) conducteesearch omelationof airbornesoundand

air leakags viacracks During the experiment, 168000Hzfrequencyairborne sound

was providedDetection osoundpressure levelsas been done with timicrophones

on two endsof the cracks in sample material, at the same moment air leakage have
been measured twice undé&s0 and +50 PascaAccording to their findingsthe
relationwasestablished and verifigabsitively.

Varshneyet al.(2013)have proven in their study that STL can be used as an alternative
method to measure airtightness rates. The sound waves have been sent from transmitter
to emitter through the different materials and hole sizes, following the measurements
and comparison othe airtightness and acoustics results. This approach gained

positive outcome and proved its efficiency

2.2. Other Researches orAirtightness
A number of studies were surveyedhe airtightness fieldThree major topicare in

thefocus Simulations, Measurements and Retrafits

2.2.1. Airtightness Simulations

Mohamadi and Vahid Mirnoor{2012) have conducted research on conventional
detached singkéamily dwellings in Cyprusising theBuilding Information Modeling
(BIM) tool. Their study mainly focused on airtightnesmstructionmainly affected

by substandard workmanshifphey assumedvarious inputs and scenario for the
airtightness levels of the dwellings spite of differences in insulation level of sample

buildings poor airtightness was mainly caused by unprofessional workmanship

Capeneret al. (2014) in their work have investigated the retrofittecaties of two
European multu n i t residenti al buil di fngvanicb ui |t
(Germany) and in Oulu (FinlandJo improve their energy performance, the retrofit

i ncluded a fa-ade r € fmetholutilzimgntienbet based, t h
prefabricated fa-ade el ement . As part

hygrothermal gauges have been installed irvthis and they have been monitored

1 ATES Energy Facade is a systematical process of surveying, renovation planning, construction and
maintenance of the building stock using prefabricated large sized timber frame el@ments.
(E2rebuild.eu, 2015
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for more than one year after the retrofittiidne aithorspresentdthe results from the

in-situ measurements of the two demonstrations and compared the findings

Berge (2011analysed the possibilities to use a statistical prediction of the airtightness

valueand to compare the statistical predictions to simplifications commonly used by

engineers. According ttheaut hor 6s findings, staaistical m
guideline for inexperiencednodelling engineers,jn caseof unknown airtightness

values

Younes and Abi Shdi2013)have studied methods for evaluating air leakage range
from simple air change methods to maibnecoupled methodsThe aithors have
proposeda methodology that would represeatroadmap for performing full-B
envelope multiphysics hygrothermal simulatiookair leakage in buildings. The
methodology realistically depicts the various cracks common in an envelope in terms

of shape, location, and quantity

US researcheRoberson (2004)ised the multzone building airflow software model
CONTAM to compare hourly aichange rates in a typical new homehe moderate
climate of HoustonTexas.The aithor ha simulated three leakage scenarios: typical
new construction, eneregfficient new construction, andirtight construction
Following that air-change results were ansdygl for time spent undefmentilated,
adequately ventilated, and owentilated, and for exhaust ventilation eféiocy,

which is defined as percegeof total ventilation attributable to the fan

Jokisaloet al.(200) have discussed the evaluation exercise of a+naiie infiltration
model of an existing twatorey detached house dold Finnish climate. Tdastudy
comparedhe simulated and measured pressure conditions of the buildingthe
IDA-ICE - dynamic simulation toolThe initial data of the building model were
obtained with extensive field measurements, includimgasurements of the

airtightness of the envelope and performance of the ventilation system

2.2.2. Airtightness Measurements
In orderto examine how the different constructiomdadesign methods of two types

of housing influence environmental impact over ttlyearlife span Kim (2008)
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conducted studpn amodular home anad conventional site built home in Benton
Harbour Accirding to Kim (2008),the total life cycle energy consumption fire
modular homes 5% less tharfor the conventionahomes. The conventional home
was modelledwith 80% worseair tightness which results in 7% moreatural gas

consumption

Korpi et al. (2004) conducted study on the Finnish 1fdberframed buildingsThe
average air leakage value for the buildings were 3.9ACH, which have been measured
between2002 and 2003The aithors indicatedthat the constructiomethodand
materialsapplied in the buildinglirectly linked to the airtightnesate According to
research findingghe most of the buildings are out of the range for being airtight and

could not meet required quality control

In orderto measurairtightness levebf adjacent floorssuitesandcirculation areas,
Finchet al.(2009)measured by mulian systen® suitesin each4 apartment blocks
in Vancouver The @mparisonf the a leakagerateshave beerconductedusing

data fromall measured location

Anotherresearchkdb een conducted by Lawrence Ber ke
research team anaid data concerning inda®utdoor air leakage rates and building
leakiness parameters for commercial buildings and apartments (Price, 2011). Since
very few dataverefoundfrom California buildings in regardf airtightness, the team

compiled data from other states and some other countries. Accordimgaoalysis

resuls, commercial buildings and apartments seem to be about twice as leaky as
singledamily houses, pemnit of building envelope arealhe researcher team
highlightedthatthe transport of pollutants betweanits in apartments and mix&de

buildingsis a crucil issue which may expose occupants to high levels of pollutants

such as tobacco smoke or dry cleaning fumes

Kalamees (2007) performed a field measurement studitafhtness on 32 Estoma
detachd houses between 2003 and 200%0se housesvere organized and
classification made in respect for theioreys, ventilatiortype and construction
technique Combination oBlower Doortests, IR Thermal Imaging, Fogger test were

performed on each house to get general overview for thkage airtightness levels
17



According to theresults obtained from occupancy survegld floors inconstant
indoor temperaturereredetected mostly in the buildings with the poor airtightness

Il n Tsongas and ldsedysvioich they pdriardea b 86 US r®uses

that were built in an energy efficient way with good airtigetéeatures it was found

that despite the houk2GCHat50RadMaryileakageggy ht ness v
as well on the inside of exterior walls as on the outside existed. They used a combined
methodological approach that was based on Blower Doangeahd IR Thermal

Imaging. Their main explanation for moisture bwild was that gaps in the building

enclosure that were caused by unprofessional assembly undermined the building
airtightness. A second even more problematic deficit was found in inrigrhgir
barriers. Here air and moisture could enter

lead to mould and other problems

2.2.3. Airtightness Retrofit

Krsti f , Kogki and dondoctefheesearchion how \@irig4hp type

of window affects the airtightness values of residential uniie.sudywasperformed

on three sets of residential units, each comprising two residential units with the same
geometry and year of constructiof blowerdoor methodvasused in fieldtesting

for the airtightness of residential unii®e aithor concludel that the replacement of

the old windows in the residential units with newer windows significantly improved

the airtightness

The retrofit study ofOrr et al. (2012)is based on the various improvements of the
building envelope. They simultaneously applied additional insulation of 300mm on
roof and exterior walls together with an airtightness layer, for the basement also an
interior insulation was added, and the wingogot additional glazing. The pre and
post Blower Door measurements showed that the retrofit helped to decrease infiltration
from 2.95 to 0.29 ACH50. This resulted according to authors in significant heat
demand reduction from 13.1kW to 5.45kW

Hong, Ridley, and Oreszczyn (200@¥amined the effect of a major domestic energy
efficiency refurbishment programme on domestic space heating fuel consumption in

England. The case study dwellings were monitored both bedaceafter the
18



introduction of energy efficiency retrofit measures such as cavity wall insulation, loft
insulation, draught stripping and energy efficient heating syst#eoording to

authoso findings, cavity wall and loft airtightness insulation can reduce the space
heating fuel consumption by 10% in centrally heated properties and 17% -n non

centrally heated properties

2.2.4. Approaches to ImproveAirtightness

According to Morgan (2006), the combination of materigks membranesseaants
and building componentsare main parts of the building airtightness syst@aothor
also pointed out that theirtight building enclosurehas to be designed ateth

preliminarydesignphase

Energy Saving Trust (2005) developed an airtightness strategy described i6.Table
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Table 6: Airtightness Strategy (Adapted from Energy Saving Trust, 2005)

*Define an airtightness performance target

*Use a performance specification

*Ensure all mechanical, electrical and plumbing service engineer’s specifications
inchide airtightness requirement and measures to achieve it

* At an early stage of the design, define the line of the airtightness barrier (Figure 5)

oIt is useful at an early stage to identify critical details that will have a bearing on the
airtightness barrier.

+If the design team is inexperienced, it might also be prudent to appoint an
independent adviser.

* Specify airtight components, membranes, seals and jointing methods

«It can be useful to take plans and sections and draw a continuous red line that passes
through all the elements that separate heated and unheated spaces (Figure 5):

Design Stage

* Tightly manage the implementation by appointing a contractor’s site

* Toolbox talks: Brief the construction team of the importance of airtightness and their
collective role in achieving it

¢ Clearly identify the location of the air barrier

(@i linivile)e Y « Institute a regimen of inspection during construction, with particular regard to

Stage ensuring the air barrier is uncompromised by shoddy workmanship

- * Consider using Blower Door for QC Test

*Ensure that the air barrier is complete prior to covering up by other work

*Ensure that air testing is scheduled in advance to achieve maximum benefit for
purposes of remedial work

House with cold roofspace House with warm roofspace House with integral garage

Figure 5: Continuous Airtightness Layer (Source: Energy Saving Trust, 2005)
The alternative method for airtight constructiamdely known inPassie House

design and principless theapplication of tightly sealedrigntedstrand boardover
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insulated timber framedanembers(Finch et al, 2013). SeeFigure 6 for applied
examples Finch et al. (2013) also stated thaffit must be taken caref transitions
between floors andoofs, but the rigidity and visibility of this approach generally
results in very airtight buildings and is a potential solution for Fiagser and other

prefabricated walls 0

Figure 6: Air Sealed TimbePanelgSource: Finclet al, 2013)

2.3. Problems in Building Envelope
The major issues within the building envelope taet caused by thermal bridges,

infiltration and moisture problenae beingexplained in the following sections

2.3.1. Thermal Bridges
Passivhautnstituted e f i ne d t h e ratherial dridge ig glacaized asea 6f
the building envelope where the heat fliswdifferentin comparison with adjacent

areas.

According toDayandRoaf(2007), thermal bridges in buildings occarainly atmetal
lintels, wall ties, parapets, sun shades, window and door frames, concrete balcony
slabs, concrete and metal colunamgl beams that connect both external and internal

surfaces of the walls
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Thethermal bridge=ffectsare:

1 Altered temperatures of the inner wall surfgces

i Alteredheat losses.

2.3.2. Building Air Infiltration

finfiltration is the unintentional or accidental intration of outside air into a
building, typically through cracks in the building envelope and through use of doors
for passage (ASHRAE, 2014). Air infiltration in buildings is one of the primary
factors affecting indoor air quality and eneagpnsumption (Chaat al,, 2005). While
unintendeddraft via the building enclosure,have negative impact on IEQ and

ventilationrates

According toPfeifer et al. (2007), air infiltration can damage alhermal insulation
measuresni the buildingPoor or inadequatartightnessan causeiscomfortfor the
inhabitants and sometimes cause damages in strigsag€able?).
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Table 7: Poor Airtightness. Problems and Cauggsurce Pfeiferet al, 2001)

Damage, discomfort etc. Part of the building

Higher heat losses

The entire building envelope, including-penetrations

Reduced comfort, floor draughts, cold floors

Connections between floor structures —floors;

floor/ceiling structures

Reduced comfort, air velocity, draughts

Walls, windows/doors

Risk of freezing of water pipes

The building envelope with internal negative pressure

Moisture convection

The building envelope with internal positive pressure

Operation of the ventilation system, fresh air

quantities and ventilationefficiency

The entire building envelope

Counter-flow and con-flow designs

Features with dynamic insulation

Spread of gases, air and particulates, poor air quality,

more cleaning needed

The building envelope with internal negative-pressure;

between apartments and/or stairwells

Clean room technology

Special designs

Acoustic insulation

Between apartments and the exterior, or between

stairwells and/or neighbouringapartments

Radon

From the ground

Bradshaw (200p6stated that infiltratiowould be decreased biging weather stripping
and gasketing around doors and windows and by sealing the cracks on the building

envelope

2.3.3. Moisture Problems
Achenbachand Trechsel (1982%ee the followingsources as significant fonoisture

problems in buildingenclosures:

1 fAappl iofevat materias irbuilding,
1 capillary rise of ground moisture,

1 rainwater or melted snolgakage into the building
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1 condensation of wateapouy
1 constanthigh humidityenvironment

1 utility water leakages

Lechner (2@4) also poinedout that moisture can enter through the building envelope
via capillary action, air leakage amdpourdiffusion. Accumulated wet within the
structure cariorm fungiandmoud (seeFigure7). Structural @magesxampledike

roof membranedastener corrosignmold growth brick spalling,and decay of the
thermal insulatiormay be easily caused by condensation or darhp &me author
states that rugn steel structures, deterioration of insulation, fdoand peeling of
paintare major consequences caused by moisture through the building envelope

-~

Figure 7: Consequences &foorAirtightness(Source Sedlbauer and Kru2002

According to Bynum (2001), 90% of moisture penetrates into the building by air

leakage, while the rest 1086 sovia vapourdiffusion (Figure 8)

Moisture affects negatively onbuilding enclosures andéhsulation propertigsin

addition to damaging building materials and compondMplazes2005)

- Decay(timber and insulation
- Fungusandmildew,

- Structural damage,
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- Collapse of thedadbearingnembers,
- Moisture accumulation.

