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NATURAL VENTILATION OF HIGH-RISE BUILDINGS
A METHODOLOGY FOR PLANNING WITH DIFFERENT ANALYSIS
TOOLS AND CASE-STUDY INTEGRATION

SUMMARY

Natural ventilation of buildings has the potenttal significantly reduce energy
consumption related to cooling and fanning. This ba achieved by (i) providing
good indoor air quality without any electricity dand and (ii) improving thermal
comfort in the summer through increased daytimgpaied and high night ventilation
rates. In high-rise office buildings, however, matwentilation is still not a widely
preferred means of ventilation.

The main reason is the lack of information on thguired system design. There are
neither standards nor tools and instrument thap@wpplanners in the design of
natural ventilation systems. Evaluation tools amtruments that are usually applied
for effective vent sizing during preliminary plangi are not suitable for complex
flow path design. Only few results, if any, are italde on the performance of
naturally ventilated high-rise office buildings,pesially where energy conservation
is considered. In addition, a passive cooling apginocan rely not only on intense
natural ventilation but also on the reduction oathgains, and on night cold storage
systems. Considering these aspects together, ithareefinitive need for research on
the flow path design taking vent sizing for the\psen of good indoor air quality
and thermal comfort into account..

The current thesis is predicated on the above mmeedi research gap. Towards this
end, the thesis sets out to explore the concepatfral ventilation with focus on
office buildings as a major application area. Engihés laid on the cooling potential
of natural ventilation. The existing barriers foragtically implementing passive
technologies can be lowered by creating a quabldiframework that accounts for
all the relevant input parameters in the desigregss. In order to reach this goal, a
planning and simulation approach is developed lierrequired system design, and
the functionality is subsequently evaluated. Thalts of simulations are compared
to those of a reference case-study.

The 28-floor Kanyon high-rise office tower, situate Istanbul, Turkey, is selected
to demonstrate the applicability as it is considdrebe a representative, state-of-the
art building. From the energy metering, it is caigigld that mechanical cooling and
ventilation result in significant electricity comaption. Detailed information on the
building and its operation has been made availaplthe building management. In
addition to the primary case-study, a comparatssessment of the impact of three
different moderate climate locations, viz., Istanb@urin and Stuttgart, is
systematically analysed.
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The primary objectives of the thesis can be state(l) the development of a design
approach, and (ii) the investigation of the fedsjbof the proposed design, based on
an existing case-study building virtually adaptpddfically for this purpose.

The approach is developed in three steps, includingconceptual design
considerations with focus on the architectural egngnces on the building type of
concern, (ii) the original development of a prehany design tool based on electrical
circuit analogies for sizing the natural ventilatisystem, and (iii) a more detailed
design development based on annual building en@gyormance simulations
including custom ventilation control.

In the first step, an architectural concept is dgwed for passive cooling in wide-
shaped high-rise buildings where it is impossibledalise simple cross ventilation
or single-sided ventilation. During the conceptdasign process several challenges
emerged. Conceptual adaptations addressing the dhitv design are (i) a central
chimney strategy in respect to the building widii,isolated, modular segments, as
each can then be treated as a medium-rise builthdg(iii) opposed, wind adapting
openings to guarantee the intended flow directimhta maximise the wind pressure
differences. Other solutions proposed for passoaditng are (iv) improved external
shading devices (v) activation of the structurakstr night-time ventilation.

In the second step of the design approach, thanatig developed ‘HighVent’
planning tool is introduced with the aim to deteremthe design air change rate and
system sizes necessary for climate specific sundasign days. Simple electrical
circuit analogies, for both ventilation and thermaddels, are found to be suitable in
supporting the passive system planning. As it irckaled that the classic design day
conditions for mechanical plant sizing are toocstfor passive cooling system
design, meaningful design boundary conditions ao®iged. Openings can be sized
automatically by the inverse solver method inclgdan optimization process. For
the Kanyon building, the pressure distribution iedaced from wind tunnel
measurements. The program first calculates the-flatli design for a given airflow
rate with unchanging boundary conditions. Theseieslare then provided to the
thermal module, which calculates the dynamic thérooanfort. The procedure is
then repeated till the system size is sufficiemtgassive cooling. The tool outputs
include advice if certain adaptive thermal comforiteria can be reached for a
summer design day.

In the third step, the annual performance is exaniplmodelled with EnergyPlus
building energy performance simulations includindl@av networks. This includes
the ‘HighVent’ tool preliminary ventilation desigoutputs, further ‘post-processed’
as model inputs, the conceptual adaptations madenfroved shading and thermal
mass activation, and the remaining features of akéduilt Kanyon building in
accordance with the data provided by the buildirrmagement. It allows the users to
perform sensitivity analysis for the investigatminthe impact of specific parameters.
The custom ventilation control dynamically targétsachieve (i) good indoor air
quality according to EN 13779, and (ii) stay witlsdaptive comfort limits category
Il according to EN 15251. Annual thermal comforthe most crucial indicator for
evaluating passive cooling concepts, and is thezefsoposed for final decision
making. As the volume of a building is an expense®ource, the designer needs to
do a weighting between the expected comfort andsittes of the natural ventilation
system.
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The applicability of the ‘3-step’ design approach then further evaluated by
comparing the fully mechanical operated as-builbyan building with an operation
based on passive and the hybrid control. The assegss carried out with the help
of performance indicators, and the results arended to assist decision making in
the design phase. Indicators proposed to evalldunctionality are the energy
consumption compared to that of mechanical vergilaand cooling systems, and
compliance with the thermal comfort limits; addited aspects are the ventilation
rates and the indoor air quality reached.

A significant result of this comparative study st control over the openings is
crucial for all the scenarios when it comes to ratwentilation applications;
otherwise ventilation rates can get too high areddfiice rooms tend to cool down
way too much even during summer. It is shown tih& ‘@daptive temperature
amplifier’ control algorithm developed is more ra@buthan simplistic controls.
Furthermore, simulation results indicate that priypgesigned and controlled natural
ventilation shows a good functionality and the cornfimits are rarely exceeded.
However, differences in climate among geographieglons have a varying impact
on the simulation results. For example, in the atenof Stuttgart, further adaptations
to the preliminary design of the ‘HighVent’ tool bybrid cooling are not necessary,
whereas in Istanbul adaptations might be reasondloleever, to satisfy the comfort
expectations in Turin, there is a necessity fothier passive design adaptations or a
hybrid cooling concept. That humidity values meeiméort expectations must be
discussed and accepted by all project stakeholdexs,a hybrid operation approach
might be a good alternative. Nonetheless, in attr@dled scenarios, high indoor air
guality is achieved.

To systematically study the possible energy corasdEmnw while maintaining thermal
comfort, the energy consumption of identical bungs with different variants
(passive/hybrid/active) is compared and benchmadgainst the as-built scenario.
Results show that the primary energy input forklaa@yon office-tower building can
be reduced by approximately 30% to 40% for passparation and by 28% to 34%
for hybrid operation. For passive cooling includiogntrolled natural ventilation,
there is even no energy consumption for cooling aedtilation required, while
energy usage for pump operation is limited onlyhe heating season. The hybrid
strategies are found to be capable of exploitirgliiggest share of passive cooling
and ventilation energy conservation by providingh@aximum operative temperature
limit of 26 °C. This verifies the initial assumptichat energy conservation of purely
passively cooled and ventilated office spaces gniitant, especially when
compared to highly energy consuming state-of-theffice towers.

The results of this research work are intendedthenone hand, to support building
planners in better understanding and implementassipe cooling measures and, on
the other hand, to contribute to further developnoéisustainable building practices.
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COK KATLI B INALARDA DO GAL HAVALANDIRMA
FARKLI ANAL iZ ARACLARI VE ORNEK ALAN ENTEGRASYONU ILE
PLANLAMA iCIN BIR YONTEM

OZET

Dogal havalandirma, binalarda, @gma ve hava uflemeye gkin elektrik enerjisi
tiketimini azaltma potansiyeline sahiptiki ana fonksiyonu: (i) havanin hareket
ettirilmesi icin elektrik harcanmadan iyi bir i¢ ke hava kalitesi gganmasi ve (ii)
gln icinde hava hizinin artiriimasi ve gece boywitksek havalandirma oranlari
aracllglyla yaz aylarinda konfor sicaginin iyilestiriimesidir. Esas fayda, gsal
enerji gereksinimine ihtiyac duymaksizin, yaz aylda sgutma icin gerekli olan
yuksek havalandirma oranlarina wlaas! olasigidir. Ancak ana sorun, i
aylarinda, 1lik oda sicakgindan isinin geri kazaniimasidir. g havalandirma, ¢ok
katli ofis binalari icin hala yaygin olarak terogdilen bir havalandirma yontemi
degildir. Konfor sicaklgl kestirimlerindeki belirsizliklere kg olarak, mimar ve
muhendisler, pasif teknolojilerin uygulanmasinaahgdkinceli yaklgmaktadirlar.

Bunun nedeni, klima tesisatli olmadan iyi bir konfcaklgl ve i¢ mekan hava
kalitesinin elde edilebilmesi igin gerekli olan ehgli sistem tasarimi konusunda
sinirh dizeyde bilginin var olmasidir. Plancilaiogal havalandirma sistemlerinin
tasarimi konusunda destekleyebilecek, hazir stdadaulunmamaktadir. Hava
deliklerinin efektif olarak boyutlandiriimasi iciin deerlendirme arac ve aygitlari
bulunsa da, bunlar sadece bazi bina ve havalandasaumlari igin gegerlidir ve
karmalk akim yolu tasarimlarinda kullaniimak icin elgéirdegildir. Dogal olarak
havalandirilan c¢ok Kkatli ofis binalarinin, 06zeléklenerji korunumu ile ilgili
performanslari konusunda, yok denecek kadar azcsorastlanmaktadir. Akim yolu
tasariminin icergd Ogelerin boyutlari ve havalandirma stratejilemirargtiriimasi
konusunda nihai bir ihtiyagc bulunmaktadir. Pasifugma yaklaiminin sadece
sglam bir dgal havalandirmaya @#, ayni zamanda IsI kazanimlarinin
azaltimasina ve gece @@unun depolanmasi sistemlerine de dayandi
gorulmugtar.

Bu tez, bahsi gecen atama acgina dayanmaktadir ve dolayisiyla amaclanan,
thman Avrupa iklimlerinde enerji korunumu @anabilmesi igin dgal
havalandirmadan faydalaniimasinin  elférigini  incelemektir. Bu amac
dogrultusunda tezin #angi¢c noktasi, dgal havalandirma igin buyuk bir uygulama
alani olan ofis binalarina ganlasarak, dgal havalandirma kavramini incelemektir.
Buradaki ana 0Onerme, pasif teknolojilerin etksekilde uygulanmasi yoluyla,
surddrdlebilir binalar tasarlanmasi veanedilmesinin mimkin olgwdur. Esasen,
dogal havalandirmanin gatma potansiyeli Gizerine vurgu yapiimaktadir. Eerdh
kapsayici hedef, yeni binalarin tasarlanmasi vecuotewvlanlarin gedtiriimesi ile
baglantili enerji tasarrufu 6nlemleri konusundaki imifiel anlay derinlestirmektir.
Tasarim sdreciyle ilgili batin girdi parametreleritanimlayan, 6lculebilir bir
cerceve yaratilmasi aragiyla, pasif teknolojilerin pratik olarak uygulanabesi
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onundeki mevcut engellerin azaltiimasglaaabilir. Bu hedefe ulanak amaciyla,
gerekli sistem tasarimi igin bir planlama ve simytn yaklaimi gelstiriimis ve
ardindan, kontrolli dgal havalandirmanin fonksiyonglii degerlendirilmistir.

Simulasyon sonugclari, referans alinan 6rnek a&@kakilastiriimistir.

Istanbul / Turkiye’de yer alan cok katli ofis kulé&inyon (28 kat), yuksek konfor
beklentileri ve karmgk mekanik sistemleri ile en son teknoloji ilesanedilmi bir
bina olarak temsili 6zellikler tamasi nedeniyle, uygulamayi gostermek amaciyla
secilmstir. Binanin Olgilen enerji tiketiminden yola ci&lr solar ve icsel 1si
kazanimi ile temiz hava kontroliiniin, mekanikgma ve havalandirma icin énemli
dizeyde elektrik tiketimine neden ofadusonucuna varilrgtir. Bina ve gletme
konusundaki detayll bilgi, bina yonetimi tarafindasglanmstir. Esas alan
arsgtirmasina ek olarak, t¢ farkli ihman iklim konunwm etkisi tzerine bir
karsilastirmali deserlendirme yapmak tizeréstanbul, Torino ve Stuttgart sistematik
olarak analiz edilmstir. Bu deserlendirme, farkh iklim keullarinin, tasarim ve
performans Uzerindeki etkilerini daha iyi anlamaik igerceklstirilmi stir. Kapsamin
bu sekilde gengletiimesi ile dngorilen, pasif §atma sistem tasarimlari igin anlamli
sinir kaullarinin sglanmasidir.