For instanceif temperaturdalls below dew pointondensatiomay due to the failures
within the thermal boodary

Outside climate:
temperature 0 C, relative humidity 80 %

Vapor diffusion Convection of (flow-
through the through) the leakage at a
undamaged building 2Pa pressure differential
component: | o e o e R e (1Tmm wide and 1m long)
(sd=10m) .‘

360 g water / day m?

T «m‘a‘ ol

1 g water / day m?

E Inside climate:

temperature 20 C, relative humidity 50 %

Figure 8: Moisture Content via Building Componeg8ource: Pro Climg2011])

Deplazes (2005explained thatondensationKigure9) within the building envelope
must be prevented and moisture must be allowed to dry out. Application of intelligent

airtightness membrane recommended to be integrated to prevent condensation

Figure 9: SummerCondensation oPE Sheet SourcePro Clima 201)
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2.4. Introductio n in the Prefabricated Buildings

An early example of prefabricatiamasfound inGreat Exhibitionfeaturingthe
Crystal Palacéuilt in 1851 Designed in less than two weelsg tonstruction
period lasted only a few month&fter the exhibition, the palace wdsmantledand
relocatedKelly, 1951)

fiPrefabricated building is a type of building that consists of several falotoity
components or units that are assembledited (Gutenberg, 2015 here are several
types of the prefabuilding unitshave been defineas follows

Modular buildings

Premanufactured building@PEB)

Mobile buildingsor trailers and caravans
Composite pandiuildings

Insulating concrete formwonrbuildings

Light gauge steel framin@-SF) systenbuildings

1

1

1

1

1

1

1 Precast concretbuildings
1 Precastconcretegpanel systenbuilding
1 Steel frame building

9 Structural insulated panels (SIBuildings
1 Timber frame systerhuildings

1

Containerized Buildingintermodal Steel Building Unit

2.4.1. About Containerized Buildings

Starting from2006, the cargo containers have gained populdotyusein housing
industry office construction, emergency sheltes®rage, andonstruction purposes
while starting fromL954only utilization for cargocontaners was at the international
navalfreights, rail or truck deliveriesBrodaskj 2010) By 1958 a movement towards
standardization of shipping containers had bedanl970, the 1ISO had released
regulations considerindimensiongFigure 10) ratings, teminology, and markings
(Worldshipping.org, 2009)
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imperial | metric | imperial | metric imperial metric
{length | 19"10%:"] 6.058 m 40°0"| 12.192 m 450" 13716 m
external [ v 80" 2438m 80"| 2.438m go"| 2438m
dimensions : !
_height 86" 2591m 86" 2.591m 96" 2.896 m
length| 18’ 10 346"l 5.758 m|30r 843464 | 12.032 m 44'4"| 13556 m
,mte“?r width | 7/819 32"| 2.352m) 7'8 19--'31". 2352m| 7'8 19:"3'»" 2352m
dimensions = 1 — —
height| 7:97/¢y"| 2385m| 70 9764"| 2.385m| 89136 2.698m
width | 7'8%" 2.343m 778 %"| 2343m 7'8 %" 2343 m
door aperture ] - - 2,
height 7'5%"| 2.280m 75 %" 2.280m| 8'5% /64" 2.585m
volume 1,169 f*| 33.1m*| 2385f°| 67.5m’ 3.040 1*| 86.1 m*
e 52.9101b|24,000 kg! 67.2001b 30,480 kg| 67.2001b| 30.480 ke
gross mass
empty weight 4.8501b| 2,200 kg 8.3801b| 3.800kg| 10.5801b| 4.800kg
net load 48,060 1b| 21,600 kg| 58.8201b 126,500 kg| 56,6201b| 25,680 kg

20" container

40’ container

45" high-cube container

Figure 10: Standard ISO Shipping Containers (Source: Container, 2009)

Due to their cheap price and big quantities cargotainerscan be foundn large
amounts at any major poris Figure 1., cargocontainersmayremain unused until it
would be shipped back or sold to therapmetal As soon as the cargo container
accomplishes its main purpose, it would need more financial efforts to ship empty

container back rather than buy new in the cmentry of origin(Kotnik, 2008)
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Figure 11: Containersatthe Portof Iskenderur{SourcelskenderurPost 2013

According toBrodaski(2010, cargocontainerbuildingsemerged in the SLhalf of

1960s and gainedhterest of architects, who evolved designs further for quick
assemblyKotnik (2008) stated that during assembfycontainer buildings there are
almost nogroundwork excavatioworks, erections within the shortest timand less
wastegeneratiorthan traditional constructioprocedure

2.4.2. Adjacent (Conex)Containers
Stephen (1970) has described taen two end containers are placed laterally with
the panel®pen and connected, a building with twice the floor sgacebeachieved.

There are two types of containeesd containers andtermediate containers

Figurel2is a floor plan of a pair of expanded ecwhtainers, connected to one another
in such expanded condition to form a continuous building module having a volume

equivalent to twice the initial combined volume of the end containers

28



2600

3000- 3000
Left Side Elevation

2800

3000- 3000
600D

3
e ] Right Side Elevation

% ; %

Front Elevation Rear Elevation

2600
&
&

]

Figure 12: Floor plan of a pair of expanded eoontainergSource: PrefArme PrefabrikR014.
Figurel3is an example of two pairs of elwedntainergpositionedon top of each other
to form a multistoriedstructure

Figure 13: Two pairs of enetontainergSource: TFI Internationa2009

2.4.3. AFAD - Disaster ReliefContainers
When disastersccur, there are a number of organizations that step in to provide help

for the victims. Many of these organizations are involved in all aspects of aid,
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including raising money, providingmergency shelters drdisaster relief shelters,
supplies, and organizing relief effert

fIAn emergency shelter is a place for people to live temporarily when they cannot live
in their previous residence, similar to homeless shélters
(Princegeorgescountymd.gov, 2015he emergency shelteare designetbr people
fleeing force majeureor wais and most of the times has fully operated facilities and

utilities provided by government or organizations

The provision and deployment thfe dsasterelief shelters in sites are executed after

the strike of a disaster during the emergency, reconstruction and rehabilitation phases
(Hany Abulnour, 2014)Until the reconstruction processdone thessheltersmay

still serve for their intended purpase

In the Turkey, the mosamousof these organizations f\FAD - Afet ve Acil Durum

Y°net i m B-afhe &mme &Mjnistry Disasteand Emergency Management

Authorityd (AFAD, 2015). This organization is involved in all stepseofiergency

management and mitigatioflom advising on how to deal with future emergencies, to

directly coordinating disaster response effatitls helping peopldo recover from the

effects of disaster3.here arell rescuendseachdivisionsas well as 8branchesn

provinces In addition, AFAD works with various other disaster relief organizations

such as Red Cr esc e bitedNadtigngN).Kez él ay) and t he

There are two major disaster areas like Van Earthquake and Syria war refihgees

AFAD used containers to accomdaie big amount of people (AFAD, 2015)

According to AFAD Report, nearly 30.000 containers were bought to Van Earthquake
Container Cities in 15 February 2012. Total 35 container cities were built, from which
4 container cities n  E r 81liirkVara Allcheeds of 175.000 citizens were supplied

in container cities, including basic needs (electricity, water, gas etc.) provided free in

containersEach containeconsist of 2 rooms, bathroom, kitchen and WC

In the same reportpntainer number brought to Syria war refugee camps (Figiire 1

wasmore than 11893 units
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Figure 14: Temporary Refuge Center&eneral View (Source: AFA2015
Table 8 represents current container numbers in Turkish Refugee Accommodation

Centers throughout the country (AFAD, 2015)
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Table 8: Current Status in Refugee Accommodation Cenarce AFAD, 2015)

Province

Hatay

Gaziantep

Kilis

kanl éur

Kahr ama
Osmaniye
Adeéyama
Adana

Mardin
Malatya

Accommodation Centersand Total

Syrian Numbers

Al t én° zg
Al t én° zg
Yayl adafj
Yayl adaj
Apaydén

1: 1.59
2: 2.66
e 1: 3.2
e 2: 3.5
- Gty Mi7r@i n

Ksl a8393 e :

Kar k am3ee
Nizip-1: 11.174

Nizip-2 (ContainerCity): 5.138

¥nce¢pénar -Qtyddnsvoa

El beyl i
17.210

Ceyl anpé

Ak-akal e:

B e k i- City)y e

27.
364

nar :
26.

Harran (Container City): 13.540

Central
Cevdetiye
Central
Saré-am
Midyat

Beydaj e

(Cxyynt ai n

32

The Numbersof Tents

and Containers

572 Units
1.380 Tents
1.165 Containers

5.248 Tents
1.000 Containers

5.645 Containers

9.817 Tents
2.000 Containers

2.737 Tents
2.012 Tents
2.292 Tents
2.142Tents
1.300 Tents
2.083 Containers

Current
Numbers of
Provinces

15.789

33.070

30.780

67.133

14.986
8.515
9.998
10.189
2.366
6.551



2.5. Critical Review of the Literature

A total 62 number ofreferences oairtightnesswvere found via the literatunesview.
According to evaluation, the limitegsearcinas taken place in respect for airtightness
computer simulationg=irst part of the literature review focuses onaditetical part,

while second part focuses on researches made on specific fields like simulations,

measurements and retrofits.

Most of the field studies have been conducted with pressurization technique using
blowerdoor in various residential and noesicential buildings, in particular to
evaluate the performance of building envelope before and after retrofits or simply
document air leakages. Statistical analyses from various tests and information on
previous measurements from different countries obtamed further evaluated.
Guidelines and recommendations explained throughout the experiments. Various
studies conducted on specific building components and materials like timber, cork,
Oriented Strand Board (OSBjc. tested both on site and at the laboes.Some of

them were investigating humidity and indoor air quality affeddsjority of the
researches conducted-eite air leakage measurements focusing only on causes and

its future prevention

Several studies in different continents and climate zones conducted over moisture
problems on heating climatesd water vapur carried by exhaust. According to
findings ondersationcauseslisturbing issues like fungjrowth, deterioration of the
building insulation and mould Same problems occurred in cooling dominated
climates Thesolutionsthat mayreduceair leakageare tte ofairtightness membranes,

tapesandgasketing

Particular study oveairtightnessn thetwo-story detachetuildingand in a fivestory
apartment buildingvasanalyzed using data from-situ measurementsndcomputer
simulations. The effects of airtightness, ventilation rate, air leakage distributions, and
outdoor environmental conditions on air pressure conditions in a detached house were
simulated on a mukzone simulation model using the simulation progsam

Additionally, theairtightness modemechanicalentilation and intezone flows that
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are utilized in thesesoftwarecannot perform analysis @mergy demantinked with
air flow.

There is asmall amounbf studiesperformedon airtightness simulatiorss a whole
combination process, whicimtegratesfield measurementsogether with retrofits

There are some studies conducted on field measurements to compare field results and
computer simulatios1 In most of the cases studies were limited with measurements or
simulations. Retrofit cases involved in with computer simulations were focused on
material component rather than energy demand. In some other cases, the retrofit
measures have been performadd blower door test results obtained, but no
simulations have been performed. The airtightness concept has to be regarded as the
whole integrated process. Thus, this study will focus on how airtightness
refurbishment will affect energy consumption of thasting container building
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CHAPTER 3

MATERIAL AND METHOD

In the first part of this chaptesarious containerized buildings are introduced. They
form theresearch material of the studyn the secongbart,the method of the study
consisting of pressurization test-eme analysis with BloweDoor and computer
simulation with WUFI Plus arpresented

3.1. Material

A case studyas conducted on four typical containerized units widely used in Turkey.
To illustrate thosenformation about typical floor plans and general characteristics of
the buildingsare presented

3.1.1. Case Study Buildings

Container typduildings are a typical structure thatwiglely used in construction sites

and disaster relief camps. According to complaints fromuessis and manufacturer
observations, typical air leakage issues occur within the adjacent container buildings
atthe assembly stageainly due to manufacturing and/or assembly faults. Container
modulesassembled on site carry thgghest risk of being leaky and having a poor
building envelope. Hence, this study focusestypical single and adjacent typek
containerlike buildings in order to determirtbeir energy efficiencypy means of air

leakages before and in one case also after retrofit

The architectural drawings and information about units as well as their construction

materials have been acquired from manufacturers

The containerized buildings examiniedhis studyhave beeglassifiedinto twotypes
of buildings; single units (Figre 15) and complex attached (adjacent) units (Fey
16).
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Figure 16: Typical AdjacentOffice Units (photo credit by autha?015
A single unit is a single stgrbuilding consisting of one separate unit. Wihithacent

units - are examples of two or more units attached into ©hey aretransported onto

the siteseparately, assembled with cranes, and afterwards sealed for airtightness.
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Thefloor plans are shown in Figurd§-20. The coveredioor area are from18 nv
upto3 6 T rooms, in the following units, are arranged as office, living room,
bedroom, dining room and kitchen, WC/Shower rooms.

Thesample buildingsind their characteristican bespecified as follows:

1 TYPE Ai Typical adjacentoffice containerunitwith3 7 m] me twg e d
standard containers @5x8mand 3x3m. dice, kitchen hallandWC (Figure
17).

= m’uﬂmﬁmm :[- HITH"H TITHWm% =

| —

§Ia OFFICE
£

————2800————

RIGHT FACADE VEW

o

T

Il

Figure 17: Floor plan ofType A (Source: PrefArme Prefabrik014
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TYPE Bi Typical 3x7m single unit office ont ai ner wi 18h 21 m]

-
7/ N\
s Zl
s / A 2
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\
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FRONT ELEVATION REAR ELEVATION
| 7000
g
2 2
g ® g
g g
f =
3000 g oo 10 J‘ a0 3000 .
LEFT FACADE ELEVATION RIGHT FACADE ELEVATION
.

Figure 18: Floor plan of Type B%ource: Vendeka L1019
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1T TYPECi Typi cal adj acent
two standard containers of 3x7m and 3x2.5m. Living room with kitchen,
WC/Shower, Bedroom (Figurk9).

I i v

ng

REAR FAGADE ELEVATION

Figure 19:

Floor plan ofType C (SourceHitit Prefabrik 2019
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1 TYPE Di Typical 3x7m singleunitlivigph cont ai ner wDt h 21 mj
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Figure 20: Floor plan ofTypeD (Source: PrefArme Prefabrik014

3.1.2. Climate Data

The case study buildings are located in Ankara (Turkey). The Afflkzaited insemt
arid continentalclimate zone with hot and dry summers while winters are cold
(Met eorol oj i ,&H3).eMeathirgaty fite (Figira-22) is usedrom
the database of The U.BOE and The World Meteorological Organization
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Sun radiation sum [kWhim?a]

NW NE

Temperature €]
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H

Rel. humidity [']:
Max. 100
Mean. 63.7

Min. 11
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“‘ - [ IM’ ) gl T ”\E ki T T o

P M e sy gune iy 5. ot ost N ose

Relative humidity [%]
z

Counterradiation sum [OWh/ma]: 2643.5
‘Time [month] Mean cloud index [{:  0.31

Figure 21: Ankara Weather Dat@etrieved from WUFPIlusSimulation,data sourceEnergy.goy 2015
Turkey\TUR_Ankara.171280_WECITTUR_Ankara. 171280_IWEC epw)

Parameters

Latitude [] 4012
Longitude [7] 3258
Height MSL [m] 949
Time zone [Hours from UTC] 2

Albedo | Standard value

Additional data
Ground reflectance short [-] 02
Ground reflectance long [-] 0.1
Ground emission [-] 05
Cloud index (only WET-file) [-] 0.66
Unit of CO2 concentration ppmy
CO2-concentration [ppmv] 380

Figure 22: Ankara Weathei General Informatiorfretrieved from WUFI Plus Simulation, data source:
Energy.goy 2015
3.1.3. Minneapolis Blower-Door Test
A typical Blower Door (Figure 3) compose®f air pressure gauge, door frame with
the cover material and fan. Ttestis multipoint pressureneasuremertb determire
building airtightnessunder50 Pa&calin respect for the building volumé\ standard

Blower Door unit has

A frame and a flexible canvas to adjust to a doorway
A speed fan that is attached to the frame
Pressurgsauges (manometers) to measure the pressure difference between the

interior andexterior.
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|~ Exterior door frame
| Temporary covering

| _— Adjustable frame

Air pressure
gauge

Figure 23: Typical Blower Door(Source:Energy.goy 2015).
The EnergyConservatory2007) defined he Blower Door asfia diagnostic toolised

to test the airtightness and to help locating air leakagedpittbtestsarevaried from
measuringpuilding natural infiltration ratesesting building atightnessand checking
air leakages for fire protection and energy audit reports

The measuring tool for this study, Minneapolis Blower Door, is a modular testing
systemwhich conducts tests in accordance with the 1ISO 9972 Thermal performance
of buildings Determination of air permeability of buildings Fan pressurization
method (EN 13829 Standgrd\STM E77910 Standard Test Method for Determining

Air Leakage Rate byran Pressurization; CGSB19.10M86 Determination of the
Airtightness of Building Envelopes by the Fan Depressurization Method. It is

computercontrolled via laptop and the software TECTITE Express (Figdye 2

42



| : ;} =

Figure 24: Standard Minneapolis Blower Door Test Assemigiedurce: The Energy Conservatory, 2007)
The Blower Door testare conducted following but not limited to ISBN 13829,

ASTM E-182711andISO-9972Standardas well as EED and Energy Performance
of Buildings Certifications, and Passivhauche common point of those standards is
focus on 1 goal to measure conditioned sp@bere are 2Znethodsused inEN 13829
Standard

-Method A, measuring the building as it is

-Method B used to measure building enclosure only, whedesignated HVAC

openings are tightly sealed and secured

3.1.4. Infrared Thermography Camera
According to Maldgue (2001) Inffared thermography is a process in whaoh
infrared cameraonverts the spatial variations in infrared radiance from a surface into

a 2D imageas a range afoloursor tones.

43



The Infrared Thermography Camera was used to detect and document air leakages
during blower door test, which increases the air fl@atual air movement cannot be
observed buthe effect it has on a surfac&he air leakage, thermal bridges and
condensation can be seen in the following sample irtféigare ).

243°C

Picture parameters:

Emissivity: 0.95
Refl. temp. [°C]: 21.0

13

3:7

[ [ | [ B

Figure 25: Sample Infrared Thermography Imadmégesourcecredit byauthor, 2019
Emissivity: 0.95 (data obtaindtbm Testo Database)

RelativeHumidity: 60% Rh

Reflected temperature: +21UC
Indoor temperature: 2 1 U C

Outdoor temperature: mirlUC; max. +7UC
Measurement date/timé7.12.2014t23.38

&8 Thterior-exterio=210 @U G20U C

$-|;lterior-window door sasFerU ('3143J 6.7 U C
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@ Thterior-window left sas21 U €13.6U €7.4U C

&8 Thterior-window right sasr21 U €14U €7 U C

& Thteriorloor=21 U €18.10 €2.90 C

Infrared Thermal Camera: Testo 8¥b

Resolution: 320x240 Pixels

Measuring range20'C  é 140 0

DataProcessing Software: Testo IRSoft version 3.6.

Indoor and outdoor temperatuttata have been measured with standard thermometer.
Thermal camera provides emissivity and reflected temperature values in the image.
The Emissivity describes the capability di@ly to emit electromagnetic radiation.

The values for specific material can be obtained via table provided in the following
link:  http://www.testo.in/knowleddpase/onlinetraining/thermography/emissivity
table/

Reflected Temperature Information is identical to the ambient air temperature (Testo,
2015).

3.1.5. WUFI Plus3.0
WUFI Plus Version 3.0s simulation toolusedto calculatethe building energy
demandsannual heatingand cooling loadsof existing and retrofit buildings. This

software waprogrammedy German Institute FraunhofeiBP.

Devel oped by WKEHhz &llrungel 90Md Fe urcifdarsient nst at
Heat and Moisture) (Figureg® is a dynamic whoklduilding simulation model based

on the hygrothermaddoundaryestimationscenario Thistool was validated using data

from outdoor and laboratory tests. It allows the calculation ofrtbesture tansport

and transient heatin materials exposed to natural exterior and interior climate
conditions(Antretteret al,, 2011).
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File Input Options Database Help

DEH Scope [WUFL Plus ~|| English/si/Outer dimensions | Assign data | Project/Case 1: Baseline Case/Building
B =
i Goneral| Numercs
[£5] Fles / Measured data
©-£5; Case 1: Baseline Case
Case 1: Baseline Case 7
5} Localization/Cimate: Fie (D:my LEED Projects\Weather Data-Turkey\TU Indude shading calculation | Use preprocess resuks for shading
(-4 Buidng Inciuds ai low calculation
e-{a] HVAC
E-£5 C Design Case [ Explict radiation balance on extem surfaces
i é :n;j:?m/ume Fie. (D-\my LEED Projects\Weather Data-Turkey\TU L A S S
Ei-fa} HVAC

[ Rain load on extemal sufaces

Buiding geometry | Airflow
urizat

Yoo Pressurization test
Yes

ACH[1/h]

1

@ |» Start | =}
{datefime] [07/08/2015 03:15:44 |Dat

8750
[kWh)105937.2
[KWh)1094.5

relfia7
rclfzr

o OB &S SR DYy O

Figure 26: WUFI Plus InterfacéSource Retrievedrom PreRetrofit Simulatiors, 2015

With theWUFI Plus usergan:

1 ASimulate estimateand analyze the humidignd heaflow within different
construction,

Measurethedampload in theseparateomponers,

Foresee mould formingsks,

Calculateexterior condition effecvf on the design,

= =2 A4

Change the effects aiirtightnessaccording to the quality cissemblyof
the @nstructiond

The causes of thmoud damagébuilding structureare often not precisely known, thus

simulation methods are neededhereby humidity andvapa and dampcan be
analyzed whole buildings well aseach buildindayer.

The material properties employed in these simulations are tiaienthe WUFI
materialdatabase, which has beelidated both byaboratory and site measurements
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3.1.6. Air Sealing Material

There are four type cir sealingmaterialimplemented within the project:

a) Pro ClimaContegaSolidoSL (80mm x 30m) used fotheFloor and Sandwich
Panel Junctiomand Sandwich Panel Ceiling Junctdqiable 9)

Table 9: Pro Clima Contega Solido SSource: Pro Clima, 2015)

Technical data

Substance

Backing PP backing fleece, PP copolymer special membrane
Adhesive waterproof SOLID adhesive

Release film silicone-coated PE sheet

Attribute Regulation Value

Colour white

sd-value BS EN 1931 28m

Exposure time 3 months

Can be plastered over yes

|FT tested (DE-Rosenheim) MO-01/1:2007-01 yes

Application temperature

above -10 *C [ 14 °F

Temperature resistance

permanent -40 °C to +90 °C

b) Pro ClimaTescon Vand60mm x 30m) used for Sandwich Panel Junctions

(Table 10)

Table 1G: Pro Clima Tescon Van@ource: Pro Clima, 2015)

Technical data

Substance

Backing

special PP fleece

Adhesive

waterproof SOLID adhesive

Release paper

siliconized paper

Attribute Regulation Value
Calour dark blue
UV stability and outdoor exposure 6 months
Application temperature from =10 °C

Temperature resistance

permanent -40 °C to +90 *C
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c) Pro ClimaExtoseal Encorg100mm x 20m) used for floor junctions and
exterior HVAC flex duct sealingTable 11)

Table 11: Pro Clima Extoseal EncofSource: Pro Clima, 2015)

Technical data:

Characteristic Regulation Value

| Backing Elastic PE carrier film
Material Butyl rubber modified with acrylate
Separation layer Silicone-coated PE film
Colour Butyl rubber: grey, film: black
Mass per unit area DIN EN 1849-2 About 1.9 kg/m?2
Thickness DIN EN 1849-2 About 1.1 mm
Temperature resistance Permanently -20 °C[-4 °F to +80 °C[176 °F
Application temperature +5 *C/41 *F to +35 °C/95 °F; frost free nights
Storage Cool and dry
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d) Pro Climalntello Membraneused for WUFI Plus simulatiofTable 12):

Table 12 Pro Clima Intello(Source: Pro Clima, 2015)

Technical data

2 Substance
- ., Flezee Palypropylene
e - Membrane Polyethylene copolymer

4 Reinforcement FPalypropylene non-waven fabric
Attribute Regulation Value
Colour white-transparent
Surface weight EM 1849-2 110 £5 gfm2
Thickness EM 1843-2 0.2 +0005 mm
Water vapour restistance factor g EN 1931 37 500
sd-value EM 1331 750 £0.25 m
sd-valwe humidity variable EM 150 12572 025->25m
g-value 37.50 £1.25 MNs{g
g-value humidity variable 1.25 - =125 MMsfg
Water vapor permeance ASTM E 98 .44 US perms.
Water vapor permeance humidity  ASTM E 96 1212 - =013 US perms
variable
Fire class EM 13501-1 E
Tensile strength MDJCD EM 13859-1 350 NjS emn | 290 Nj5 em
Elongation MDJCD EM 13859-1 150 15 %
Nail tear resistance MDJCD EM 13859-1 240N [ 200 M
Artificial ageing by bong term EM 1296 [ EN 1931 passed
Temperature resistance -40 "C to +80 °C
Coefficient of thermal conductivity 17 Wimk
CE labelling EM 13934 available

e) Olive G-22 Silicone Sealar{fTable 13):

Table 13 Olive CG-22 Silicone SealarfSource: Olivequimica, 2015)

S RS ﬁ|
R EE— TECHNICAL DATA Q
ﬁ Olive C-22 Silicone Sealant SKIN FORMING TIME
6 ki H140 MOVEMENT CAPABILITY
et SHORE A HARDNESS
S * Low modulus neuiral TEMPERATURE RANGE
siicene sealant
= — X . PAINTABLE
-] + Contains anti-fungal agent
0 : » Excellent adhesion on all surffaces: concrete, glass, ADHESION ON DAMP
aluminium, PVYC, plastics, wood UV RESISTANCE
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3.2. Methodology
To perform the study, a building survey-site buildingmeasurements and computer
analysis will beconducted on both existing and the retrofit case

Firstly, the existing containdr i k e buildingsdéd geometry and
evaluated. In the second stdpe Blower Door measurementsll be carried out
recording all leakages and anomalies within the building enveldpeis notany
published work on blower door testenductedto measure airtightness of existing
containerized buildings ifurkey. Therefore, the measured-seite air change ta
@50Pa valuewere used as inpun the whole building energy simulation software to
achieve the most realistic resufgllowing that, the energy demand of the typical unit
will be simulated withairtightness retrofistrategiesAirtightness data inputs will be
obtainedwith the help of the Blower Door test. This process will comprise ofahe
pressurization method according to DIN EN 13829 Standardsamdlaion in the
WUFI Plus software

Retrofit improvements (air sealing with tapésve beerapplied only on theingle

typecontainer unitThe reason is that tlaaljacent unitaremerged out ofingle units

Both in the existing and in the retrofit cases, computer simulation inputs are using
default values and materials that are available in the calibrated library.lifatec

EPWHile for Ankara has been downloaddém the US Department of Energy
resource portall'ypical buildingcomponerg and materialare takenfrons o f t war e 6 s

integratedibrary.

3.2.1. Field Measurements: Tha~an Pressurization M ethod

The fan pressurization methalapplied on each building. Pre and Pastofit case
measurement procedunesmain the same. Airtightness measurementsaréed out

with the Minneapolis Blower Door Tesupported bynfrared Thermography Camera
screening to document leakages and thermal bridges in accordan€dNvEN 1SO

13829 Standard and Passive House Blower Door Measurement Protocol. At the end of
the test,TECTITE Express 4.0 softwamperatedn the automatednode generates a

full report with certificate that meets LEED and Passivhaus Standards
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Weather conditions are recorded during and after the test using digital thermometers
and smartphone weather forecast application. For the purpose of the tests all external
doors and windowsare closed, with the internal doors left op&he Blower Doo

canvas wrapped on top of the special adjustable feemdemountednto one of the
exterior door thresholdsll exterior inlets aréemporarilysealed exhaust grills and

all designated openings are in clogesition or air tightly secure@Figure27).

Figure 27: Air Sealingthe Ventilation Systenwith Rubber Balloorto Preparehe Blower Door Measurement
(Source: BlowerDoor Gmh2013

At the following stepfan should benstalledonto the slobf the canvagFigure28).
The airflowrate throughthefan ndi cat ed bui | d.Theprgssureai rt i g

gauge measures indoor and outdorassure fluctuationss well as baseline pressure
before and after the test
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Figure 28: Minneapolis BloweDoor Test {mage credit byauthor, 2015
In seconds, the Blower Doavith the help of thean pressurizeor depressurizes

building. The test itself consist of mulpioint measurements. During the

measurements theralows directly through unintended leakage points within the
building enclosure outwardly or inwardly under the constant air presséfeRdiscal
(Figure29).

If there are leakages in the building envelope, outsidenéiitrates the building
through them. During the walk around, the building is carefully inspected for airflows,

which arepinpointed withthe IRthermography camera
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Leakages

Volume
Flow V50

Figure 29: Working Principleof Minneapolis BloweDoor Test Source BlowerDoor GmbH 2013

3.2.2. Whole Building Energy Simulations

Thewhole building energy simulatigrsoftwarewasused to demonstrate the effect of

air leakage on the building energy use only. Therpmefit and postetrofit case
building wildl be modeled using the Fraun
and simulationsverebe performed for thelimate of AnkaraAirtightness inputkave

beenvalidated by field measurements

The WUFI 6s simulation sequenceFgura®d).defi ne:
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[ Building Geometry | Ventilation |

I
| ConstructionData | | Innerloads |

| MaterialData | |  Set-Points | [ Climate Data |

N\ L e ¢
\J

/' -
\ Jo £
WUFI ™= WUFP™
Balance = Whole <« | Hygrothermal
Based Building Envelope
Assessment Simulation Simulation

+ 4 +
Passive House e bl i Calun L Hygrothermal

S Heating/Cooling
Verification De-/Humidification Performance

Figure 30: WUFI Workflow Sequence (Source: Fraunhofer |BB13
A steadystate approach for assessing the energy performance is combined with the

dynamic modeling features of a whole building simulation model including-adale
hygrothermal component analysis (Fraunhd@#, 2013)

There are two modes to simulate a building, WUFI Passive and WUFI Plus. The WUFI
Plus selected for this researdie Simulation procedure for WUFIIEs starts from
the top of the navigation tree and edit pdmpoint top down (Figur&l). Software
guides the user about the next steps. It pdsots out to the missing input datecase

of errors occurs.
First, the user can add optional information about the project

After some basiinformation like addresses and contact information, the user has to
select a climate for the calculation. Either the measured climate data for a location or

import from weather databases

When the climate is chosen, the building geometry has tsebecither with the

building wizard or 3d model

The next step starts with the definitiontbé assembly of the components. Predefined

assemblies can be read from the assembly database. New constructions can be edited
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in this dialog User can select in theaterial data for the individual layefiSraunhofer
IBP, 2013)

Following that,prospective loadsan be defined in day profilels Design Conditions

temperature, moisture and ventilation conditions can be edited.

In the other parameters arestinitial conditions and the accuracy of calculation to
define.At the end, the HVAGystemhave to be specifiedbut in this study will be set
for the default

EL Project
----- j Files / Measured data
=-£5) Case 1: Preetrofit (
b Lﬂ- LocalizationClimate: File (D:my LEED Projects"\Weather Data-Turkey
Eljfé' Building
Elﬁ Simulated zones
Elfﬁ‘ Zone 1: Simulated zone

Elﬁﬁ‘ Visualized components
----- E Componert 1: Slab
----- Component 2: Roof
----- t Compaonent 3: Exteror Wall
----- H Component 4: 1.5¢1.5m Window
----- H Componert 5: Entrance Door
----- H Component &: 1.5¢1.5m Window
----- H Component 7: 1.5¢1.5m Window
----- H Component &: 0.6 4m Strip WC Window
*@ Mot visualized components
428 Intemal Loads/Occupancy
----- iI Design conditions
42} Ventilation
----- é Cther parameters
=& Attached zones
-4 Attached zone 1: Unheated attic

EI*@ Visualized componerits

P ™ Componert 1

P e t Componernt 2

*@ Mot visualized compaonents
- 30-Objects
=-4= Remaining elements

t il Component 1

t i Component 2
=-fl} HVAC

EI_@ System 1 (User defined)

b 2T Device 1 (Heat pump: Heating. Cooling)

Figure 31: WUFI Plus Navigation Treémage source credit by author, 2015)
The detailegsimulationstepsof the WUFI Plus argiven in Appendix A.
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CHAPTER 4

RESULTS AND DISCUSSION

In this chapter resultsf the pre andpostretrofit cases together with discussicare
presentedIn addition,energy demand simulations of thase study buildings are

demonstrated

4.1. Evaluation of the Airtightness of the Preretrofit Case

As stated in the previous chapter, four containerized baks been studied in terms

of airtightnessin this part, details of the existing conditions are evaluated. This study
has alsosshown that quantitative data prowig information on the airtightness of a
building envelope could be obtained by using a thermography survey of surface
temperature during Blower Door teShese thermographic imagedken in the sample
buildings showed thermal anomalies in the building envelope. All measurements have
been conducted during good weather, avoiding high winds, rain and snow conditions
or several days after precipitation. If the outdoor temperature ig lthae indoor
temperature, the defects will show up as cooler in an IR image and in case of higher

temperature, thermal image would show warmer patterns

The summary of theBlower Door measurement resuti$ the preretrofit case are

presentedn Figure32 and Appendix D

57



Blower Door Test Results

(pre-retrofit case)
30

25.02 25.3 24,74

25

20

. 142, ,°1

10 9.3 gg 96 8.98 8.96 8.99
5

0

Type A - Office  Type B - Office 3x7m Type C - Living Type D - Living 3x7m
Adjecent Unit Single Unit Adjecent Unit Single Unit

Air change rate fvalue in 1/h

mAverage mDepressurisation ®mPressurisation

Figure 32: Preretrofit Blower Door Test Results

According to result of the auditontainer Type B haworse envelopair leakagen
comparison to container Type D. While container Type &t worst airtightness

results.

The nost of the detected air leakages have been occurdifiarent parts of the
building (Appendixl).

4.2. Simulation of the Energy Demand of the Preetrofit Case

Measured airtightness test values are crucial to have realistic results in the energy
demand simulation. Simulation of the enerigjads anddemand of the existing
building is held in two stagesAll required dateand drawings are collected from the
manufacturers. Site visits are made at the building locationseXtegior building

envelope is evaluated. Adir leakages are detected and documented

The Blower Doomeasuremermeportsfor eachcontainerized unit can be found in the
AppendixD.

In the following stages in order to determinghe baselineloads and demands
conditioned boundargf the existing buildingvasdeterminedy the help of th&VUFI

Plus 3.0.The typical buildingenclosurecomponents of a standard containerized
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building represeregd in Figure 33. The simulation inputs related to building
components for the pretrofit case are available in the figuB2s35-36 and Appendix
B.