Tezin balica hedeflerisu sekilde siralanabilir: (i) cok kath ofis binalarmipasif
soggutma ve havalandirmasi icin bir tasarim yakia gelstirmek, (i) onerilen
tasarimin fizibilitesini incelemek adina, Ozellikleu amac¢ icin sanal olarak
uyarlanmg mevcut bir binaya dayali alan sinamasi gerceklgirmek.

Dogal havalandirma tasariminin farkli analiz araglarornek alan entegrasyonu ile
planlanmasi icin bir yakiam gelitirilmi stir. Yontem ¢ gamadan olgmaktadir: (i)
ilgili bina tipi Gzerindeki mimari sonuglara odakkEn kavramsal tasarim
deserlendirmesi, (i) havalandirma sistemini boyutlanthk icin elektrik devresi
analojilerine dayali 6zgun bir 6n tasarim aracugetistiriimesi ve (iii) isteze basli
havalandirma kontrolini de iceren, yillik bina @ngerformansi similasyonlarina
dayall daha detayl bir tasarim gahlmesi.

Ilk asamada, basit capraz havalandirma ya da tek yonlualdradirma
uygulamalarinin imkansiz olgu gens yapil ¢ok katli binalarda, pasif @tma icin
genel bir kavram gdfiirilmistir. Tasarim yaklgmina iliskin argtirma sorusu
mimari sonuclar Uzerine yanlasmistir. Bulgular, dikkate alinan spesifik bina
turinin incelenmesine ek olarak, 6rnek alan olamyka binasinin ve iklim
degerlendirmesinin  incelenmesinden elde edilen bulguladayanmaktadir.
Kavramsal tasarim surecinde bir takim zorluklarayat cikmgtir. Akim yolu
tasarimina yonelik kavramsal uyarlamalanlardir: (i) bina gesligine bali olarak
merkezi baca stratejisi, (i) her biri orta yiksktd bir bina olarak
deserlendirilebilecek izole, moduler parcalar ve (iiistenilen akim yonina
garantilemek ve ruzgar basing farkhliklarini makge etmek icin karlikli, rizgara
gore ayarlanmi acikliklar. Pasif sgutma icin onerilen @er kavramsal tasarim
¢bzimleri sunlardir: (iv) binaya giren solar radyasyon miktaridisirme
kapasitesine sahip, iyieriimis dissal goélgelik aygitlari ve (v) gece havalandirmasi
icin binanin yapisal kitlesinin aktive edilmesi.

Tasarim yaklgminin ikinci gamasinda, iklime 6zgl yaz gindiz tasarimi igin
gerekli olan hava dgsimi oranini ve sistem boyutunu belirlemek amacytgin
olarak gelgtirilmis ‘HighVent' (‘YUksekHavaDelgi’) planlama araci tanitiingir.
Basit elektrik devre analojileri, hem havalandirimam termal modellerde, dal
havalandirma sistemleri odakli pasif sistem plamaisim desteklemek icin uygun
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gorulmistar. Sonuclarin gecerlfi, ‘EnergyPlus’ bina enerjisi simulasyon programi
ile kasilastirmali dgrulama yapilmasi yoluyla kanitlangtir. Mekanik tesis
boyutlandirmasi ile ilgili klasik gindiz kollari tasariminin, pasif gatma sistem
tasarimi igin fazla kati olgw ve uyarlanmy konfor yaklgimini yansitmagh
sonucuna varilmasi neticesinde anlaml tasarim lsogullari, yaz gunt profillerinin
0zgun olarak gedtirilmesi aracilgiyla saglanmstir. Yaklagsim, giri sicak ve normal
yaz donemleri icin ortalama hava sicgklnem orani, radyasyon ve ruzgar bilgisini
organize etmektedir. Acikliklar, optimizasyon simede iceren ters ¢dzucu yontemi
ile otomatik olarak boyutlandirilabilmektedirlerditem, arazi ve kat yukseklikleri
icin duzeltme faktori 6nermektedir. Varsayilan basiailimi ve akim direncleri
duzenlenebilmektedir. Kanyon binasi icin, basingcts&alari, ruzgar tineli
Olcllerinden elde edilmgiir. Program oncelikle, dgsmeyen sinir kgullar ile
verilmis hava akimi oranina gére akim yolu tasarimini Hessaktadir. ilk
modulden alinan bu derler, dinamik konfor isisini hesaplayan termal tied
aktariimaktadir. Ardindanglemler, sistem boyutu pasif @stma icin yeterli olana
dek tekrarlanmaktadir. Bina, hava sizdirm@azlyonelim, solar kontrol, parlama
orani, IsI kitlesi, konumu ve icsel 1s1 kazanimligibi tasarim secenekleriyle
tanimlanabilmektedir. Termal modeli de iceren dikangindiz simulasyon
tasarimlari, tek boélge modeli icin ydritilmektediBu tasarimlar, secilen
havalandirma stratejisi ve boyuta gore binanin &troavrargl Uzerindeki etki
degerlendirmesinin yapilmasina olanak tanimaktadirfmac¢ sonuclari, gr yaz
gund tasarimlari icin belirli bir uyarlangnikonfor 1sisi olgutt elde edilebilirse,
Oneriler de icermektedir.

Ucuncti @amada, uyarlanmi Kanyon binasinin yillik performansi, hava akimi
aglarini da iceren EnergyPlus bina enerji simulasgonle 6rnek olgturacaksekilde
modellenmgtir. Model, ‘HighVent’ aracinin ilk havalandirmas@rim sonugclarini,
‘islem sonrasi’ model girdilerini, iyikdiriimis golgelik ve 1sI kitle aktivasyonlari
icin yapilmg kavramsal uyarlamalari ve bina yoneticileri tand&n sglanmsg
veriler dgrultusunda Kanyon binasinin uygulama c¢izimlerineskih diger
Ozelliklerini de icermektedir. Belirli parametreleretkilerinin incelenebilmesi icin
kullanicilara duyarhlik analizi yaritme olafiaaninmaktadir. Programlangristese
bagli havalandirma kontroll ile dinamik olarak eldeil@@ye calgilan: (i) EN
13779'a bgli yuksek i¢c mekan hava kalitesi elde edilmesii)eEN 15251 kategori
I'ye bagl olarak uyarlanabilir konfor sinirlar icerisindealmasidir. Hedeflenen
hava dgisimi orani, uygulanmasi amaclanan hava miktarinsteederken, ulglan
hava dgisimi orani, similasyonda ortaya cikan havalandirmakiicik olan
miktaridir. Yillhik konfor 1sisi, pasif gmtma kavramlarinin dgerlendirilmesi igin en
onemli gostergedir; dolayisiyla son karar alm@naasi icin onerilngtir. Bina
hacminin pahal bir kaynak olmasindan dolayi, tasamnin, beklenen uyarlanabilir
konfor ve d@al havalandirma sistem boyutu arasinda bir énegertendirmesi
yapmasi gerekmektedir. Tasarim oOzelliklerinin gomgkisinin aratirilmasi icin
duyarlihk analizi yapilmasi suretiyle sistem yesmdboyutlandirilabilir. Karma bir
yaklasimin benimsenmesi durumunda, mekanik sistem donavenenerji tiketim
parametrelerinin de dikkate alinmasi gerekmektedir.

Yontem yaklaiminin uygulanabilirigi, mevcut Kanyon ofis kulesinin sanal olarak
uyarlanmasi yoluyla tanitiimive degerlendirilmistir. Sanal izleme, modelleme ve
similasyon aracgiyla, yontem, hava sicakli dagilimi ve hava akimi érunttlerini,
dogal olarak havalandirilan bir ofis kulesi binasipnototipinde dngoérebilmektedir.
Isleyis diizeyi, bina enerji performansi simiilasyon sonugia Avrupa standartlar
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veya dger referans ©oOlcutlerine goére siniflandinlabilmesggin  performans
gostergelerinin kullaniimasi yoluyla tasdik edilrtekir. Farkh iklimsel keullarin
etkisi, u¢ farkh iklimsel konumdaki Ornek binanikarsilastirmali performans
degerlendirmeleri araciyla ortaya koyulmakta, boylece, Avrupa Biflnin, Bina
Enerji Performansi Yonergesinde belirlenen iddiaklefler desteklenmektedir.

Acikliklarin kontrol edilmesinin butiin 6érneklerd@emli oldigu gorulmtar; aksi
takdirde, havalandirma oranlan fazla yikselerelz gylarinda bile ofis odalarinin
fazla s@umasina neden olmaktadir. Haftallk tasarim simolalgsyinin
karsilastirilmasi ile gelstirilen ‘uyarlanabilir hava sicakil ytkselticisi’ kontrol
algoritmasinin, g@ri sgguma olmaksizin ve siklikla yiiksek ayari yapilmagaeek
kalmaksizin pasif mtma icin gerekli akim oranlarinin uyarlanmasinthasit
kontrollerden daha direncli olgu gosterilmgtir.

Sonuglar, dgru tasarlanan ve kontrol altindaki@d havalandirmanin iyisiedigini
ve EN 15251 kategori II'deki uyarlangnikonfor sinirlarinin nadiren sadigini
gostermektedir. Stuttgart ikliminde, ileri tasarioyarlamalarina ya da karma
sosutmaya ihtiyac olmagh sonucuna varilngtir. Istanbul'da, %3 ile %5 arasinda
ortalama bir gma siklgi ile ileri tasarim uyarlamasi ya da karmasoa makul
ancak zorunlu dgldir. Ancak, Torino’daki konfor beklentilerinin kgillanmasi icin,
daha fazla tasarim uyarlamasi veya bir karmgutsoa kavramina ihtiyac olgu
saptanmytir. Duyarhlik analizi, parlama alani ya da tegltizsi kazaniminin yariya
indirilmesi veya binanin @r olmasi durumunda, Torino’daki ortalamagma
sikliginin %3’Un altinda bir deere dgdrilebilecgini gostermektedir. Nem
degerlerinin konfor beklentilerini karlamasi tartilmali ve tim proje taraflarinca
kabul edilmelidir, aksi takdirde karma operasyonklgami iyi bir alternatif
olusturabilir.

Kontrol edilen tim 6érneklerde, EN 13779’a uygunraka ds mekan havasi tizerinde
400 ppm’nin altinda CO2 seviyesine rastlaginyiiksek ic mekan hava kalitesine
erisilmistir. Bunun nedeni, bir saniyedeskbasl en az 14 litre ile tanimlanan gerekli
hava akim oranlarinin gandigi, mekanik ve dgal havalandirma sistem boyutunun
yeterli olmasidir.

Konfor isisinin devamlgn saglanirken olasi enerji korunumunun incelenebilmesi
icin, similasyon aracgiyla, birbiriyle ayni olup varyantlari (pasif/karvdastif)
farkli olan binalar kanlastirimistir. Enerji tiketimi icin uygulanngi senaryolar
referans alinmgtir. Kanyon ofis binasinin klca enerji girdisi, pasifslem icin
yaklasik olarak %30-40 arasinda ve karmalein igcin %28-34 arasinda
diUstrdimistar. Kontrolli d@al havalandirmayi da iceren pasiggomada, sgutma

ve havalandirma igin enerji tuketimi yoktur ve pamplemi isitma sezonuyla
sinirlandiriimgtir. Bu durum, ilk bgta yapilan varsayimi goulamaktadir; tamamen
pasif olarak sgutulan ve havalandirilan ofis mekanlari i¢in enggrunumu kayda
deserdir, Ozellikle de ylksek enerji tiketen son tdkjoofis kuleleri ile
kiyaslandginda. Karma stratejileringlem icin maksimum 26 °C hava sicaklsiniri
sgilamasi nedeniyle, pasif a@tma ve havalandirma kaynakh enerji korunumunda
en yuksek paya sahip olglw goralmigtir. Yillik kiresel 1sinma potansiyelinde
azalmanin, yakkak olarak, Stuttgart'ta 1 200 ton CO2'ye, Torino’'la8800 CO2'ye
ve Istanbul’da 1 700 ton CO2'yedeger oldiygu gorilmektedir.
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1. INTRODUCTION

Natural ventilation of buildings has the potent@lsave significant electrical energy
consumption related to cooling and fanning. The nmadvantage of natural
ventilation is the possibility of achieving highntéation rates in summer for cooling
without external energy requirements. The main 8k, though, is the difficulty
of winter heat recovery from the warm room air. Fagh-rise office buildings,
natural ventilation is still not a widely preferrateans of ventilation. This is because
only limited information is available on suitablgsgeem design required to achieve
good thermal comfort and indoor air quality, with@ir conditioning. There are no
readily available standards which support planirete design of natural ventilation
systems. Few results, if any, are available orpréormance of naturally ventilated

high-rise office buildings, especially where enecgyservation is concerned.