. Interior Cladding: : . Lifti hol
PVC Pancl g e

. Connection Details
. Double-glazed

prereenesens > PVC Windows

[ ». Closure profile

. Sandwich Panel

Metal Entrance Door
. Corner Posts ‘
A ican style d ress door
Slab: ~ .
- Vinil coating
. B /Fibe
. Connection profiles

Figure 33: 3D Section of building envelopéfage source credit lauthor, 2015
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Assembly (Id.2): Sandwich Panel

outskds nskde
Homogenous layers 2 I
Thermal resistance: 1.5 maKW
Heat transfer coefficient{ U-value): 0.6 W/im*K
0.08 |

Thickness [m]
Thickness: 0.061 m

Material/Layer p c A Thickness
Nr. (from outside to inside) [kg/m] [ikgK] [W/mK] [m] Color

1 |Metall-Stainless Steel 7900 460 17 0

2 |EPS (heat cond.: 0.04 WimK - density: 15 kg/m?) 15 1500 0.04 0.06

3 |Metall-Stainless Steel 7900 460 17 0

File Input Options Database Help
DEA Scope |WUFI Plus ~ || English/Sl/Outer dimensions | Assign data

55 Case 1- Provotrofil Gase z
Case 1 Prevetrofit Case Goneral| Assembly | Suface | intil condiions | N Repor: d=a & reaut

5} Locslzation/Climate: Fle. (D \my LEED Projects'Weather Data Turkey' e Lroce | TS oonth | umenes epeRcetee®

-3 Buiking h

Sy Smulated :

£ Smulated zones Name R [mKw] Select from ‘ ‘ - ‘

-t Zone 1: Simulated zone
Sandwich Panel 15 database

i) Visuslized componerts
A Companert 1: Slab pvaiable o ,
Componert 2 Roof
Companert 3 Bxterior Wall (Coutites Rk 213 L) New
Componert 4: 1.5¢1.5m Window Container Slabeintello 2129 % Delete
Compenent 5: Entrance Door "
Componert: § 1 5x1.5m Window Container Slab 22 5 Copy
Component 7: 1.5¢1.5m Window Contziner Roof:Intello 213 (2 Insert
Componert 8 0.6¢0.4m Stip WC Window Sandwich Panel+Intello 15 New/Insert:
Not visuaized components 1
intemal Loads/Occupancy [after =
= Design condtions
£} Ventiation
H £3 Other parameters
Ei-£p Atached zonss
S5, Attached zone 1: Unhealed attic
E63 Visualized components
J |- Componert | . MateriallLayer ) c 7
R ——— ) (from outside o inside) gim] | koKl | [(WimK]

HHEHE

Thickness [m] B
Thickness: 0.061 m

Thickness
m | Golor

Metall-Stainless Steel 7900 460 7 0 A

|

EFS (heat cond.: 0.04 WimK - density: 15 kg/m?) 15 1500 0.04 0.06

Metall-Stainless Steel 7900 460 7 0

Sl By

€3 | Data state/results @ | b Start

Last calculation [datettime]

£

[Date &time of last calculation

Calculation period ] 010112015 00 - 0110172016 : 00
Heating Tkwh|
Cooling Tewh]]
Humidification fealfo Calculated sum of humidification

Calculated sum ofheating eneray

= OH

Calculated sum of cooling energy

Figure 34: Container Exterior Wall
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Assembly (Id.1): Container Roof

skl nskde
Homogenous layers I 2 ]
Thermal resistance: 2.13 m3¥K/W
Heat transfer coefficient U-value): 0.43 Wim*K
| 0.08 | as

Thickness [m]
Thickness: 0.106 m

Material/Layer p c P Thickness
Nr. (from outside to inside) [kg/m?] [JIkgK] [WimK] [m] Color

1 |Metall-Stainless Steel 7900 460 17 0

2 |Mineral Wool (heat cond.: 0,04 VW/mK) 60 850 0.04 0.08

3 |Gypsumboard, interior 625 820 0.2 0.026

File Input Options Datsbase Help

DEH Scope [WUFLPlus. - || English/Sl/Outer dimensions | Assign data
265 Case 1: Prevetrofit Case: -
= S Coomiaston Cinata: Fs {0y LEED Pcscts\Wester Dot Torkey 02023 P55 | Srace | il condons | Numers | Repot dat et
£+ Buiding
-1 Smulsted zones v B a—
@ﬁ Zone 1 Simulsted zone tanc] RV ek i ‘ ‘ Edt ‘
B Visusized companents Container Rocf 213 je====_ ) L
H Component Avallable assemb
T Component 3 Bxterior Wal bl EEEE 15 11 New
i Component & 1.5¢1.5m Window Container Slabniello 2129 4 Delete
i Component 5 Entrance Door -
f Component & 151 5m Window Cortainer Slab BE) 52 Copy
M Component 7: 1.5¢1.5m Window Container Roof+intello. 213 [ Insert
H o ;I? Cump‘unednl 8: 0.8¢0.4m Stip WC Window Sandwich Panel+Intello 15 New/Insert:
i ot visuaized componerts
i-#} Intemal Loads Occupancy [sfter b
= Design condtions
i~ Ventiation
Other parameters
S Atached zones
Sy Attached zone 1: Lisheated attic Thickness [m] -
B Visusized components Thickness: 0106 m
T Componert 1 = MaterialLayer P c | Thickness
N (from outside toinside) ko] | Wkok] | [Wimiq fml | Color
=3 1 [Metall-Stainless Steel 7900 460 7 0 L
= 2 [Mineral Wool (heat cond.:0,04 WimK) 60 850 0.04 0.08
a- EE interior 625 850 02 0.026
rs o
&
I @ | Detastaterresuts @ | b start | 1 [ Masimum speed || prt
Last calculation [dateftime] 1508:15:44 |Date & time of last calculation
Q calculstion period Thfe7 01/01/2015 : 00 - 01/01/2016 : 00
Heating [kWh]|105837.2 Calculated sum ofheating energy
g Cosling kwh] Calculated sum of cooling energy
[Humidification [kﬂ‘ Calculated sum of humidification

Figure 35: Container Roof

61



Assembly (Id.4): Container Slab

otz nzkda
Homogenous layers ' s |
Thermal resistance: 2.129 maK/W
Heat transfer coefficient( U-value): 0.43 Wim¥K

| oos | 0.08

Thickness [m]
Thickness: 0.097 m

Material/Layer P e ¥ Thickness
M. (from outside to inside) [kg/mA] [d/kgK] [W/mK] [m] Color

PVC Coating 1390 900 017 0.001 -

Fibrecementboard 1610 850 0.13 0.016

Mineral Wool (heat cond.: 0,04 W/mK) 60 830 0.04 0.08
Metall-Stainless Steel 7900 460 17 0

] [ OR

File Input Options Database Help

DEHA Scope [WUFL Plus. || English/SI/Outer dimensions | Assign data
£ Case 1: Prevetrofit Case B
I p— General | Assembly | Surf Initial coni N Report; data 4 result
7 Localization/Climate: Fle (D:\my LEED Projects\Weather Data-Tukey’ e utace | Intial condiions | Pumencs | Mepot: cata &resuls
- Buldng Assigned assembly

C-f Smuleted zones

S 3] Zone 1: Smulated zone bETe RS ‘ olect fon ‘ ‘ Edt ‘
E1-£} Visualzed componerts Container Slab 2129 | abase
Tegey) Avaiible assemblies
= Component 2: Roof
. Component 3: Bxterior Wal e || [ 15 L New
& Component 2 151 5m Window Container Roof 213 % Delete
] Component 5: Enirance Door 4
it Container Slabslrtello 2129 &2 Copy
. [ Component 7: 1.5¢1.5m Window Container Roof+Intello 213 (& Insert
Bl Component &: 0.6<) 4m Sirip WC Window Sanduich PanelIntello 15 NewInsert:
/£ Not visualized componerts
&% Intemal Loads/Occupancy [after hd
T Design condtions
w43} Vertiation
Z5 Other parameters

=+ Atached zones

- Atached zone 1: Unheated atic Thickness (m) B
£} Visualized componerts Thickness: 0.097 m
|- Componert 1 = WaleriallLayer ) B 7. | Thickness

N (from outsidefo inside) lkgim] | Ukok] | (WimK) ml | Golor
1 [PvC Coating 1390 900 017 0001 K
2 [Fibrecementooard 1610 850 013 0016
3 [Minera wool (neat cona. 0,04 wimk) 50 850 004 0.08
4 vetall-Stainiess Steel 7900 480 17 0 -

&3 | Dt state/results @ | - Start |

[Last calculation [dateftime]

el [ Maximum speed || s}

08/15:44 [Date &time of last calculation

[Calculation period ) 0170172015 : 00 - 01/01/2015 - 60
[Heating [

[Cooling [ewh]

[Calculated sum ofheating energy

= OF

[Calculated sum of coaling energy

[Calculated sum of

Figure 36: Container Slab
After determining the thermal envelope, altcessary inputs are entered into the

software

Simulation results for all selected buildingee givenin Following Figure 3 and

AppendixE.
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WUFI Plus Building Energy Simulation Results
(pre-retrofit case)

250

215 217 208.1

200

147.7
150

100

50
16.9 24.5 24.8 23.8

Type A - Office  Type B - Office 3x7m Type C - Living Type D - Living
Adjecent Unit Single Unit Adjecent Unit 3x7m Single Unit

mkWh/(m2a) mW/m2

Figure 37: PreRetrofit WUFI PlusBuilding EnergySimulation Results.

4.3. Retrofit Procedure

This study focused on adjadeand singldype container buildings. Each type has one
office and one living container. As it has been mentioned in the preseai®ns,
containertype B have worse envelope aomparison to container type D,hile
containe type C have the worst resslin respect for airtightness level obtained from
all site measurements (Figure 32). The energy simulation results (Figure 3’ 8dshow
the similar relatioa The unit B hadahigher energy consumption to compare wfita

unit D, while the unit C remained the worst in respect for energy denimal.
comparisorbetween unitsnadeonly according tahetype of the unitsAccording to

results, container type B have been selected for further refurbishment.

The case study building halmen selected according to several factors. Firstly, it
would be crucial to understand refurbishment of the single type container unit. Because
the single unit mainly assembled in the factory and later can be assembled together to
form adjacent multi unit onsite. It would be starting point for the manufacturer to
solve airtightness issues of the single unit before. Secondly, among singigparit

is only office container, which is used at the construction site and available for
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refurbishment during wrking hours. While the living container is less desirable due
to absence of the owners during refurbishment times, which usually fits with working
hours. Finally, to sum up all that mentioned before, container type B has a higher
leakage rate and energgnsumption to compare with unit D.

The five main retrofit focus points are shown in FigB8whereair sealing strategies
have been applied dhe selected case study building. The building simulation inputs

for the postretrofit case can be found in Appendix

- 5) Sandwich panel junction <.:ceeouin

. 1) Window & doors connections
to the wall elements

. 3) Walls and floor junction _,

..................

Figure 38: Three main retrofit pointéSource: Author)

Creating an envelope with improved airtightness was possibiapilyg and sealing

elements outlined belaw

Opening connections to the wall elements
Penetrations of the cables and pjpes
Wall and floor junctions

Wall and ceiling junctions

= =2 4 4 -

Sandwich Panel junctions

Detailed retrofit stepsan be found ithe AppendixF.
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4.4. Evaluation of Airtightness of the Postretrofit Case

In this part, the quantitative data on the airtightness and the insulation level of the
building envelope after retrofit are provided. Pattofit Infrared thermal inspection
during blower door test were investigated. There are tHemnm@amalies have been
detected in the building envelop&ppendix J.

The postretrofit Blower Door result of the case study Type B buildhgws that it is
possible to achieve airtightness improvement with the taping method. The Blower
Door test results in Figurg9, showimproved airtightness of.23 (1/h) The results

indicate that taping has a positive impact on the airtightness of the building. Detailed
Blower Door report is given in Appendkt.

Blower Door Test Results
(postretrofit case)
2.76

2.75

2.75
2.74
2.73
2.73
2.72
271
271
2.7
2.69

m Average mDepressurisation mPressurisation

Air change rate +value in 1/h

Figure 39: Postretrofit Blower Door Test Results on container Type B

4.5. Simulation of the Energy Demand of the PosRetrofit Case
In order to simulate the aboweentioned improvements, an additional airtightness
layer, which has the same qualities as the tapes used on site, has been added into the

building. The originalintello membrane@mame was picked for the lay@tigure40-41-
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42). This was necessary since WUFI Plesnnot simulate applied taping. The

membrane is thus only a simulation aid that resembles the tapes

Assembly (Id.6): Sandwich Panel+Intello

ounsida p—
Homogenous layers 2 H
Thermal resistance: 1.5 m*/W
Heat transfer coefficient( U-value): 0.6 Wim3K
= i

Thickness [m]
Thickness: 0.062 m

Material/Layer P E A Thickness
Nr. (from outside to inside) [kg/m?] [VkgK] [WimK] [m] Color
1 |Metall-Stainless Steel 7900 460 17 0
2 |EPS (heat cond.: 0.04 W/mK - density: 15 kg/m?) 15 1500 0.04 0.06
3 |Metall-Stainless Steel 7900 460 17 0
4 [INTELLO 115 2500 24 0.001 -

Figure 40: Container Exterior Wall with Airtightness Membrane

Assembly (Id.3): Container Roof+Intello
outside neds
Homogenous layers N I«
Thermal resistance: 2.13 m*/MW
Heat transfer coefficient{ U-value): 0.43 WimK
008 | oo

Thickness [m]
Thickness: 0.107 m

Material/Layer p c A Thickness
Nr. {from outside to inside) [kg/m7 [J/kgK] | [W/mK] [m] Color
1 |Metall-Stainless Steel 7900 460 17 0
2 |Mineral Wool (heat cond.: 0,04 WimK) 60 830 0.04 0.08
3 [INTELLO 115 2500 24 0.001
4 |Gypsumboard, interior 625 850 0.2 0.026

Figure 41: Container Roof with Airtightness Membrane
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Assembly (Id.3): Container Slab+Intello

autside p—
Homogenous layers N . |
Thermal resistance: 2.129 maJ/W
Heat transfer coefficient( U-value): 0.43 Wim3K

| sors || s

Thickness [m]
Thickness: 0.098 m

Material/Layer p = * Thickness
N (from outside to inside) [kg/m7] [J/kgK] W/mK] [m] Color
1 |PVC Coating 1390 900 017 0.001
2  |Fibrecementboard 1610 850 0.13 0.016
3 |INTELLO 115 2500 24 0.001
4 |Mineral Wool (heat cond.: 0,04 W/mK) 60 820 0.04 0.08
5 |Metall-Stainless Steel 7900 460 17 0

Figure 42: Container Slab with Airtightness Membrane
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4.6. Comparison of thePre and Post Retrofit Cases
The comparisorof the pre and postetrofit WUFI Plus andBlower Doortest results
for the selected building type &n be seen iRigure43-44 and AppendixG-H.

WUFI Plus Energy Simulation Results
(pre and postetrofit cases)

250
215
200
150
100
50 245 223
. B
kWh/(m2a) Wim2

® Pre-Retrofitm Post-Retrofit

Figure 43: Building Type B.Preretrofit and Postetrofit Energy Deman€omparison.
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Blower Door Test Results

16 151
14.2

14
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D

N

2.73 2.75 271

Pre-retrofit Case Post-retrofit Case

Air change rate svalue in 1/h
[e0]

N

m Average ®Depressurisation ® Pressurisation

Figure 44: Building Type B.Blower DoorPreretrofit and Postetrofit Case Comparison

The data show80% air leakage reduction has been achieved after-rptrsfit
procedures. In the followingable 14, the IRthermalanalysisimage reveals cold air

flow reflected on the surface due to temperature change from air leakage source (left
image). In spite of performed air sealing measures, there was no air flow detected
during the Blower Door test. However, a stable entrapped coldt ahe sandwich

panel junction can be seen in the right image. The reason of this, unsealed exterior
envelope. Additional measurgll be required to improve mentioned condition to

ful fildl Ener PHIi t 6s airtightness requir eme
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Table 14 Preretrofit (Left) and Postetrofit (Right) IR Thermal Imaging (Source: Author)

PRE-RETROFIT CASE

POST-RETROFIT CASE

Emissivity: 0.95 (data obtained from Testo
Database)

Relative Humidity:30% Rh
Reflected temperature28U C
Indoor temperature:280 C
Outdoor temperature: mir240 C;  +BANC.

Measurement date/tim69.06.2015t 14.57

Emissivity: 0.95 (data obtained from Testo
Database)

Relative Humidity45% Rh
Reflected temperature190 C
Indoor temperature: U C
Outdoor temperature: mirk16U C;  +BHIC.

Measurement date/timé&4.10.2015t 18:50

257%C

78); ?ES”*%.\. M —
} ZGBFZ ‘;\%\:ﬂfmum

%58

" "
®Ti n teterioraBU @AC =4U C @Ti n teeteriordd0 @6C 83U C
@Ti n tceiling=280 €7.9C =0.10 C @Ti n teeiling=100 69T =210 C
eTi n tledt wall280 @6.3C =1.70 C @eTi n tlatwallgel) as2c =3.80 C
@Ti n trightwalb=280 @5.AC =2.30 C ®T i n tright ial=t90 Q4.6 =4.40 C
e@Ti n tceiling pofile=280 Q6L =2 U C ®Ti n teeiling=Iod Q6T =20 C
x’ae'l(': i n tceiling corrugation28U @5.4C =2.1 aTleft wall-right wall=190 @3.3€ =5.70 C
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During the preretrofit cases air leakage, thermal bridge and condensation problems
have been detected at the wall panel and ceiling conjunction, wall panel and wall
panel cornejunctions as well as between sandwich panel junctions. During the
analysis it has been revealed that overall wall thermal resistance is quite low. Air and
moisture penetrated through the gaps between flashing profiles and continued into
the building (sedable 15). While, in the posetrofit case, air leakage problem has
been eliminated, but due to the unsealed flashing and lack of insulation at the corner
post condensation and thermal bridge still occurred behind the tapes

Table 15 Schematic Interpretation of the Air Leakage at @antainer Corner DetajSource Author)

PRE-RETROFIT CASE POST-RETROFIT CASE
P -
: ]
\
7 / b .
Leger | 1
@ nsati ® densati
_ | —_— |

PROBLEMS AVAILABLE: PROBLEMS AVAILABLE:
Air leakage through corner junction -
Condensation at corner junction Condensation at corner junction
Surfacecondensation awall Surface condensation at wall
Thermal bridge at corner junction Thermal bridge at corner junction
Low thermal resistance at entire wall Low thermal resistance at entire wall

Themeasurementsave been performetthedifferent seasonsummer and autumn
with completely different outdoor condition would be vital to take into account
that factor and perform different slyiat the same season and same outdoor conditions.
The annual heatindemandf the selected containerized building (Type B) hbeen
reducedfrom 451Z&XWh/a @ 14 Air Change Rate to 4098h/a @ 2.73 Air Change
Rate applying airtightness retrofit strategies without implementing any additional
changeslin other words, annual heating demandRA/&/(n?a) or maximum heating
load 24.5W/rh for preretrofit case to compare with annual heating demand

195%kWh/(mPa) ormaximum heating load 22W/m? for postretrofit case
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CHAPTER 5

CONCLUSION

Currently there are no obligator§ party certification that controls building
airtightness in TurkeyThe poor quality of workmanship & central issue of the
building sector. This problem leads to failured onlyin green building certifications,
which resulting in wasted budgets and tinfmit alsosignificant loss of energy in
summer for cooling and in winter for heating.order to achieve a good airtightness
level, high quality workmanship, staff training related to airtightness strategies and
their further implementations are crucial for thdustry to prevent future application
failures. Moreover therearea few publishedstudiesrelated to this topic in Turkey
Thus, itwould becrucialto increase the awareness of manufacturers, contractors and
building owners about air leakageusas and effects. Thuld be done through
publications, seminars and special workshop courses offered by educational

institutions.

In this study, airtightness of the existing buildings was measured on site to obtain real
values for building energy mulation inputs Airtightness of four containerized
building units in Ankarawere measured with thdwelp of Blower Door test.All
leakages were documented with an Infrared Thermal Camera. The effectanf the
leakages on the energy efficiency of the existing buildings were evaluated with the
WUFI Plus simulation software to indicate current condition of the sample buildings
Later on, airtightness retrofit improvements were applied on the selected building.
Taping methods were used from interior side to see if it is possible to reach desired air
leakage improvements. The wédor and walceiling junctions openingswall joints

and penetrations of cablegpes into the buildingnvelope were air sealed. At the end,

the impact otheretrofit measurewereevaluatedAll measurements were performed
during the days with no precipitation and wind. In spite of that temperature difference
(a€T) between indoor and outdoor wese negligible for the container Type B

(approximately +3C) at existing situation, thermal imaging and blower door test
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results revealed thatir leakage was significantly higlthis is due tounsealed and
uninsulated junctions. Whilehe air leakage dettion for the postetrofit case have
been prformed during fall season with temperature differef@€E) more than 3C
revealed only already existing thermal bridge and condensation problems

In order toobtainthe real amount odaved energpy applyingairtightness tapem
real life conditionsannual monitoring of the building and systematically recording of

energy consumptions would be necessary.

To conclude, the ssesment of the airtightness performance of contaifike
buildingsin relation to its effect on energy efficienslgould be conducted not only by
air pressurization method but also with thermal bridge and condensation detection and

computer energy simulation as a whole complex procedure

5.1. Savings viaApplying Airtightness Strategies

In this research80.5%o0f Airtightness and 9.2%f Energy Demand Improvement
have beenachievedafter airtightness refurbishmentas applied to the sample
containerized buildingIn order to achieve better results, air seallmye to be
performedon bothexterior and interior sidegdditionally, elimination from thermal
bridges with thermal breaks and higher insulation (betteraldes) would be
necessary to adapt into the prefabricated building manufacturing standasds.
current leakywindows and door systemdid not allow to reach targeted value of 1

ACH. In this case, one possible solution is to replace windowseitkr airtight ones

5.2. Evaluation of the Detailing of the Pre-retrofit Building

Throughout the experiments, it was revealed that airtightness could be achieved
through proper detailing with appropriate gaskets. Air leakages were detected on
different inspection points like floor and wall junctioredectrical and mechanical
service penetrations, wall and opening connections, and for sandwich panels. The

strongest air flow has been measured at the “fleadt", "wall-ceiling" joints.

If building regulations require higher airtightness levels, airdgak could be avoided
easily at the design stage, and tested directly in the factories. To support quality

control, dynamic building simulations could help avoid unforeseen issues before
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manufacturing and assembly processes. However, in this case, ihgpuidulation
followed without control and verification from third certification body, then entire
process will open loopholes to bypass airtightness regulations and represent full
improvements only on blueprints and visible parts of the building

5.3. Evaluation of the Detailing of the Postretrofit Building

As the properties of the building envelope were improved, the Blower Door results
also improved significantly (80%). The building energy simulation was carried out
using real airtightness data from site. It has been shown that to reduce the energy
demandair sealing itself were enough to reduce demand for 9%. In this regpect,
necessary to train manufacturers and develop airtightness methods applicable within
the containetike buildingswith guidelines and brochure8ased on field experience,

the huilding envelope measurement was important to include IR Thermography, which
significantly reduced time to detect air leakages and thermal anomalies like thermal
bridges and condensation

5.4. Further Research

In this study, the assessment of the airtightness performance of cotik@erildings

in relation to its effect on energy efficiency has been carried out using the data from
computersimulations and real site measurements. Since there was no other option to
simulate taping in WUFI Plus, the Pro Clima Intello membrane was used as an
alternative for computer simulations. This material has the same qualities as the tape.
The simulation sfiware also does not model the junctions. Thus, to carry out more
accurate analysis, further research and updates can be done on the software or

alternative approaches can be developed to simplify simulations

Data can be collected from the retrofitted Ithmg to monitor the building energy
demand and indoor air quality. Since container buildings can be reused for other
purposes on site, the new usage profile can be set to see what has been changed in
respect for air quality and humidity. For example, eovér that was used for office
purposes, later redesigned to be dining facility. In that case, humidity would raise due

to the cooking, which potentially may cause mould within the building
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To conclude, the design of airtight container building would require several steps like
planning of the airtightness layer taking into account potential changes in building
purposes, computer simulations for each selected buikhrglope material, design
building component that would integrate airtight solutions, quality control with the
factory Blower Door measurements and the third party verification. Potential air
leakage problems could be eliminated with the help of the tapeds gaskets
implemented directly in the factory, but this method might be limited due to short life
span of the air sealing materials (in case of exposure to the outer conditions
approximately 3 months). However, according to this study, air taping wotiltera

long lasting solution. In that case, the effective solution might be prefabricated airtight
insulated edge and corner junction details, which would eliminate not only air leakages

but also thermal bridge problems at the very beginning stage
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APPENDIX A

WUFI PLUS SIMULATION PROCEDURE

The detailed steps for the WUFI Plus simulatibase beemutlined below:

1) General project information have to be defined (Fig&)e

Data | Picture |
Project data
Surname & Name Middle East Technical University/Building Science
Locality Ankara
Postal code 06200 A
Strest ODTO Oniversiteler Mah. Dumlupinar Blv. Ma:1 1
Tel. +903122107250
e-mail €182551@metu edu tr
Building
MameTyps Adjecent Office Container TYPE A
‘Year of construction
Locality Ankara
Postal code
Street
Country Turkey
Owner
Chwner = Client |
Surname & Name MiA
Locality Ankara
Postal code

Figure 45: WUFI Project General Information
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2) Setting the simulation cases for various scenario (Figf)re

General | Report: data & results|

Mame Pre-retrofit Case

Remarks

Calculation

Calculation mode [Thennal

Start conditions [ENew calculation

Date / Time
Stat 01 January 2015 / 00:00
End 01 January 2016 / 00:00
[hours] [min.] [sec]

-

Madmal time step results (1 2|0 =0 =

Calculation accuracy [Medium

Initialization period [No

Preliminary calculation time [d] |0

Figure 46: WUFI Simulation Cases
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3) Setting the Climate Data (Figu4&)

This part starts with the selection of the boundary conditionsCliheate data
maybe either used from the WUFI Plus database or be user defined.