The current thesis is predicated on the above e research gap, and therefore
aims to investigate the feasibility of exploitingtaral ventilation as a means of
achieving energy conservation for moderate Europdiarates. Emphasis is laid on
the cooling potential of natural ventilation. Theecarching goal is to deepen the
scientific understanding of the associated eneagyng measures both in the design
of new buildings and the improvement of existingldings. In order to reach this
goal, a planning and simulation approach is dewofor the required system
design, and the functionality of controlled natusgntilation is subsequently
evaluated. The focus is on office buildings as gomapplication area of natural
ventilation. The results of simulations are compate those of a reference case-

study — an office tower with mechanical ventilateomd cooling systems.

The thesis first summarises the findings of presistudies on natural ventilation and
hybrid design, control strategies, energy consumnptand performance indicators.
The approach to the development of proposed melbggas then explained,
followed by its virtual application through simutats. The 28-floor Kanyon high-
rise office tower, situated in Istanbul, Turkey, selected to demonstrate the

applicability as it is considered to be a represtive, state-of-the art building with



high comfort expectations and high energy consurmeghanical systems. Detailed
information on the building and its operation hasfmade available by the building

management for this research work.

In addition to the primary case-study, a compaeatigsessment of the impact of
three different moderate climate locations, vistahbul, Turin and Stuttgart, is
systematically analysed. This is to deepen the mstalieding of design and
performance consequences as a function of diffadlenaites. This extension is also
envisaged to provide meaningful boundary condititorspassive cooling system

design.

1.1 Design Methodology

The proposed passive cooling approach is basechmrae tsteps as follows. The

Kanyon office tower is virtually adapted accordyngl

Step 1: Passive cooling is conceptually realised by irgeday and night natural
ventilation, flanked by a reduction of solar heaing, and by thermal mass activation
to store night cold in the building fabric. The @ef night-time ventilation in office
buildings is to use the thermal mass of a buildksga heat sink. The structure is
cooled by convection during the night and is aloleabsorb heat in the occupied
hours. In principle, cool night air passes overeavyweight building fabric and
cools the thermal mass. The warmer daytime airtiwdh be reduced in temperature
when passing over that cooled slab. Therefore,tnvghtilation is particularly suited
to offices, which are unoccupied during the nightthis way, relatively high air
changes can be used to provide maximum coolingteff&hout creating thermal
discomfort or mechanical heating in the morningisTstrategy provides attenuation
of peaks in cooling load and modulation of interrehperature with heat discharge
at a later time. The natural ventilation desigaspecially developed for wide-shaped
high-rise buildings where it is impossible to realsimple cross ventilation or single-

sided ventilation.

Step 2: A ‘HighVent' preliminary design planning tool isedeloped based on
existing models of electrical analogies of flow @hdrmodynamics. This is intended
to support the passive system planning with emphasithe size and distribution of

flow paths. The cross-sectional areas of openings fouilding segment with up to



ten storeys are determined for (i) target air cleamgte with fixed boundary
conditions, and (i) expected wind velocities incaaance with the climate
assessment. The design is then tested with dynamiomer design day boundary
conditions. The results will indicate whether th&sgive cooling system sizes are
appropriate to obtain a good comfort level for thiemate considered or if the target
air change rate or other measures have to be fuattapted. Other measures include
reducing solar and internal heat gains (e.g., bsttading/smaller windows, and less
equipment or loads from lights, respectively), aestlvating additional thermal mass
for night-time ventilation using the building aseat sink (e.g., making the building
heavier by removing internal claddings).

Step 3: In the third step of the passive cooling approagdvelopment, the
preliminary design outputs are utilised as inpotsdietailed annual simulations. This
is realised by using integrated building energyfqggarance and airflow network
simulations. In contrast to the sizing tool develdpn Step 2, the overall annual
performance for a specific climate including thechenical systems and controls can
be considered. Simulation outputs further guide dbsigner to modify the initial

sizing parameters gathered from the ‘HighVent’ gegool if necessary.

Finally, in the design evaluation section, more pted airflow network- and
dynamic building simulations are carried out to edetine the annual thermal
comfort and the energy savings. Parametric redaitshe three chosen moderate
climate locations show that summer cooling potérmtral thermal comfort strongly
depend on the natural ventilation strategy. Gomlilte can be expected only if
ventilative cooling is applied along with other pag cooling measures, which in
this study are the reduction of solar heat gaind twe activation of the building
thermal mass as a heat sink for night-time veiitatControl over the openings is
crucial for all the cases; otherwise ventilatiotesacan get too high, and the office

rooms tend to cool down way too much even in suncaoeditions.



1.2 Contributions of the Study

The primary objectives of the thesis can be stagefbllows:

1) Development of a design approach for passive cgaimd ventilation of high-
rise office buildings, and

2) Investigation of the feasibility of the proposedige, based on an existing case-
study building adapted specifically for this pureos

The design approach to reduce heat gains and tthaseuilding’s mass as a heat
sink, has the focus on controlled natural venoblatiThe developed methodology
conceptually considers the special building shap&akh and wide. It is intended to
provide fundamental understanding on how the hugidspace can be naturally
ventilated by maximally exploiting the natural dng forces, viz., wind and buoyant
forces, for volume flow. Bearing this in mind, tleiginal ‘HighVent’ program,
which is based on electrical analogies of flow #m@rmodynamics, is developed as a
planning tool for the distribution and dimensionimigcomplex flow paths. This tool
has been developed with a view to preparing fanitalsle extension of the existing
standards, and to support the planning of ventiatapplications even in non-
residential, high-rise buildings. This means of atien of controlled natural
ventilation concepts had to be resorted to, asabdtandards and guidelines in

practice were found to be ill-suited for the builglitype concerned.

To evaluate the developed design, and to identiéyexisting design parameters to
be changed, outputs of the ‘HighVent’' tool are Hert utilised as inputs for a
complex energy performance simulation of the bogdiSince the functionality of
controlled natural ventilation is highly dependent the control methodology, new
adaptive temperature amplifier controls are dewsdoas part of the energy
management system controls. In this study, the iogsrfor natural ventilation are
controlled at night and day in a way that ensuresdgindoor air quality, best
possible thermal comfort conditions, and energyicieffit building operation.
Detailed EnergyPlus [1] simulations are intendedyteld information on the
functionality of passive cooling. The most impottéactors influencing passive and
hybrid cooling performance such as ventilation satontrols, heat gains, building
mass, and climatic conditions are evaluated. Degigek profiles give insight into

the functioning of natural ventilation systems, atsb serve to analyse the opening



control and the quality of indoor air. Annual asseent gives insight into the overall
functionality of controlled natural and hybrid opgon throughout the vyear.
Indicators used to evaluate the functionality &eednergy consumption compared to
mechanical ventilation and cooling, and especialtynpliance with the thermal
comfort limits for the users. Annual simulationg antended to indicate the period
when adaptive comfort can hardly be reached, asal @lovide information on the

influence of different design parameters.

Specific and systematic statements on annual ensmgings achievable through
natural ventilation are rare. The saved electecergy consumption for mechanical
ventilation, the possible cooling energy by niglantflation with increased air

changes rates and the energy losses due to missaigecovery in winter must be
considered as well as the auxiliary energy, eystesn pumps. Here two identical
buildings with different variants (passive/activaust be compared by simulation,
because the setpoint temperatures are differemtaurally ventilated buildings than

in air-conditioned buildings. For a more systematiady of the possible energy
conservation while maintaining thermal comfort, tf@r parametric annual

simulations coupled with airflow network simulatgare carried out. The savings on
energy, and the consequent environmental impadhare determined. This is done
by comparing the corresponding effects of the psepmatural ventilation strategies

with those of an identical building for which meaial ventilation is used.

1.3 Hypothesis

From the metered energy consumption of the Kanybeoedbuilding, it is concluded
that the building's solar- and internal heat gaissvell as its fresh air control result
in significant electricity consumption for mechaaliccooling and ventilation.
Systems that consume energy for fresh air suppprdwide comfort can be reduced
or eliminated with the use of passive or hybrichterdogies. For sustainable use of
energy, thus, there is a huge potential for passyjg@ems, whenever they are

capable, to maintain a good indoor environmentherbuilding occupants.

The two main functions of natural ventilation a(@:provision of good indoor air
quality without any electricity demand for movinggetair, and (ii) improvement of
thermal comfort in summer through increased daytmmspeed and high night

ventilation rates. Especially for commercial builgs, night-time ventilation seems



to be a simple and energy efficient approach torawg thermal comfort in summer
[2]. Additionally, passive systems such as selfpdidig solar shading elements or the

use of thermal mass as a heat sink can help toeteting internal environment.

Hybrid operation combines the use of natural andhaeical systems to cool and
ventilate buildings. These systems offer opportesitto take advantage of the
external conditions when appropriate, but have a&haecal backup system to
maintain the indoor environment during periods wttenexternal conditions are not

adequate [3].

Understanding the climate of a specific site cazate more liveable buildings that
require lower maintenance and utility costs. In srate climates, by reducing the
amount of supplementary cooling and fresh air neée¢danaintain occupant comfort
and health, the approach of passive technologies nesult in adequate building

design without the need for any mechanical systems.

However, due to uncertainties in the predictionthedrmal comfort, architects and
engineers are still hesitant to apply passive teldgies to wide, tall, and complex
buildings such as the Kanyon tower. In order touoeduncertainties, the most
important parameters affecting the summer passegggd performance need to be
identified. This thesis derives its motivation frahis premise, and aims to lower the
barriers for implementation of passive technologeisigh-rise buildings. This thesis
provides a unique opportunity for the passive systiesign in high-rise office
buildings as performance modelling is carried dudliferent design stages, and is
thus integrated into the design decision-making.

The results of this research work are intendedelp the building planner to better
understand and implement passive cooling measuitess envisioned that
recommendations for sustainable building practoaes be put forward through this
thesis by devising the following:

1) a passive system design and sizing tool,

2) natural ventilation control algorithms, and

3) a method for detailed design evaluation through

energy performance simulations.

As a result, builders can possibly build smallerchamical cooling plants, or even

leave them out, and the buildings can be operatee rifficiently, while providing



the users with improved thermal comfort. Moreovers hoped that this thesis will
be helpful for researchers in their search fordvesivlutions to the problem of

designing and constructing sustainable buildings.

1.4 Assumptions

The approach developed contains multiple assunmgpfionmodel inputs as well as
for the thermodynamic concepts, so that complexriatations can be simplified and
managed. The assumptions made while developingHilgaVent’ design tool vary
to some degree when compared to those made indhixt of more detailed
building energy performance simulations with En&igg. Building energy
performance simulation is typically used to compaesign alternatives, rather than
to predict the actual energy performance of bugdinThe list below is intended to

point the most relevant assumptions made:

» Typical meteorological year weather data used fotukations is gathered at
meteorological stations outside the city centred @ based on long-term
measurements from the past.

* Wind pressure is estimated according to wind tureeriments (pressure
coefficients) and the power-law estimation, whichicalates the local wind
speed depending on the height of the opening antethain roughness.

* Flow resistance of orifices is described by thelbsge coefficients with values
from literature, which are mostly obtained fromdadttory tests under still-air
conditions.

» Simplified approaches for infiltration and naturakntilation are based on
electrical analogy models.

* Internal heat loads from equipment and lighting approximated, based on
interviews with the building management, and pastiyelectricity metering.

» Solar heat loads are computed by simple performpacameters, taken from the
technical specifications defined by the glazingduction company.

» Convective heat transfer is strongly simplified amnputed for cases without
mechanical cooling with values from the EN ISO 1B&®%andard, although for
mechanically operated reference cases, the Energyfeifault TARP algorithm

is employed.



 Well-mixed zone air assumption is employed with tisflgg uniform
temperatures.