Weather data | Optional climates

General |Data | Analyze

Selection
© R datab
" From map (database) Browss

@ User defined file

File (D:imy LEED Projects\Weather Data-
Turkey\TUR_Ankara.171280_MWECITUR_Ankara. 171280_MWEC epw)

Parameters

Latitude [7] 4012
Longitude [7] 3298
Height MSL [m] 943
Time zone [Hours from UTC] 2

Albedo | User defined

Additional data

Ground reflectance short [-] 0z
Ground reflectance long [-] 01
Ground emission [-] 09
Cloud index (only WET-file) [] 0.66
Unit of COZ concentration ppmy
CO2-concentration [ppmv] 350

Figure 47: WUFI Climate DatéPage
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4) Model the Building (Figurd8)

For plain geometries, operator can use the Building Wizagenerate the
simulation envelope. For more complex geometries there is a 3D Editor. Moreover, it

is possible to import files from Sketchup.

General | Numerics

Awailable elements (double click moves to chosen position)

Simulated zones
Attached zones
30-Objects

FRemaining elements

% 3-D Editar

‘ {ans SketchUp Import

‘ r.a gbX¥ML Import

Figure 48: WUFI Building Modelingand 3D Editor
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5) Definition of the airflow seimgs (Figure49)

Here infiltration air change rate for the whole building measured at the 50Pa pressure

difference is added.

Building geometry | Air flow
Air flow settings | Pressurization test

Settings [ﬂ.ir change rate -
Temain
Selection, category Urban and suburban areas
Wind boundary layer thickness [m] 370
Exponent windprofile [-] 0.22

Air flow data
Infiltration (ACHSD) [1/h] 53
Infiltration Exponent [-] 062

Figure 49: Air Flow Input Page
6) Simulated Zone conditions (Figuse)

General | Report: data & results

Mame/Type
Mame Simulated zone
Type Simulated zone
Assignment Simulated zones
Geometry
Specification Setling way Value
Visualized volume [m7] From visualized geometry
Gross volume [mé] From visualized volume and components
Met volume [m?] From gross volume and components 86.58
Floor area [m?] From visualized geometry 37
Floor height above ground [m] From visualized geometry 0
Inner climate | Simulate inner climate conditions -

Figure 50: WUFI Zoneslnputs
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7) Visualized Components (Figubd)

Allocate the components to the respective zone. Define and assign the assemblies.
Set the parameters for surface, initial conditions and numbers.

Visuglized components

Mr Name Type Atf)a:t::';\:nt ?I:Z]E Orientation Incli[n=]ation [mZEW]
1 |Slab Opagque Ground 37 Herizental (100 %) 180 2.129

2 | Roof Opaque Attached zone 1: Unheated att 37 Herizental (100 %) 0 213

3 |Exterior \Wall Opaque Outer air 6661 S(31 %), E(22 %), W (25 %),/90 15

4 1.5x1.5m Window Transparent Outer air 225 N (100 %) 90 0.333

5 Entrance Door Transparent Outer air 18 M (100 %) 30 0.366

6 | 1.5x1.5m Window Transparent Outer air 225 W (100 %) 30 0.333

7 | 1.5x1.5m Window Transparent Outer air 225 S(100 %) 30 0.333

8 | 0.6x0.4m Strip WC Window Transparent Outer air 0.24 E (100 %) 30 0.333

Figure 51: WUFI Visualized Components
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8) Building Inner Loads (Figurg2)

]

Selection | Periodic day profiles
Periods
Mr. Begin End Mo  Tu | We | Th Fr Sa Su
|1 01/01/2015 01/01/2016 | ] Mew
Delete
53 Copy
[, Insert
MNew/Insert:
»
Day-profile
- Heat conv. Heat radiant Maisture coz2 Hztma'tl:l
lour aCIvITY
[w +) | [w M R P R
b [s526 176 4 34 0.03 | 3 New
Calculator
Delete
=3 Copy
- Select from
MNew/Insert:
»
Additional data (PMV/PPD)
Clothing [clo] 0.7
Air velocity [mis] 01
Heat gain convective [W] Daily sum: 126.24
7
[
5
4
2
"D 2 4 (7] 8 10 12 14 16 18 20 22 24

Time [h]

Figure 52: WUFI Building Inner Loads
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9) Design Conditions (Figures)

Temperaturs | Relative humidity | Max. CO2 concentration

Minimal | Maximal

Selection | Periodic day profiles -
Periods
Mr. Eegin End Mo | Tu | We | Th Fr Sa Su

[t Jowot2015 (01012016 [l |3 New

Delete
53 Copy
[ Insert
Mew/Insert:
bl
Diay-profile
Walue
Hour
0 20 ] New
Delete
53 Copy Select from
] database
[ Insert
Mew/Insert:

>

Figure 53: WUFI Design Conditions
10) Other Parameters (Figusé)

To start thecalculation the initialconditions,have to be defined.

Initial room conditions In case of negative air balance (Interzone ventilation, explicite)

Initial temperature [C] 20 (71 Cancel calculation with emaor

Initial rel. humidity [%] 5%

Unit of inttial CO2-concentration

Initial CO2-concentration [ppmy] 400

@ Increase air supply from outer air

Distribution of solar gaing on inner sufaces
@ Proportional to area

) User defined

Solar radiation direct to innerair [ 0.1

Figure 54: WUFI Other Parameters
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11) HVAC Settings (Figuréo)

Since the main focus of the study is the building envelope, this part of the input will

be remained by default parameters.

General |Share zonel(s) I Report: data &results|

Name

Device/Equipment

Used for
3 Air Air
Hr r PR gy PROE SRR s debumidi
heating cooling | ventilation | fieation fication
'I Heat pump | O

Figure 55: WUFI HVAC Settings

12) Calculation (Figuré6)

4 Delete
53 Copy
[ Insert

MNew/Insert:

b

The red button show that some information is incorrect or missing. A dolitkeon

the given path leads automatically to the missing or wrong input.

Q Data state/results &8

Case 1/ Building :

Motvalid data: Building height.

Figure 56. WUFI Error Indicators
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The completeness of the inputs i®®in in the state bar with the green button

(Figure57).

€3 | Data state/results @ ‘ P Start |

Cancel

Maximum speed || i}

Last calculation [datetime] [18/08/2015 05:51:25 |Date &time of last calculation
Calculation period [h]|3780 01/01/2015 : 00 - 01/01/2016 : 00
Heating [KWh][106834.5 Calculated sum ofheating energy
Coaling [KWh]{1043.2 Calculated sum of cooling energy
Humidification [kal|® Calculated sum of humidification
Dehumidification [kal|® Calculated sum of dehumidification
Min. Ti [*C][15.2 Minimal inner temperature

Figure 57: WUFI ReadyTo-Simulation Button
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APPENDIX B

PRE-RETROFIT BUILDING INPUTS

Table 16: PreRerofit Building Inputs

Container Typ A
Assembly (Id.4): Container Slab
outskie ik
Homogenous layers B R
Thermal resistance: 2.129 m2K/W
Heat transfer coefficient( U-value): 0.43 Wim*
0B | oots ff
Thickness [m]
Thickness: 0.097 m
Material/Layer il c s Thickness
Nr. (from outside to inside) [kg/m? [kgK] | [WimK] [m] Color
1 |Metall-Stainless Steel 7900 460 17 0
2 |Mineral Wool (heat cond.: 0.04 W/mK) 60 850 0.04 0.08
3 |Fibrecementboard 1610 830 0.13 0.016
4 |PVC Coating 1390 900 017 0.001 -
Assembly (Id.1): Container Roof
uiskle nsida
Homaogenous layers R )
Thermal resistance: 2.13 m*K/W
Heat transfer coefficient( U-value): 0.43 Wim3K
008 | 0.0%
Thickness [m]
Thickness: 0.106 m
Material/Layer p G A Thickness
Mr. (from outsideto inside) [kg/im?] [JkgK] [WImK] [m] Color
1 |Metall-Stainless Steel 7900 460 17 0
2 [Mineral Wool (heat cond.: 0,04 W/mK) 60 850 0.04 0.08
3 |Gypsumboard, interior 625 850 0.2 0.026

97



Table 16: Continued

Assembly (Id.7): Sandwich Panel+Siding+Gypsumboard

ouiskiz nsida
Homogenous layers [ 1] s |5
Thermal resistance: 1.674 m*K/W
Heat transfer coefficient] U-value): 0.54 Winm2K
ety 008 | oot |
Thickness [m]
Thickness: 0.081 m
Material/Layer p c ~ Thickness
M. (from outsideto inside) [kg/m?] [J/kgK] [W/mK] [m] Color
1 |Composite Wood Siding 740 1880 0.094 0.011
2 |Metall-Stainless Steel 7900 460 17 0
3 |EPS (heat cond.: 0.04 W/mK - density: 15 kg/m?) 15 1500 0.04 0.08
4 [Metall-Stainless Steel 7900 460 17 0
5 |Interior Gypsum Board 625 870 0.16 0.01
Container Type B
Assembly (Id.4): Container Slab
autshda nside
Homaogenous layers R R
Thermal resistance: 2.129 m*K/W
Heat transfer coefficient( U-value): 0.43 Wim*K
008 | oms ff
Thickness [m]
Thickness: 0.097 m
Material/Layer P c A Thickness
Nr. (from outsideto insids) [kg/m?] [J/kgK] [WimK] [m] Color
1 |Metall-Stainless Steel 7900 460 17 0
2 [Mineral Wool (heat cond.: 0,04 W/mK) 60 850 0.04 0.08
3 |Fibrecementboard 1610 850 0.13 0.016
4 |PVC Coating 1390 900 017 0.001 -
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Table 16: Continued

Assembly (Id.1): Roof

ouiskiz nside
Homogenous layers | s |
Thermal resistance: 2 mKJ/W
Heat transfer coefficient( U-value): 0.47 Wim3K
| 0% |
Thickness [m]
Thickness: 0.081 m
Material/Layer [l c A Thickness
Nr. (from outside to inside) [ka/m?] [ikgK] | [WimK] [m] Color
1 |Metall-Stainless Steel 7300 460 17 0
2 [Mineral Wool (heat cond.: 0,04 WimK) 60 850 0.04 0.08
3 |Metall-Stainless Steel 7300 460 17 0
Assembly (Id.2): Sandwich Panel
ouisids nside
Homogenous layers [ R I
Thermal resistance: 1.5 m2K/W
Heat transfer coefficient{ U-value): 0.6 W/mK
| ass I
Thickness [m]
Thickness: 0.061 m
Material/Layer p = R Thickness
Nr. (from outsideto inside) [kg/m?] [J/kgK] [WImK] [m] Color
1 [Metall-Stainless Steel 7900 460 17 0
2 |EPS (heat cond.: 0.04 WimK - density: 15 kg/m?) 15 1500 0.04 0.06
3 |Metall-Stainless Steel 7900 460 17 0
Container Type C
Assembly (1d.4): Container Slab
outsida —
Homogenous layers 2 ]
Thermal resistance: 2.129 mK/W
Heat transfer coefficient( U-value): 0.43 Wim*K
0.08 | oms
Thickness [m]
Thickness: 0.097 m
Material/Layer p c 8 Thickness
Mr. (from outsideto inside) [ka/m?] [/kgK] [W/mK] [m] Colar
1 |Metall-Stainless Steel 7300 460 17 0
2 |Mineral Wool (heat cond.: 0,04 WimK) 60 850 0.04 0.08
3 |Fibrecementboard 1610 850 0.13 0.016
4 |PVC Coating 1390 900 017 0.001 -
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Table 16: Continued