* Model validation of the as-built reference scenasidased on energy bills and
metering data for electricity and natural gas comsiion from the years 2008
and 2009. As the metering data does not provideewdlls of detail necessary to
validate each type of consumer separately, thesdreshof consumption are

mostly approximated according to the model inputs.

1.5 Structure of the Thesis

The thesis is organised as follows.

Chapter 2 contains the literature review, alsotifigng the research problem. It first
gives a brief overview of the trends in high-ridfice building operation. It then

summarises the principles of natural ventilatiorg.,edriving forces, strategies,
elements, controls, performance indicators, andlav modelling approaches. An
overview is given on the major findings of past amdjoing research projects. The
regulatory framework complements this chapter lmyigling the area relevant codes

across European cou ntries.

Chapter 3 introduces the passive cooling desigmoagp developed with focus on
wide-shaped office-towers. An electric analogy wafe tool named ‘HighVent’ is

developed to design and size natural ventilatistesgs. It is capable of designing
flow paths and evaluating the comfort performandé & relatively small number of
input parameters. The tool outputs are then furthest-processed’ as inputs for
detailed building energy performance simulationgluding airflow networks.

EnergyPlus simulations are intended to access amfoanation about the comfort
reached. This detailed design development alsades the model calibration and

original natural ventilation controls.

Chapter 4 investigates the existing Kanyon offmedr located in Istanbul. Detailed
data including the building’s energy consumptiornthgeed from the building
management is presented. The geometry, the constriedements, and the building
usage are analysed and processed towards relialthing energy performance

simulation model inputs.



Chapter 5 reviews the climate of the three locatioansidered based on ‘typical
meteorological year weather data. As the focusngpassive cooling and comfort
during summer, the cooling period is further eveddato infer the climatic cooling
potentials. Summer design weeks are analysed anddinther processed to generate
meaningful design days for passive cooling as iriputhe developed ‘HighVent’

design tool.

Chapter 6 explains the passive cooling design agbrahrough virtual case-study
integration. The Kanyon building is adapted for tienates of Istanbul, Turin and

Stuttgart. The HighVent’' tool is utilized to desigand size the passive system
components. For the detailed design developmetiteopassive approach including
the controls, a BEPS model of Kanyon tower is sated on annual basis along with

the preliminary passive design outputs from thé. too

Chapter 7 evaluates the design approaches develbpedomparing the fully
mechanical Kanyon building operation with an operabased on controlled passive
and hybrid cooling. The most important factors ueficing passive and hybrid
cooling performance are evaluated and design aliees are analysed and
discussed for different climates. The assessmermaiged out with the help of
performance indicators, and the results are in@ndessist decision making in the
pre-design phase. For the estimation of energy eswason and environmental
benefits, simulation outputs for the passive ardhybrid scenarios are compared to

those with mechanical ventilation and cooling syste

Finally, in Chapter 8 a summary of the researchkv®given and conclusions of the
research are drawn. Suggestions for areas of imprext and perspectives for

further research work are also presented.

Appendix A contains wind pressure coefficient datan wind tunnel tests carried
out for the Kanyon building including adjacent blinigs. The building is modelled
with a scale of 1:300. 98 points of the buildingdde structure correspond to 14
nodes on each storey and on seven height levetsniBasurements are repeated for
eight wind directions. The data is used as inputlie ‘HighVent design tool and

for dynamic AFN simulations with EnergyPlus.

Appendix B gives supplementary information abow tHighVent’ tool underlying

the dynamic calculation method. It provides pretdated solar transmitted heat



gains for different shading configurations, usedtasl input. The construction
library provides lumped capacity model constructiarnth different levels of mass.
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2. LITERATURE REVIEW

Major challenges for the 2Icentury are a secured long-term energy supplyeis w
as the sustainable protection of earth’s atmosptieeimit the climate change to less
than 2 °C by the end of the century. Scientistsnede that 2 °C of warming is the
limit of safety, beyond which climate change becsmatastrophic and irreversible
[4]. It was recognised that deep cuts in globaégh®use gas emissions are required,
vitally essential from ecology and economic poihview. The International Energy
Agency (IEA) estimates that buildings account for40% of the worldwide energy
use, which is equivalent to 2,500 Mtoe (million nes of oil equivalent) every year
[5]. The built environment section therefore hdsuge potential for energy savings.
These reductions are fundamental for achievingAlies target of a 77% reduction
in the planet’'s carbon footprint against the 2058dhne. Stabilized CQOevels are

called for by the Intergovernmental Panel on Clam@hange (IPCC).

Increasing population density in cities is now viyjdeccepted as necessary for
achieving more sustainable cities. Keeping in niimat the United Nations (UN)
forecasts more than six billion people in urbanisgdas by 2050, widespread
megacities will require much more land usage arghdr energy demand for
infrastructure and mobility. A higher density ofgqutation may be reached by high-
rise buildings; besides the lower land usage, suddings have the benefit of higher
building volume to envelope area ratio, creatinggslbeat losses and requiring less
material usage. But there are also potential deaidges such as the increasing
lighting demand and lower natural ventilation poiEs due to a lower envelope area
to floor area ratio. These may negate the bentiisther with the fact that building
structures at heights need greater material simr@punteract greater environmental

pressure [6].

Globally, more and more legislative instruments lagang introduced to control the
energy consumption level of buildings. With the EyePerformance of Buildings
Directive (EPBD) [7], the European Union (EU) has ambitious goals to improve

the sustainability of the built environment (se@.8). However, regulations like
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codes and standards prescribe how to constructegalopments and how to restore
energy efficiency in real estate assets; but, deglom address passive techniques
with the same technical emphasis compared to actigasures. Normally, single
efficiency measures are considered, which cannoeae possible primary energy

savings with an integrated passive approach.

Bioclimatic architecture responds to the regionahate and conditions, and can
provide comfort even without expensive heating asling [8]. Designers can learn
to adapt their buildings, making use of solar epengd other environmental sources
[9]. However, it is often tried to use superior, dem types of construction, which
can end up relying on costly climate control systeespecially in warm locations.
Architects often resist energy efficiency for coniipee and social reasons, and
mostly their expectations for efficiency are oftemuch too low for achieving

substantial energy savings. Especially, officednds with their high requirements
on lighting, thermal comfort, and air quality, a®llvas their often highly glazed

facades have high-energy demand, which is to bstigned.

Building ventilation is the intentional processsnipplying fresh air from the outside
to the inside of a building and keeping interiar @rculating. Ventilation is used to
provide high indoor air quality, and is a cruciadrgmeter for thermal comfort
conditions. The air change is necessary to cotgraperature, to replenish oxygen,
and to remove moisture, odours, smoke, dust, aigbbacteria, and carbon dioxide.
The circulation of air within the building preveritse interior air from stagnation.

Ventilation systems supply and remove air eitheturadly and/or mechanically.

Different types of ventilation may operate in diffat areas of the building. The air
change rates achievable through natural ventilatstih correct sizing of the

openings are significantly higher than those witachanical ventilation for night

cooling and without electrical energy input. Buidiinfiltration due to an untight

envelope is unintentional airflow, and thereforeated separately from building
ventilation. ‘Build tight, ventilate right’ is saitb be a good builder's motto. Good
ventilation in many cases is also subject to allegaimum requirement. The choice
between natural and mechanical ventilation depemdslifferent criteria, such as
discussed in the British Standard 5925 [10].
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2.1 High-Rise Office Buildings

Historically, by the end of the ¥9century the first high-rise office buildings were
built naturally ventilated. They were constructediatively narrow to control the

indoor environment passively by exploiting dayligirid fresh air from outside to
naturally ventilate and cool the buildings. The yosimple mechanical systems
focused on heating the building in winter. Natuvahtilation systems from that
period do offer only limited control, and therefodo not provide comfort

expectations for modern buildings. Very well-knoexamples of buildings of this

period still relying on natural ventilation are tldrysler Building and the Empire
State Building in New York [6].

More complex mechanical systems were establishedheyl1950s due to cheap
energy and technical progress in terms of the tgbiio control the indoor

environment mechanically with air conditioning gyss. As a consequence of their
widespread usage, architects were no longer ‘o#stfi by the central concern to
consider passive strategies to provide good in@owironment as they were when
designing the first generation of skyscrapers i bleginning of the 20century.

From this time, architects had the possibility &sidn light and highly transparent
offices with deep floor plans. This glass box stytmyether with the lack of solar

control, created increased cooling and heating desmédepending on the season.

After the energy crisis in 1973, building regulasoaimed to decrease the heating
and cooling energy consumption of buildings. Regotes mainly focused on the
building insulation, air tightness, and heat recgvén this period, buildings were
designed to be isolated from the outdoor envirortymemd the energy consumption
suffered from high solar heat gains. Another agatiag factor was the increase in
internal heat gains from office equipment, low-a@fncy lighting systems, and high
staff densities. While reducing the heating demandny existing office buildings
are still either overheated in summer, or use estceesamounts of energy to maintain
acceptable temperatures [3]. The poor indoor atityuand the growth of mould due
to high humidity levels and bad maintenance of Heating, Ventilation and Air
Conditioning (HVAC) systems spread ilinesses; fisiswell known as the ‘sick
building syndrome'.
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Starting from the 1980s, designers considered gneffgrient buildings, which also
provided a healthier indoor environment. Architestsrted to reconsider and
revitalise natural ventilation as a response toumlyer of challenges in the built
environment. An integrated design aims to utilisel anteract with the outdoor
environment. The focus slowly moved towards optimae of sustainable
technologies such as solar gains, natural light\srdilation, and passive cooling.
To a certain extent and depending on the expentatb occupants, the climate, the
building use, the design and the location, suskdéntechnologies are able to supply
heating, lighting, and cooling. Yet, supplementactive systems are often needed to
support the passive technologies. This is espgdialé in the case of high-rise office
buildings where a pure passive approach for vemmaand cooling is seldom
implemented [6]. Even sustainable, passive teclymedohave been better understood
in the last few decades, in recent years a tremarts increasing cooling demand
has been observed, especially in commercial tyfdibgs [11]. Higher internal and
solar heat gains and increased comfort expectatamgvell as global warming and
the ‘heat island’ effect in big cities increase ttmoling demand. The HybVent
project [3] investigated thatrf well-insulated office buildings, which are bedom
more and more common in IEA countries, ventilagod cooling account for more
than 50% of the energy requiremert was concluded that a well-controlled and
energy efficient ventilation system is requiredatthieve low energy consumption.
Moreover, it is stated that adequately controlledural ventilation and passive
cooling are energy efficient and sustainable teldgies.

Although the emphasis in this thesis is on passemtilation to minimise energy
consumption by maximizing the airflow rates, thalitg is that high-rise office
buildings are almost always operated with mechanie@ntilation systems or
sometimes with mixed-mode ventilation. However, hatcal ventilation systems
in commercial buildings usually include air distriton ducts with centrally located
fans to control the indoor air quality. In additjomechanical ventilation systems
usually also incorporate filters, space heatingling, and heat recovery. The use of
mechanical ventilation and air conditioning systetiog®s have an energy demand
and a related energy cost. The more complex themys in terms of duct length,
filters, and heat recovery (high pressure drops), tae higher the airflow rate to be

generated, the higher is the fan power necessanpt@ the air. The main advantage
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of mechanical ventilation in terms of energy coma#gon is winter heat recovery
from the warm room air. The main drawback is thstrieted possibility of achieving

high outside air ventilation rates in summer. Besidhe initial costs for these
systems, regular system maintenance is requireddare bacterial safety. Moreover,
complex mechanical systems often have high spagereenents for the central units
and ductwork.

2.2 Natural Ventilation

Natural ventilation, also known as passive ventifgtis the most energy efficient
technique for the provision of good indoor air dgyalThis is accomplished without
any electricity demand for moving the air and impng the thermal comfort in
summer by increased daytime airspeed and high nightilation rates. The air
change rates achievable through natural ventilatstih correct sizing of the
openings are significantly higher than those witbchanical ventilation for night
cooling. Generally, controlled natural ventilatioffers excellent potential for single-
sided ventilation, and of course also for crosgilaion and stack ventilation due to
the possibility of large opening cross-sections.e Tsimplest form of natural

ventilation is through open windows, or through eow trickle vents.

In the design of ventilation strategies, naturaitilation is often not considered since
there are very few standards and guidelines availab supporting planners in the

design of natural ventilation, especially for higée office buildings.

The purpose of this section is to outline the ptalsprocesses which govern natural
ventilation, to introduce the different ventilatigtrategies and elements, and to
illustrate these for simple cases. Equations daisgrithe volume flow (see § 2.4.1
and 8 2.6.1) can be combined with meteorologictd dad flow path characteristics
in models, which allow natural ventilation ratesbi calculated. These models may
be used to provide guidance on the areas of operipgred to ensure that airflow

requirements are satisfied.

The NatVent project [12] (see § 2.5.4) identifiéxd tack of experience and know-
how of the main stakeholders such as architectgjnearing consultants, and
building developers as the main barriers for thee afsnatural ventilation. Moreover,
the project concluded that design tools and sinarlatodes were missing. Many
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research projects have since been trying to devaloplified methods for passive
cooling applications in order to handle the compiesk of simulating airflow rates

under changing external pressure and temperat8r&gJL

Monitoring projects mainly analyse the indoor airatity and thermal comfort of
naturally ventilated buildings, e.g., a study ofri&urally ventilated buildings [12].
While the indoor air quality in most of the builds was acceptable, eight of the
buildings had serious overheating problems paditylcaused by solar gains. Two
design strategies for naturally ventilated buildingere identified:

1) When indoor air quality is the main priority, ao¥ rates tend to be low.

2) When summer comfort is the priority, much higheflawv rates are required and

significant thermal mass needs to be present fgrtnentilation.

Simulations showed that natural night ventilatisronly suitable in buildings with
sufficient and accessible thermal mass of about(bkg per square meter of floor
space. The internal gains have to be limited tdABPer n¥ of floor area. Night

ventilation reduced the mean room temperature »yQ,during working hours for a
building in Freiburg/Germany [17], and between drfal 2 °C in La Rochelle/France

compared to a reference room [18].

The average reduction of temperature in an offigdding in Greece was predicted
between 1,8-3 °C using night ventilation [19]. Moining projects show that night
ventilation works well in climates with large diaintemperature differences, but
cannot be recommended for humid climates with hignidatios above
15 g per kg air.

Natural ventilation can reach much higher ventlatirates than mechanical
ventilation systems that are especially designedfriesh air supply. A range of
studies using measurements and simulations in &cheod offices showed air
change rates between 5 and 22 per hour for crodgatmn and 1 to 4 per hour for
single-sided ventilation [20-24]. The World Healt®rganization (WHO)

recommends the use of natural ventilation in hasblation rooms with very high
air change rates of 24 changes per hour, while rgem®spital areas should be

ventilated with 8 air changes per hour [25].
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2.2.1Driving forces

The driving forces for natural ventilation of roonasd buildings are pressure
differences caused by buoyancy or wind, or by a lipation of these acting
together or against each other. Ventilation rateslc(lation see §2.4.1) are
dependent on the magnitude and direction of thexee$ and the flow resistance of
the flow path. Air is forced to flow into the buildy where the external pressure
across the enclosure orifices of a building is bigthan the internal pressure.
Orifices can be tiny cracks (infiltration) or largeenings like windows (controllable

building ventilation).

Physically, wind on a building envelope creates rasgure field with positive
pressure on the windward side and negative pressutbe leeward and mostly all
other sides. Buoyant pressure mechanisms ariseewipevity acts on density
differences due to temperature differences (e.gastim when the internal
temperature is higher than the external temperatBreyancy induced ventilation is

also known as ‘stack-effect’ or ‘chimney-effect'.

2.2.1.1Buoyancy

The volume flow caused by buoyancy forces througtingle large opening (i.e.,
open windows rather than cracks) or multiple opgsim the building envelope is
proportional to the square root of the pressurteihce, and depends on the room
air and the external air temperature as well atherstack height. Density differences
due to temperature differences create a densitjiggra Below the neutral pressure
line (NPL), the air will flow from the cold side the warm side, and above the NPL

from the warm side to the cold side.

interior T

IV Tin Iheﬁ Tin AR,
\am bient E
pressure

(a) (b) (c)

Figure 2.1: Internal and external pressure distribution ofyaur flow (a) causes airflow through a
single large opening (b) or through a lower andenpening (c).

height
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An overall measure of the stack buoyancy pressifiierehce with two openings on

different height levelss (stack height) is:
App = Ap,ir - g * Ahg (2.1)

For the subsequent flow rate calculations or tlengi of opening areas, it is
important to use a relatively accurate value fog ttensity differenceAp. The

absolute value for the denspyor the average densifyis less important. Therefore,
it is common practice to express the density diffiee in terms of the temperature

difference in Kelvin [26]:

Ap AT

p  Tin+Te
-2

2.2
xt 4 273 (2:2)

2.2.1.2Wind

The airflow due to wind pressure differences haslar physical relationships as the
buoyant driven flows, except that the pressureetkfices here are wind induced

across the building.

Wind pressure differencepw are dependent on the pressure coeffici@jtand on
the local wind velocity: at the height of the openings. The surface pregswill

vary with the square of local wind velocity:
Pw = 0,5 Pext - Cp ’ Uzz (2.3)

Values of the wind pressure depend on the buildihgpe, the wind speed and
direction, the location and surroundings, and thecsic location on the building

surface.

elevation plan

Figure 2.2: Wind pressure distribution on a pitched roof binid
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The wind pressure difference between two pointg.,(énlet and outlet openings)

may be calculated according to:
Apy, = |pw,1 - Pw,zl (2.4)

Wind pressure coefficients

Values of the pressure coefficient depend on farameters, which are the spatial
location on the building envelope (e.g., height amtance from the middle), the

building shape, the surroundings (e.g., nearbydings and vegetation), and the
wind direction [27]. The static pressure coefficiendependent on the wind pressure
pw at the point at which pressure coefficient is geavaluated, the pressure in the

freestreanp., the air densityair, and the air velocity;:

Pw — Poo

C.=—Ww FP»
0,5- Pair vzz

b (2.5)

Cp data can be obtained from primary or secondarycesu Primary sources are
expensive and time intensive full scale measuresnpenhd tunnel measurements, or
Computational Fluid Dynamics (CFD) simulations. $esliable secondary sources
are tables such as those in the EN 15242 stand8jcafd ASHRAE Fundamentals
Handbook [27], oiCp-generators which are based on interpolation atd@xation
of generic knowledge and previously measured dadsage therefore best applicable
on standard building geometries. Costola [29] gieegood overview of such

sources.

The following diagram exemplarily shows pressureficient data from a secondary
source. The values are extracted from investigatinade by Ormet al [30].

0,6 1-Cyooommommoo e gy

0,4 ' o
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0,2 : ‘
-0,4 .
06 |-
-0,8 |
-1,0

0° 90° 180° 270° 360°
wind angle with normal on surface

Figure 2.3: Comparison of wind pressure coefficients on tigade for a low-rise building with
different shielding conditions [30].
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2.2.2Ventilation strategies

The term ‘ventilation strategy’ refers to the pipie on how (driving force) and
where on the envelope (opening configuration) sifintroduced in the building.
Ventilation strategies used to exploit the natuh@ing forces can be divided into

three types: single-sided, cross, and chimneyk}stamntilation.

2.2.2.1Single-sided ventilation

Single-sided ventilation typically serves a singdem and occurs if the outside air
enters and leaves the room on one side of the @ureloRelative to other ventilation
strategies, single- sided ventilation offers thasteattractive solution for reaching
high ventilation rates, and is only suitable togetlwith a relatively low spatial
depth.

Single-sided ventilation for ventilative coolingrnche considered as well-designed in
two variants: by a single tall opening, or with@uble opening at different heights. If
the opening is reasonably tall or two openingsoardifferent height levels, the main
driving force is typically the difference betweemside and outside temperatures.
Wind forces may influence the air change rate d@ueitbulences depending on the
wind speed, but may also slightly decrease théuirfate as the wind pressure rises
with altitude due to the wind profile as described § 3.2.1.1, and therefore
counteract the buoyant flow. The double openingamarmay enhance the stack
effect by maximizing the height difference up tooam-scale. Even when increasing
the penetration depth, care is needed in positpany low level inlet if the external
temperature is cold as it may create draughts. Atewisolution could be to only
open the upper opening for fresh air supply, whilke lower opening can enhance
summer ventilation at lower temperature differend&éth only one opening, the
airflow enters and leaves at a single large operamgl the flow rates are usually

lower. The neutral pressure plane in both varientgpically close to the centre.

As compared to other strategies, the ventilatidesrare typically lower, and the
ventilation air does not penetrate as far into $pace. As a rule of thumb, it is
commonly stated that for effective ventilation, tilm®m depth should not be higher

than maximum 2,5 times the room height [26].
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Figure 2.4: Single-sided single (a) and double (b) openingdilaion.

2.2.2.2Cross ventilation

Cross ventilation can serve a single room or mieltrpoms in series, and occurs if

the outside air enters and leaves the buildingifferent sides of the enclosure.

Relative to other ventilation strategies, crosstilegion typically offers an excellent
solution for reaching high ventilation rates. Bethuse of large and rapid variations

in wind, the airflow is more difficult to control.

Even if cross ventilation can be assisted by thednaing forces, wind is mostly the
primary driving force, especially in the coolingasen with low temperature
differences between inside and outside. Positiesgure on the windward facade
and negative pressure on most other orientatecdeasfof the enclosure create a
pressure field around the building. With the indetd outlet on both sides of the
room, directly or via a flow path connected to elifint sides of the enclosure, high
flow rates can be usually achieved. If multiplem®oare connected, the resistance to
airflow needs to be considered carefully. Thernifedats may assist if the openings
for inflow and outflow are positioned on differehiight levels as shown in
Figure 2.6 This is of special importance if there is no wprésent.

The depth for effective ventilation has to be leditto prevent from the build-up of
pollutants and heat. As air is crossing the room achable ventilation rates are
higher than in the single-sided variant, largermmodepths can be ventilated. In
literature, as a rule of thumb, it is commonly stathat the flow path depth should
not be higher than 5 times the ceiling height [28]is implies a relative narrow plan

depth of the building of typically not more than b
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Figure 2.5: Wind driven cross ventilation with two openingsgmn each orientation.
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Figure 2.6: Buoyancy assisted cross ventilation with two opggj one on each orientation.
2.2.2.3Chimney ventilation

Chimney ventilation, like cross ventilation, camv&e a single room or multiple
rooms. Chimney ventilation, also referred to askstgentilation, occurs if fresh cool
air enters the ventilated space at low level opgs)iteaving vertically towards a high
level chimney exhaust, commonly situated abovertiod. As far as the occupied
space is concerned, chimney ventilation can beemebke cross ventilation with

occupied space depth of maximum 5 times the ceflgight.

The strategy is mainly thermally driven by the eifnce in density between the
warm chimney air column and the cold supply air] @an be further assisted by
wind if the chimney outlet is in a region of windduced negative pressure as
described in § 2.2.1.2. Due to large height difierzbetween the inlet and the outlet
up to a multi-storey scale, chimney ventilationeo$f a good ventilation potential.
Solar gains to the chimney space can further iseréiae ventilation rate and stabilise
the upward flow direction. If multiple storey legelare connected to a single
commonly used exhaust stack, great care has t@ksn twhen determining the
different sizes of the ventilation openings on eatdrey of the building. For equal
ventilation rates, the openings at lower floorschee be smaller compared to those
near the chimney exhaust opening. This fact als® tbabe considered for the

opening control.
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Figure 2.7: Stack ventilation with solar and wind assistance.

The air may flow from the edges to the centre eflhilding, to be exhausted via a
central chimney or atrium. Chimney ventilation ierefore especially suited for
wide building shapes with a central spine of chigsnas shown in Figure 2.8. But
considering the wind pressure distribution at tiletiopenings, it will be not uniform
on the different envelope orientations, and thesefthe flow direction and

magnitude is difficult to control.

An atrium can be considered as a wide chimne typically a rectangular, usable
space for social interaction in the centre of dding, which is accessible from the
surrounding rooms. A modern glass-roofed atriunsjdes other functions, provides
ventilation and daylight. The atrium design is aiaat of the chimney ventilation

principle and is suitable for wide plan, low- toanen height buildings. Hence, it is
not considered further in the context of this sttmbusing on high-rise buildings.
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Figure 2.8: Central chimney ventilation.

A special chimney ventilation strategy worth meniing is the so called ‘termite

mound’ design shown in Figure 2.9. As a varianthef chimney ventilation strategy
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it utilises a central exhaust air chimney, and aspplies air by a central void to

provide fresh-air entry. In the example below, to®l air supply chimney can be

integrated together with the exhaust air chimneyabgonstant chimney diameter.