Assembly (1d.8): Sandwich Panel+5Siding+Timber Sheeting

Ere neidz
Homogenous layers 1] 5 =
Thermal resistance: 1.723 m* KW
Heat transfer coefficient| U-value): 0.53 W/im3K
(| a8 oot
Thickniess [m]
Thickness: 0.081 m
MaterialiLayer o c A Thickness
Mr. {from outside to inside) [kgim?] [ikgk] WM [m] Caolar
1 |Composite Wood Siding 740 1880 0.084 0.011
2 |Metall-Stainless Steel 7900 450 17 0
3 |EPS (heat cond. 0.04 WimK - density: 15 kg/m®) 15 1500 0.04 0.06
4 |Metall-Stainless Steel 7900 450 17 0
5 |Spruce, radial 455 1500 0.09 0.01
Assembly (Id.11): Container Roof+Timber Sheeting
autshde nskia
Homogenous layers 5 s
Thermal resistance: 2. 289 mJ/W
Heat transfer coefficient( U-value): 0.4 W/im3K
008 | s
Thickness [m]
Thickness: 0.106 m
Material/Layer P c s Thickness
Nr. {from outside to inside) [kg/m? [JkgK] [W/mK] [m] Color
1 |Metall-Stainless Steel 7900 460 17 0
2 [Mineral Wool (heat cond.: 0,04 W/imK) 60 830 0.04 0.08
3 |Spruce, radial 455 1500 0.09 0.026
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Table 16: Continued

Container Typd®
Assembly (Id.4): Container Slab
ouisklz nskia
Homogenous layers 2 [ 2§
Thermal resistance: 2.1289 m*K/W
Heat transfer coefficient{ U-value): 0.43 WimK
0.08 | oms |
Thickness [m]
Thickness: 0.097 m
Material/Layer p c A Thickness
Nr. (from outsideto inside) [kg/m?] [kgk] [WimK] [m] Color
1 |Metall-Stainless Steel 7900 460 17 0
2 |Mineral Wool (heat cond.: 0,04 W/imK) 60 830 0.04 0.08
3 |Fibrecementboard 1610 830 0.13 0.016
4 [PV Coating 1390 900 0.17 0.001 -
Assembly (1d.1): Roof
outside nside
Homogenous layers | 2 |
Thermal resistance: 2 mJ/W
Heat transfer coefficient( U-value): 0.47 Wim?K
| oss |
Thickness [m]
Thickness: 0.081 m
Material/Layer [l c . Thickness
Nr. (from outside to inside) [ka/m?] [MkgK] | [W/mK] [m] Color
1 |Metall-Stainless Steel 7300 460 17 0
2 [Mineral Wool (heat cond.: 0,04 WimK) 60 850 0.04 0.08
3 |Metall-Stainless Steel 7300 460 17 0
Assembly (Id.2): Sandwich Panel
ouiskiz nskia
Homogenous layers [ R I
Thermal resistance: 1.5 mK/W
Heat transfer coefficient( U-value): 0.6 W/m3K
| 005 I
Thickness [m]
Thickness: 0.061 m
Material/Layer p c e Thickness
M. (from outsideto inside) [kg/m?] [J/kgK] [W/mK] [m] Colar
1 |[Metall-Stainless Steel 7900 460 17 0
2 |EPS (heat cond.: 0.04 WimK - density: 15 kg/m?) 15 1500 0.04 0.08
3 |Metall-Stainless Steel 7900 460 17 0
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APPENDIX C

POST-RETROFIT BUILDING INPUTS

Table 17: Postretrofit Building Inputs

Container Type A

Aszembly (ld.3): Container Slab+Intello

outside e
Homogenous layers . e
Thermal resistance: 2.128 m*EWW
Heat transfer coefficient] U-value): 0.43 Wim*K
008 | aois ||

Thickness [m]
Thickness: 0.0%5 m

Material/Layer p c L Thickness
M. (from outside to inside) [kafm?] [Wikagk] [Wim [m] Caler
1 [Metall-Stainless Steel 7900 480 17 o
2 |Mineral Wool (heat cond.: 0,04 WimK) 80 850 0.04 0.08
3 |Fibrecementboard 1810 850 013 0.016
4 |PVC Coating 1380 800 017 0.001
5 |INTELLO 118 2500 24 0.001
Assembly (ld.5): Container Roof+Intello
outsida e
Homogenous layers . - I
Thermal resistance: 2.13 mHW
Heat transfer coefficient] U-value): 0.43 Wim*K
008 | oo |

Thickness [m]
Thickness: 0.107 m

Material/Layer p c A Thickness
Mr. (from outside to inside) [kaim?] [ikgk] [Wimk] [m] Caolor
1 |Metall-Stainless Steel F900 480 17 0
2 |Mineral Wool (heat cond.: 0,04 WimK) 60 a50 0.04 0.0
3 |Gypsumboard, interior 825 850 0.2 0.026
4 [INTELLO 115 2500 2.4 0.001 -
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Table 17:Continued

Assembly (Id.9): 3andwich Panel+Siding+Gypsumboard+ntello

outside —
Homogenous layers [ 11 : N
Thermal resistance: 1.8758 m*EAW
Heat transfer coefficient] U-value): 0.54 Wim*K

1“2 08 oot |f

Thickness [m]
Thickness: 0.082 m

Material/Layer p c A Thickness
M. {from outside to inside) [ka/m?] [WkgK] [WImK] [m] Color
1 |Composite Wood Siding Ta0 1880 0.094 0.011
2 |Metall-Stainless Steel 7900 480 17 0
3 |EPS (heat cond.: 0.04 WimK - density: 15 ka/m*) 15 1500 0.04 0.06
4 |Metall-Stainless Steel 7900 480 17 0
& |Interior Gypsum Board 625 370 0.16 0.01
& |INTELLO 1158 2600 2.4 0.001 -

Container Type B

Assembly (Id.3): Container Slab+Intello

outsida neidz
Homogenous layers - e
Thermal resistance: 2.125 m3KW
Heat transfer coefficient] U-value): 043 W/m*K

008 | aots ||

Thickness [m]
Thickness: 0.088 m

Material/Layer P C A Thickness
M. (from outside to inside) [kgim?] [JikgK] [WimK] [m] Colar
1 |Metall-Stainless Steel 7800 450 17 0
2 |Mineral Wool (heat cond.: 0,04 W/mK) 60 850 0.04 0.08
3 |Fibrecementboard 1610 8580 0.13 0.016
4 |PVC Coating 1380 800 017 0.001
& [INTELLO 115 2500 24 0.001
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Table 17: Continued

Assembly (Id.5): Roof+Intello

ausida ez
Homogenous layers I . K
Thermal resistance: 2 m* AN
Heat transfer coefficient| U-value): 0.47 Wim3K

I o b

Thickness [m]
Thickness: 0.082 m

Material/Layer p C A Thickness
Mr. (from outside to inside) [ka/m?] [ikgk] [W/m [m] Color
1 |Metall-Stainless Steel 7900 4580 17 0
2 |Mineral Wool (heat cond.: 0,04 W/imK) &0 850 0.04 0.03
3 |Metall-Stainless Steel 7900 4580 17 0
4 |[INTELLO 118 2500 24 0.001 -

Assembly (Id.6): Sandwich Panel+Intello

iz e
Homogenous layers | 2 H
Thermal resistance: 1.5 m* KN
Heat transfer coefficient{ U-value): 0.8 W/m3K

I a8 f

Thickness [m]
Thickness: 0.062 m

Material/Layer p C A Thickness
hr. (from outside to inside) [kaim?] [ikak] [W/mK] [m] Color
1 |Metall-Stainless Steel 7900 480 17 0
2 |EPS (heat cond.: 0.04 WimK - density: 15 kg/m?) 15 1500 0.04 0.06
3 |Metall-Stainless Steel 7800 480 17 0
4 [INTELLO 118 2500 24 0.001 -
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Table 17:Continued

Container Type C

Assembly (1d.3): Container Slab+intello

outzide nzide
Homogenous layers . [ 2l
Thermal resistance: 2.129 m* KW
Heat transfer coefficient] U-value): 0.43 Wim*K
008 | ams ||
Thickness [m]
Thickness: 0.088 m
Material/Layer p c A Thickness
Nr. (from outside to inside) [ka/m?] [ikak] [WImK] [m] Calor
1 |Metall-Stainless Steel 7900 450 17 o
2 [Mineral Wool (heat cond.: 0,04 WimK) 60 850 0.04 0.08
3 |Fibrecementboard 1810 850 013 0.016
4 |PVC Coating 1380 900 017 0.001
g |INTELLO 118 2500 24 0.001
Aszembly (Id.11): Container Roof+Timber Sheeting
autsita gz
Homogenous layers . s
Thermal resistance: 2.28% maKW
Heat transfer coefficient] U-value): 0.4 Wim*K
008 | oo
Thickness [m]
Thickness: 0,106 m
Material/Layer p c A Thickness
Nr. {from outside to inside) lka/m3] Wikgk] [WImK] [m] Caolar
1 |Metall-Stainless Steel 7900 450 17 o
2 |Mineral Wool (heat cond.; 0,04 WimK) &0 850 0.04 0.08
3 |Spruce, radial 455 1500 0.09 0.026
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Table 17:Continued

Assembly (1d.10): Sandwich Panel+Siding+Timber Sheeting+intello

" | auside nside
omogenous layers
. g [ 1] 3 5§
Thermal resistance: 1.723 m*KW
Heat transfer coefficient{ U-value): 0.53 Wim3K
|“2™] 008 Jaot f

Thickness [m]
Thickness: 0.082 m

Material/Layer p c A Thickness
M. (from outside to inside) [ka/m?] [ikak] Wi [m] Calor
1 |Composite Wood Siding T40 1580 0.094 0.011
2 |Metall-Stainless Steel 7800 480 17 0
3 |EPS (heat cond.: 0.04 W/mK - density: 15 kaim®) 15 1500 0.04 0.06
4 |Metall-Stainless Steel 7900 480 17 0
5 |Spruce, radial 455 1500 0.09 0.01
& |INTELLO 115 2500 24 0.001 -

Container Type D

Assembly (1d.3): Container Slab+Intello

autsidz nEide
Homogenous layers - |
Thermal resistance: 2.128 m*HAW
Heat transfer coefficient( U-value): 0.43 Wim3K
008 | oots |

Thickness [m]
Thickness: 0L088 m

Material/Layer o] c A Thickness
Mr. (from outside to inside) [ka/m?] [Jkak] [Wimk] [m] Calar
1 |Metall-Stainless Steel 7900 480 17 0
2 |Mineral Wool (heat cond.. 0,04 W/mK) &0 850 0.04 0.03
3 |Fibrecementboard 1610 850 013 0.016
4 |PVC Coating 1380 D00 017 0.001
E |INTELLO 115 2500 2.4 0.001
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Table 17:Continued

Assembly (1d.1): Roof
outzidz e
Homogenous layers [ . I
Thermal resistance: 2 m*EW
Heat transfer coefficient] U-value): 0.47 Wim3K
| ass I
Thickness [m]
Thickness: 0L081 m
MaterialiLayer o] c s Thickness
Mr. (from outside to inside) Tka/m?] [kagk] [WImk] [m] Color
1 |Metall-Stainless Steel 7900 480 17 0
2 |Mineral Wool (heat cond.: 0,04 WimK) &0 450 0.04 0.03
3 |Metall-Stainless Steel 7900 480 17 0
Assembly (1d.6): Sandwich Panel+Intello
outsida nEide
Homogenous layers z H
Thermal resistance: 1.5 m*KW
Heat transfer coefficient U-value): 0.8 Wim3K
[ 008 H
Thickness [m]
Thickness: 0.062 m
Material/Layer P c A Thickness
Mr. {from outside to inside) [kaim?] [ikgK] [WImK] [m] Color
1 |Metall-Stainless Steel 7900 480 17 0
2 |EPS(heat cond.: 0.04 W/mK - density: 15 ka/m?) 15 1500 0.04 0.06
3 |Metall-Stainless Steel 7900 480 17 0
4 [INTELLD 115 2500 24 0.001 -
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APPENDIX D

PRE-RETROFIT BLOWER DOOR RESULTS

Certificate

about the BlowerDoor Test
Object:

Conex Container

Office Use

Keresteciler Sitesi, Adnan Menderes Bulv.
Ankara

Test Date: 05.06.2015
Air change rate (n50) at 50 Pascal
according to EN 13829

n50

9.3 1h

Regulation complied with: Regulation of your country

n50 < 3 1

The test results do not meet the regulation.

19/06/2015
¢ & Middle East Technical University - Building Science
MATPUM
Universiteler Mah.
Mirbek Bekboliev Ankara

Figure 58: Pre-Retrofit Blower Door TesReportType A
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Figure 59: PreRetrofit Blower Door TesReportType B(page 1)
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