With a ‘termite’ strategy, air may be introducedaatentral inlet point, which can be

of special interest if underground earth tubesirended to precool the supply air,

and/or if central filters and/or supply air fan® antended to support the passive
ventilation system. Disadvantages are the highaw flesistance and the smaller
opening sizing possibilities. An existing exampfdhe design is the Eastgate centre
in Zimbabwe [31].

wind
’@
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Figure 2.9: ‘Termite’ chimney ventilation example.

2.2.3Ventilation elements

Precise parameterisation of flow through openirgggseacessary in order to model
natural ventilation strategies. In this sectiom, thost important elements forming the

flow path are introduced.

2.2.3.1Window Openings

Well-established opening types in naturally vetgithbuildings are windows with
rotating axis such as bottom- or side-hung winddse to the complexity of their
geometries, simple analytical airflow calculaticarsd airflow networks typically do
not include their full geometry as input paramettgrsy include an effective area and
height together with a discharge coefficient (s&e481.3) to describe the equivalent
area of the rectangular orifice that would havegame flow as the pivoted window

opening. The full geometry is typically describeda simplified way, but mostly

24



little guidance is provided on selecting airfloirg@eters such as the flow effective
area and the discharge coefficient.

The flow effective opening are&s and heighbhert have to be first determined by the
full geometry of windows (height, width, angle aft,t opening factor, etc.).
However, the definition of effective opening areanbt standardised in literature —
some authors include the tilt angle to the (effextdischarge coefficient [32], while
others do not [16], depending on the focus of thwrk. In this study, the effective
opening areas are dependent on the tilt angle,tlaadlischarge coefficient stays
constant. Depending on the ventilation strateggicgl opening cross-sections are
approximately 1-3% of the floor area [16].

Sliding windows

Geometrically, the sliding (sash) window type isrextangular opening without
tilting or rotating elements. For the estimationtloé flow rates, the effective area
corresponds to the geometrical area together withOpening FactolOF. The
effective height is also dependent on the motiors and whether the window

moveable parts are controlled horizontally (Eg6)Ror vertically (Eq. (2.7)):

hege = h (2.6)
heff = OF ) h (27)
—V Weit | < had > Wof
A
=[] A —E Ayt
~ &
Ayt I,c“
(@) (b)

Figure 2.10: Geometrical representations of horizontally (&J aertically (b) movable sliding
windows and their resulting effective opening afesght, and width.

Pivoted windows
Simplified methods for the effective area calcwatof bottom-hung windows can be

found in literature [16,28]. Coley [33] investigdtbow to better represent bottom-
hung windows in thermal models regarding the fldfective height of an opening,
which is of special importance considering singtked ventilation strategies.
Subsequently, these methods gathered from literadte further adapted here for

representing different tilted window types.
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However, Hall [34] states in her dissertation ttie determination of the resulting
opening areas for bottom- and top-hung tilted wimsloeequires further investigation
in order to reach a better general validity for #imulation. She experimentally

determined smaller effective opening areas fordmothung windows with reveals.

The European standard EN 15242 [28] (see § 2.6&Rem the very simplified
assumption that the volume flow through a tiltechdaw depends only on the tilt

angle and is independent of the ratio of heightitith.

A more accurate formula was developed by van Padd€d in the context of the
NatVent study (see also 8§ 2.5.4). It fits reasopai@ll with the EN 15242 formula
for low height windows. This expression, besides titt angle, also reflects the

opening geometry as a function of height and w{dthFigure 2.11):

y 1
eff = 1 1
(h-w)? + o z 28)
(2 “h-w-sin (7) + h? - sin(oc))
S O B Y PO P ) T s 2 oI w/h = 0,25 *van Paassen
/ ///,;—%_'.Tf ——w/h=0,50 *van Paassen
0,8 c / == ———w/h=1,00 *van Paassen
47 ——w/h=2,00 *van Paassen
= 06 / /A -~ ’
o Y : / 7'/ ST T T m———— w/h =4,00 *van Paassen
& N / g / —w/h=any *EN 15242
< 04 1. / /z /
NI/ 4
s ’
0,2 1/f
0,0 -

0 10 20 30 40 50 60 70 80 90tiltangleain®

Figure 2.11: Effective areas with different height to widthicatscaled by the fully opened window
with equal area according to van Paassen [16]cantparison with the EN 15242 [28] polynomial
approximation.

Figure 2.12 also shows the effective area fromntila@ufacturer’s test data of flow
through top-, bottom- and side-hung windows as ipexV in the IES MacroFlo
documentation [35]. IES lists the effective disdwarcoefficient by window angle
and window aspect ratio, and interpolated values Ga The data here was
normalised by the effective discharge coefficientd@ degree opening angle as

described by Hulet al [36]. Relatively close agreement was found eskgcfor
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narrow windows between the data from window martufacs and the effective

areas calculated according to van Paassen.

1.C B8 _—wh=050 *van Paassen
8 i — ——w/h =2,00 *van Paassen

0,8 /I/ 86—

P @ w/h=0,50 *MacroFlo top-hung
5 / e wh =200 *MacroFlo top-hung
= 06 @ wh=0,50 *MacroFlo bottom-hung
= / m wh=2,00 *MacroFlo bottom-hung
< 04 ¢ w/h=0,50 *MacroFlo side-hung
¢ w/h =200 *MacroFlo side-hung
0,2 -
0,0

0 10 20 30 40 50 60 70 80 90 titangleain®

Figure 2.12: Effective area for a wide and a narrow pivoteddew scaled by the fully opened
window with equal area according to van Paasse}) §®l comparison with measured data reported
by IES MacroFlo.

The effective opening height for a bottom-hung wewds determined according to

Coley [33] by the following formulation:

A
w

hegs = (2.9)

w Wett

| T

Figure 2.13: Geometrical representation of a bottom-hung window the resulting effective opening
area and height.

w Wess

Figure 2.14: Geometrical representation of a top-hung windod e resulting effective opening
area and height.

——

The effective opening area of side-hung windowsta®wn in Figure 2.15 can be
calculated similarly as in the bottom-hung formsl@own before (Eq. (2.8)). The
adapted formula for the calculation of the effegtarea of side-hung windows is:

Aetr =
) 1 1 (2.10)

2+ 2
(w-h) (2 ‘w-h-sin (E) + w?- sin(0<)>

2
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The effective height for the single-sided ventdatihere however equates to the

geometrical height of the opening (cf. Figure 2.15)

w Wess

Figure 2.15: Geometrical representation of a side-hung windoatae resulting effective opening
area and width.

2.2.3.2Sub-slab distribution

As already shown in the termite example in § 23.2another possibility for air
supply other than simple window inlets is sub-skdbp referred to as underfloor air
distribution. This air supply type uses an underfleupply plenum, e.g., located
between the concrete slab and the raised floaugplg external air into the occupied
zones of the building. The approach provides grezetrol of air distribution across
the building section [37]. The flow path can beigesd to take air directly from the
envelope (Figure 2.16), and also from the buildgngternal chimneys (Figure 2.9).
The airflow resistances in the airways are stromgipendent on the design as they
depend on whether the flow is laminar or turbulemg on the dimensions of the

airways. Specially designed floor diffusers areallywised as supply outlets.
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Figure 2.16: Stack ventilation with sub-slab distribution.

Vertical temperature stratification is a well-knowhenomenon and will result here

as sub-slab supply can be considered similar atisment ventilation [38].
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Figure 2.17: A characteristic airflow pattern and temperaturatgication in a room with
displacement ventilation (adapted from [38]).
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2.2.3.3Chimney openings

Considering the wind pressure field around a bagdas shown in Figure 2.2,

chimney openings for air intake or exhaust reqoaee when designing the position
and form. Chimney inlets (wind-scoop) are best pmsed windward, and chimney

exhausts (wind-extract) in most other directionhimney device, which is opened
on two or four sides, is capable of acting as saup extract. A pair of partitions is

usually placed diagonally across each length. Vémilation system has been part of
the building design for already hundreds of yearthe Middle East, and is known as
‘wind-catcher’ or ‘badgir’ [39].

cowl cowl
wind wind

duct duct
cross-section

() (b

©

horizontal-section

Figure 2.18: Three types of aerodynamic device: (a) wind sc@opwind extract, (c) balanced
ventilator (adapted from [40]).
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2.2.4Ventilative cooling

To reach thermal comfort conditions in the warmigukran effective ventilation
strategy for temperature control (cooling) comisgeasures that act to reduce the
internal and solar gains as far as possible anabswrb heat in the fabric of the
structure. The protection from intense heat gaiay mvolve landscaping, building
form, layout and external finishing, solar contawld shading of building surfaces,

thermal insulation, and the control of internalrgai

The aim of ventilation is to achieve high flow mtaf cooler outside air through the
building. Ventilation as a heat dissipation tecluaigcan deal with the potential for
disposal of excess heat of the building to an emvrental sink of lower
temperature, which here is the external air. Tlesigation of excess heat generally
depends on the availability of an appropriate emrimental heat sink, and of an
appropriate thermal coupling between the building the sink as well as sufficient
temperature differences for the transfer of hediie Ppotential of heat dissipation

techniques strongly depends on climatic conditions.

For the control of temperatures, passive daytinwdig or night cooling can then be
very effective in moderate climates. This requnager high flow rates, with a factor
of 3 to 12 times the flow required for indoor auraljty reasons in a medium-densely
occupied office. This substantial difference lemmlsompletely different systems for
passive cooling, although the ventilation systemifidoor air quality control may
assist the control of temperatures during warmoplsti The ventilation system for
indoor air quality control will almost never be Baient to take over the function of
temperature control. With mechanical ventilatiohe thecessary system size and

electricity demand is in opposition to the necesflamw rate.

Naturally ventilated buildings can offer good thatnsomfort even in hot summer
conditions. For example, in the summer of 2003dfiee building Lamparter had
less than 10% of the hours of use above 26 °Catouims can easily overheat [24].

30



25

20

15

i .
5

Air Change Rate per hour

0
N d d A &) N
Q Q
B - AN U
é@ﬂ é 6& o QO @«%\
N Q,\d_ & & & >
& A\ Q Q Q& N
$ ) & \ \ Q
& g\\() . 0(\ 00 . 0(\ <
& S & & & §
& N N N )
& 38 & S S 4
*& Q’o {© w Qé\ &
é\' 'b('{\ . 6& 095) ’b'& \Q}%
P v 2 < & S
Sy - 5
<0 2 C}06

Figure 2.19: Natural ventilation air change rates applied oasueed [20,23,24].
2.2.4.1Diurnal ventilation

Daytime ventilation is a simple strategy to enhacoenfort by direct personal

cooling. When internal temperature is felt too waah still air, increased air

velocities can compensate for higher room tempsgatio achieve comfortable
conditions by wind-chill. The increased airflow afitdoor air increases the limits of
acceptable temperature and humidity as it affecap@ration and convection around
the human body. High airflow rates are particularbgful when relative humidity is

high as the higher air velocity increases the oht®veat evaporation from skin, thus
increasing heat losses in the thermal balance mfnubody [41].

Direct advective cooling with high flow rates reqga the warm internal air by cooler
external air, and therefore the internal air terapge may closely follow the

ambient air temperature.

Daytime ventilation can only be applied in an a¢able way if the indoor comfort
may be achieved with outdoor air temperatures aiti acceptable indoor air
velocities. The distinct operation control reginm@usld be considered with relatively
high ventilation rates of the order of 5 to 10 A@H direct ventilative cooling when
appropriate.
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Figure 2.20: Boundaries of outdoor air conditions within whiadoor comfort can be provided by
natural ventilation during the day, with indoorspieed about 2 m/s (a very light breeze) [8].

2.2.4.2Night-time ventilation

The idea of night-time ventilation in office buitdjs is to use the thermal mass of a
building as a heat sink. The structure is cooleaddaywection during the night and is
able to absorb heat in occupied hours. In pringipt®l night air passes over a
heavyweight building fabric and cools the thermassy The warmer daytime air
will then be reduced in temperature when passirgy tive cooled slab. Therefore,
night ventilation is particularly suited to officewhich are unoccupied during the
night so that relatively high air changes can bedu® provide maximum cooling
effect without creating thermal discomfort. Thigastgy provides attenuation of
peaks in cooling load and modulation of internatperature with heat discharge at a
later time (Figure 2.21). The larger the outdoaonperature swings, the bigger the
influence of such storage capacity. The cycle @it lstorage and discharge must be
combined with means of heat dissipation, so thaidischarge phase does not add to
overheating.

Controlled night cooling must continue till the lilimg is adequately cooled or
occupied again. If the building structures are eddb a too low level, the cooling
process has to be interrupted before the end afigie in order to regain acceptable
surface temperatures before the start of occupatibght-time ventilation is an

effective low energy cooling technique, especiatlyclimates with relatively low
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peak summer temperatures during the day and mettidarge diurnal temperature
differences.

The distinct operation control regime should besidered with high ventilation
rates when required. Typical ventilation ratesrfight cooling (typically of the order
of 5 to 15 ACH) will exceed minimal rates needed ifadoor air quality control,
which during unoccupied hours may fall well belovACH. Thus again, air quality
control other than moisture control will usuallytnioe needed to be considered

during night-time ventilation.
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Figure 2.21: Typical surface temperature cycle (black linepnfoffice concrete slab using the
thermal mass as a heat sink with a constant fleevah10 ACH during night and day.

Night ventilation can be operated passively, e.gindow ventilation, or

mechanically with fans. Natural night ventilatioashthe advantage of higher flow
rates without fan electricity demand. Night venida can operate not only along
with passive diurnal ventilative cooling strategibat also with mechanical cooling.
Thus, night ventilation, if not a pure passive aggh, is also of importance to

reduce the energy consumption for mechanical cgafirsummer.

2.2.5Design impact

Natural ventilation principles will result in builtgs with very little visible
conventional ventilation equipment, as the buildingelf mostly provides the
ductwork. The investment in mechanical equipmetit lva shifted towards a larger
investment in the building itself: increased room \&lume per person, a shape
favourable for air movement, a more complex facaoefow system, optionally
with underground intake air culverts, extract &icks, etc. Thus, modern natural and

hybrid ventilation systems will have a large impaatthe building design, making

33



close cooperation between the architect, the emgjineer and the HVAC engineer a
necessity [3], providing the possibility of ‘fornmifows-function’ stylistic elements.

For high-rise building shapes, the challenges ims$eof designing the envelope and
its openings are greater, primarily because thenpia magnitudes of driving forces
become bigger, and their relative magnitudes cagy wvaer a wider range. For a
buoyant driven chimney strategy where multiple esgsrare connected to one single
stack, the pressure differences at the lowest ystopenings are great, especially
when the temperature differences are high (in winteor example, for a building
with 200 m height and with a temperature differen€&€0 °C between inside and
outside, the pressure drop across the envelopeeaground level would be in the
range of 140 Pa (without internal resistance) [4Bpsides high unintended
infiltration rates, this force is unacceptable ¢ontrolling (open and close) windows
and doors. Another difficulty is the range of opensizes. The pressure drop at the
lower level of the building can be many times mibr@n that at the highest level. At
the upper storeys, the opening sizes for pure mioyantilation as well as the
chimney size tend to be too large to be realisegractice. Internal flow path
resistance can reduce the peaks in pressure doaymdara single orifice, but the
overall system size would be enhanced (e.g., thaltnreg chimney diameter). In
contrast, the wind pressure at the highest stasegenerally much higher than that
on the lower floors. This is because of the urleairatn roughness, the resulting wind
profile (see §3.2.1.1) and local wind shieldingg.e by other buildings (see
§ 2.2.1.2). The resulting opening sizes are thug @éferent to the sizes intended for
thermal ventilation. Also, the forces of wind andolgancy may oppose each other
depending on the flow path design, which makesctmdrol over external air supply
difficult. To overcome these difficulties, Ethergld43] proposes the design of
isolated spaces (single zones or storeys) or Imgildiegmentation (part of the
building up to few storeys) as vertical passagdksuifer less from the difficulties
mentioned above. Each isolated zone, storey or seigoan then be treated as a low-

rise design (Figure 2.22).
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Figure 2.22: Three ventilation strategies for tall buildinga) (ipward cross-flow with direct
connection between floors; (b) upward cross-flowhveiegmentation; (c) isolated spaces. Note: The
flow pattern is the same for each floor, so onfgw flow arrows are shown. The resulting pressure

drops are due to buoyancy at 20 °C temperaturerdifte without internal resistance. Source:
adapted from [42].

2.2.6 Control strategies

The control of natural ventilation openings eitli@euses on indoor air quality, on
indoor temperature levels for free cooling modexroa mix of both. It is important
that both ventilation rates and air distribution snie considered. Manual or
automatic control can be achieved whenever thalimgjlis occupied. The relatively

simple control of indoor air quality is discussedgi2.3.1.

Surveys that tried to identify manual control asfidor direct ventilative cooling
have showrthat occupants in general will accept wider theromahfort bands when
occupant control is available [41,44-48], and isegally preferred. Therefore during
occupation, it is best to allow building occupatatsontrol (overwrite) the flow rate
(opening factor) as manual control appears to tomgly related to productivity [26].
Nevertheless, there are some obvious pitfalls withnual control, especially
concerning problems of unintentionally high vertda rates. Thus, automatic over-
rides may have to be used in practice [49]. Duongupancy, a distinction is made
between cellular and landscaped offices [50]. Whser control functions well in

cellular offices, in landscaped offices automabateol is also necessary during the
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day. However, the correct control strategy is ragyeto establish and users should
still be able to override the automatic control.

Results from twelve office and educational buildease studies showed that during

non-occupancy, automatic control is necessary t down the building structure

with the help of night ventilation [20]. Night-timeentilation (see § 2.2.4.2), due to

its dynamic nature, represents a great challengé& aan lead to overheating,

overcooling, and moisture entrainment. It affe¢ts indoor conditions during the

next day by [51]:

3) peak air temperatures reduction,

4) air temperature reduction throughout the day andparticular in the morning
hours,

5) slab temperature reduction, and

6) time lag creation between the occurrence of exteand internal maximum

temperatures.

Good control needs to forecast future conditionsnsgquently, due to the absence
of occupants and also for security reasons (ileldesn change of weather), night
ventilation is best controlled automatically. A grenumber of researchers
highlighted the problem of developing effective htigcooling control strategies

(references may be found in [49]). Axley [49] recoended and compared three
such simple control strategies developed (sumnthriseTable 2.1). In the third

column, different night control strategies (Opt.EA-either based on room air
temperature setpoints, floor slab temperature $ewagree hours, or daily cooling
uptake were analysed and compared for an officédibgi and showed very

comparable results. The setting of the control patars was shown to be more
important than the strategy itself. The main pat@meas to provide high enough

airflow rates for night ventilation and limit theternal gains [15,16].
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Table 2.1:Recommended night cooling control strategies fdiffierent investigations [49].

Kolokotroni [52] |

Martin & Fletcher [53] |

van Paassetnal.[16]

enable night cool criteria

if peak zone tem
> 23 °C or,

if average daytim
zone temp. > 22C
or,

if average afternod
outside air temy
> 23 °Cor,

« if slab temp. > 23 °C.

if peak zone tem
> 23 °C or,

if average daytime
zone temp. > 22C
or,

« if average afternoon outside
temp. > 20 °C or,

Opt. A: if peak zon
temp. > 24°C and i
daytime Zon
degree hours, ba
21 °C is positive or,
Opt B: if averag
afternoon  outsid
air temp. >18C
or,
Opt. C: if slab temp
> 23 °C.
Opt. D: PI
control on
zone temp.
(18 — 22) °C or,
« Opt. E: manual control based
on weather forecast.

ven
pea
t

operate night cool criteria

 if zone temp.  if zone temp.  if zone temp.
outdoor temp. and outdoor temq outdoor temp. and
* if outside air temg _+2 C ‘?md . « if outside air temp. > 12 °C.
>12°Cand * if outside air temy
« if zone temp. > zone heating >12°Cand
setpoint. « if zone temp. > zone heating
setpoint.

operation period

enable operation
days a week

* enable operation during entir
non occupied period

11%

enable operation
days a week
enable operatig
during entire nor
occupied period
* continue operation two
additional nights when
activation & operation criterial
are no longer satisfied if

operated for 5 or more
consecutive nights.

enable operation
days a week

 enable operation during entire
-~ non-occupied period

In recent years, fuzzy control algorithms have dts®n successfully used for
combining acceptable indoor air quality and therowhfort [54]. Another study in

the UK showed that complex algorithms do not penfiwetter than simple ones, but
it is recommended not to overcool the buildingseesgly in the transition months

May, June, September, and October [53].
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2.3 Performance Indicators

2.3.1Indoor air quality

The main reason ventilation is required to maintaireasonable level of indoor air
quality is the fact that people are in buildingkeif bio-effluents have to be removed
and diluted. The required flow rates are therefayemally expressed in volume per
person. Sensors may also directly control the deémaased on the GO
concentration, and can improve the air quality wisaving energy. The operation
control regime should be considered for the contiolventilation rates and air
distribution to maintain acceptable indoor air gyalTypically, minimal ventilation
rates for air quality control (background ventibetj i.e., of the order of 1 ACH
during building occupancy) will be less than thasquired for direct ventilative
cooling (see §2.2.4). The minimal ventilation rate reasonably controlled
automatically, as personal detection of air qualdpditions is generally too subtle to
be considered [49]. The control is critical in v@ntconditions and can have

significant energy consequences.

Thus, air quality control will normally not be assue during direct ventilative
cooling. To reduce heat losses to a minimum witloedt recovery in winter, it is
favourable to restrict the ventilation intervale & few minutes). Higher ventilation
rates can supply the total required amount of raia ishorter time period. During
these short time periods, the building heat loasesmaller because most of the heat

Is stored in the building fabric, and the enteffirggh air quickly heats up again.

In a number of cases with the so-called ‘sick bagdsyndrome’ symptoms, people
rely on the strategy to ventilate more becauseigi bmissions from the building,
the furniture materials and the badly maintainedimaeical ventilation systems. This
is not very energy efficient. The goal must be ¢éefk emissions as low as possible.

The strategy therefore is source and product chitnd not ventilation.

Indoor air quality is usually evaluated by the L@©oncentration indicator.
Unfortunately, there is no agreement on the lingtlues for good air quality (see
Figure 2.23). According to EN 13779 [55] high ind@ir quality (IAQ) is achieved
with less than 400 ppm above the level of outdagr rmedium IAQ in a range
between 400 to 600 ppm, moderate I1AQ from 600 @0lfpm, and low IAQ above
1000 ppm. The German Federal Ministry for the Emwinent, Nature Conservation
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and Nuclear Safety considers 1000 ppm in schools/g®nically good, from 1000
to 2000 ppm as hygienically noticeable, and abo®80pm as not acceptable.
EN 15251 [41] uses 1000 ppm as the upper limit tfee design of ventilation
systems. According to the Commission Delegated Ré&gn (EU) No 244/2012
[56], ‘energy efficiency measures ... shall be compatibte air quality ... levels
according to CEN standard 15251 on indoor air gtyalor equivalent national

standards’.
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Figure 2.23: Monitored and allowed C{Qroncentrations [21,41,55,57-59].
2.3.2 Thermal comfort

Thermal comfort is seen as a state of mind thatremges satisfaction of the
occupants. It is assessed by subjective evalugi@rsince the occupants will desire
differently based on their physiology and psychgloBesides the psychological
parameters such as individual expectations, theneaatrality is maintained when the
heat generated by human metabolism is in thermaliliegum with the

surroundings. The main factors that influence treérmomfort are the metabolic rate,
the clothing insulation, the air temperature, theam radiant temperature, the air

velocity, and the relative humidity.
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The Predicted Mean Vote (PMV) model [60] is oneghad most recognised thermal
comfort models, and has been incorporated intorabeu of standards and design
codes (e.g., ISO-7730 [61]). But the PMV methodustidoe applied only to air-
conditioned buildings, while the adaptive model d¢angenerally applied only to
passively operated buildings where no mechanicstegsys have been installed. The
adaptive model was developed with the idea thatamrt climate influences indoor
comfort as occupants dynamically interact with themvironment. The operative
room temperature is allowed to increase in natunathtilated, non air-conditioned
buildings with rising ambient air temperatures. @Qants in the warm period control
their thermal environment by means of clothing, toatable natural ventilation,
fans, and shading elements [62]. Extensive fialdiss showed that the occupants of
naturally ventilated buildings do accept and evemfgqp a wider range of
temperatures than in air-conditioned buildings hbeeatheir preferred temperature
depends on outdoor conditions.

Adaptive comfort models are implemented in stanslath as European EN 15251
and ISO 7730 standard, and slightly different i American ASHRAE 55 standard.
Contrarily to the ASHRAE 55 standard [63], and at@dance with the EN 15251
standard [41], the adaptive approach can be apgdhedybrid (mixed-mode)
buildings whenever the mechanical systems areumstimg. In contrast to the PMV
model, the adaptive model does not reflect theuarfte of humidity. According to
the Commission Delegated Regulation (EU) No 24422[Bb]: ‘energy efficiency
measures ... shall be compatible with ... indoor coméwels according to CEN
standard 15251.... In cases where measures prodiifezedit comfort levels, this

shall be made transparent in the calculations.’

The temperature excess method cumulates the hathisreom air temperatures
above a given setpoint and compares them withihmialues, e.g., 5% of all office

hours.

In this thesis, the acceptable temperature setpoimre calculated following the
adaptive comfort limits, which are defined in ther&pean standard EN 15251 [41].
Depending on the exponentially weighted running mefithe daily mean ambient
air temperature series of the previous week, recena®d operative temperatures are
calculated for different comfort categories (fotalks see § 2.6.3). The criteria were

obtained through investigations in office buildingsh user operated windows [48].
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2.3.3Energy consumption

The HybVent project investigated that ‘in well-itested office buildings, which are
becoming more and more common in IEA countriestilaion and cooling account
for more than 50% of the energy requirement’ [3heDto passive cooling and
controlled natural ventilation, there is no enemgynsumption for cooling and
ventilation. It is assumed that if thermal comfeen be guaranteed without air
conditioning, then significant cooling and veniitet energy conservation can be
achieved [64]. Energy savings by natural ventilataan mostly only be evaluated
when simulation tools are used, as two identicadimgs with different ventilation
or climatisation strategies are rarely available foonitoring. The savings on
venting, heating, and cooling energy can be detexchiby comparing natural
ventilation strategies (while maintaining thermaihdort) with an identical office
building for which mechanical ventilation is useeld., utilizing building energy

simulation tools).

A 30% reduction of the cooling energy consumptiod &0% reduction of the
installed cooling capacity was predicted for a Wkvlenergy office building with a
stack driven night ventilation air change rate 0fger hour [51]. 40% reduction of
the daily cooling demand was simulated for a higgrmal mass office building in
Belgium [65]. Blondeau investigated that night wiation with air change rates of 8
per hour can reduce cooling requirements by 12 466,5depending on the

temperature setpoint [18].

The primary energy consumption of naturally vemgithoffice buildings in Denmark
was compared with that of mechanical ventilatiorstems [66]. The naturally
ventilated buildings consumed 40 kWh/m2 per yednemgas the consumption of
mechanical ventilation systems varied from 50 kWahfrar year (VAV system) to
90 kWh/m?2 per year (CAV system). The primary enecgypservation for naturally
ventilated office buildings in Belgium was calc@dtto be 8 kWh/m2 per year [23].
Studies conducted on the 23 storey Liberty ToweMefji University in Tokyo [3]

showed that about 17% of energy consumption folimgas saved by using the

natural ventilation system.
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2.4 Airflow Modelling Approaches

The driving forces for natural ventilation of roonasd buildings are pressure
differences caused by buoyancy and wind (see 8)2.2/entilation rates are

dependent on the magnitude and direction of these$, and the flow resistance of
the flow path (see § 2.2.2 and § 2.2.3).

Simplified calculation methods for cross ventilatican be applied when the pressure
conditions at inlets and outlets are the same deamt similar for each orientation,
and thus a relatively constant pressure differerare be supposed. For thermally
driven ventilation, the inlets and outlets shouddlebe located at the same or at least
a similar height level; for wind induced ventilatiothe wind pressure coefficients

and the wind speeds at the opposing openings skeaall have a similar value.

Occasionally, one will encounter configurationstthannot be covered by simple
equations as presented in § 2.4.1. Examples agie dumneys or atriums with inlets
on different floors and with a common outlet or gdex wind pressure conditions at
different facade orientations. In such cases, @digsable to calculate the airflow for
the most effective flow path. If this is no longmrssible due to the complexity of the
flow paths, it is recommended to utilise the mommplex, but still explicit
‘Envelope-flow’ method [26,43] or dynamic multi-zerlow models [67,68], which
are included in programs such as TRNSYS or EneugyPl]. As a unique tool,
Computational Fluid Dynamics (CFD) predicts thdlaivs at all points of the space

defined including the flow momentum, but computatine is excessive.

The analytical calculation methods described belmam be utilised for sizing
openings or to validate the airflow network simigdator CFD simulation results for
simple situations. For complex flow path configioas, the flow rate can be
estimated by AirFlow Networks (AFN) [69], the Engpk Flow Model (EFM) [70]

or by the electrical analogy approach developddisthesis (see § 3.2.1.2).

2.4.1 Analytical approaches

The flow rate through a flow path also referred@sirway configuration, depends
on the opening areas in series and parallel (8 3}.the discharge coefficients
(flow resistance) of the openings (also § 2.4)1a®d the pressure differences (see
driving forces § 2.2.1). A flow path configuratiomy range from only one opening
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for single-sided ventilation up to multiple exteraad internal openings of different
size, height level, and orientation. Simple anagltequations presented here cannot

reflect all but some of the more simple configuras.

2.4.1.1Cross ventilation

Simplified empirical formulae estimate the volumew rate of a single opening
dependent on the effective area. The basic equédiothe volume flow can be

expressed by:

2-14p| (2.11)

V =Cq A
d off Pair
The pressure difference across an opening for awedbwindApw and buoyani\py

pressure differences may be evaluated by:

. 2 _ . 2
Co1 " Vg1 Co2 " Vg2 AT
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Ap = Apy, £ App = (2.12)

It is assumed that the reference air densitipr wind induced pressure is the outside
air densitypex;, and for the buoyant share the mean air densifyois inside and
outsidep. The solution () depends on whether the opensvgllon the windward
side is located higher than that on the leeward &idor not (+).

With Asetr as the effective area of the whole flow path (§¢24.1.3), the basic
equation for the volumetric flow can then be expegisby:

- 2-|Ap] 5 [|Apw , App
S, eff Do S, eff Dext D
(2.13)
C‘l'v’lz_c’z'v’zz AT
= AS,eff P é 2 P - _ T + T ) g ) hS
in 5 ext + 273

This equation can also be used to exclusively esénwind induced flow or

thermally induced flow by setting the respectivargis to zero.
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2.4.1.2Buoyant ventilation

For the ventilation through identical lower andugper openings as shown in Figure
2.24, the pressure drop on each is assumed toebsathe, but acting in opposite
directions. With the same effective opening ardae teight in which the
pressure gradients intersect (i.e., the NPL) isnvaidbetween the two openings [26].
If two openings on different heights are differgngized and with a temperature
difference between inside and outside, the resistaithe bigger opening is smaller
than for the smaller opening. To fulfil the massgervation (inflow = outflow), the
pressure drop around the bigger opening must dezreampared to the smaller
opening until the mass flow equalises on both apniThe Neutral Pressure Level
(NPL) here moves towards the bigger sized operfi6y [

warm

Figure 2.24: Pressure distribution and NPL for two openingsyaum flow with the same and
different opening areas.

The volumetric flow can be assumed with the sameagon as that for cross
ventilation by setting wind pressure share to z&h flow rate may be estimated by
the following equation (agaifseris described in § 2.4.1.3):

. AT
V= Ager |2 -g-h
S,eff\/ Tin -;Text +273 g S (214)

It is important to note again that differently sizepenings influence the position of
the NPL, which can be especially important in msttried buildings with a
common flow path. The required ventilation rategach level may be adapted (e.g.,
set equal) by sizing the openings depending omr tiaght level. The sum of all
inflows may balance the exhaust flow of a singlghhlievel opening, if the NPL is
forced above the height of the highest inflow opgn{sizing the exhaust big and
high enough). The driving pressure at a low lewsehis much higher than on upper

levels, and the openings should be sized accord{cl Figure 2.25) [26].
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cold

Figure 2.25: Pressure distribution and NPL for multiple opesibgioyant flow with different
opening areas.

The buoyant flow through a single opening such agirelow is bidirectional as
shown in Figure 2.1 (b). For cold ambient condisiotihe warm room air exits at the
upper part of the opening and the colder ambien¢rters at the lower part of the
opening. If the ambient air is warmer than the rcmmin summer conditions, the
flow reverses. The flow direction changes at thighteof the neutral pressure plane.
The integration of the flow profile over the heigbsults in a constant of 1/3 in the
following equation, as only part of the window opmnareaAess is available as air
inlet, and the neutral pressure plane is assumédlathe effective opening height
hett level. Any influence of wind (e.g., due to turbmte) is not initially considered
here. For single-sided ventilation with a singleg&opening, the flow rate caused by

buoyancy can be expressed through the followingo [71]:

Hn o text 4 273

[ = Cq " Aett AT b
- 3 Tin + Te g eff (215)
2

2.4.1.3Flow path

A building can be regarded as a series of disa@ts connected to outside air and to
each other by opening elements of the types disdugSells can be connected in
series and in parallel. Together they form a flathpwith a specific flow resistance,

which for the whole airway can be described byabagl effective opening area.

Opening discharge coefficients

The discharge coefficient of an orifi€® is the ratio of the actual flow to the ideal
flow without the effects of friction and flow comirtion (flow resistance). According
to the British standard BS 5925 [10], it is convem&l to assign a value to the
discharge coefficient, corresponding to that oharg-edged orifice. Typical values
of sharp-edged external openings such as windogvsbditween 0,60 and 0,65

45



[26,32,72-74]. Previous research showed that thehdrge coefficient of an opening
did vary to some degree with Reynolds number, biy little variation was detected
with external large openings appropriate for buiddientilation [73]. The current
practice of using values obtained from laboratests under still-air conditions may
not be appropriate when the ventilation is inflleshby wind. There are several wind
tunnel investigations that shd®¢ varying with wind direction (e.g., [75]). The valu
taken in the BS is 0,61, which is also the valuedusirther in this work.

For internal openings in partitioned buildings, @hiare much larger than the
external openings, the discharge coefficient ise&lto 1 [76], because if the rooms
are connected by very large openings, they effelgtifiorm a single zone.

Flow path resistance (total effective area of a fle path)

For multiple openings in a flow path, a global effee areaAs.s including the

discharge coefficients has to be calculated foetitee flow path.

For openings in a parallel arrangement, the effectipening surface are® e is

obtained from the sum of discharge coefficients @ products:
Apett = Ca1 " Aerr + Ca2 " Aesrz + -+ Can " Aettn (2.16)

For openings in serial arrangement, the effectiuease Asef is estimated as

follows:

1 1 1 1

2 2

. (2.17)

2 s
Asert”  Apefr1”  Apefro Ap effn

2.4.1.4Example calculations and EnergyPlus validation

The analytical calculation methodology described baen validated against the
widely recognised building energy simulation softgvawith integrated AFN
EnergyPlus [1]. The relative deviation of the siatatl flow rates with same opening
configuration and fixed boundary conditions ashe examples before is 3,2% for
the single-sided ventilation scenario and 0,04%tlf@r cross ventilation scenario.
The validation methodology can be found in anotiicle by the author of this
thesis [77].
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2.4.1.5Ventilative potential

The potential of natural ventilation for differespenings and room geometries were
originally analysed in the context of a differetudy by the author of this thesis, and
published in ‘Energy and Buildings’ [77]. Here, therm ‘ventilation potential’ is

utilised, as the flow rates are not only dependenthe size of the openings, but also
on the ventilation strategy including flow resistas and the achieved pressure

differences from buoyancy and wind with fixed boandconditions.
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Figure 2.26: Analytical results of avariant matrixfor single-sidedrentilationwith small temperature
differences between room and ambient air. The base-is a room depth of 5,75 m and 2,8 m ceiling
height with a total effective opening area of 0n88(3% of the net floor area).

2.4.2 Airflow networks

Airflow Network (AFN) simulation models have beeevéloped to quickly solve the
airflows and contaminant distributions in buildind3uildings are represented by
well-mixed zones, assuming a uniform temperatugt @ntaminant concentration,
connected by airflow paths. Air momentum effect® areglected. The flow
calculation is based on the assumption that indofiows reach steady state at each
timestep. Multizone airflow network models can siate several airflow
components i.e., cracks, ducts, duct fittings, falev controllers, vertical and
horizontal large openings (windows, doors and/airchses), and passive stacks.
AFN consists of a set of nodes linked by such camepts and represents a
simplified airflow model. The flow elements corresg to openings and calculate
the airflow rates; buoyancy flows are calculated &y density differences.

Mathematically, matrix equations are constructed anmerically solved using the
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Bernoulli equation. Convergence is reached whenstira of all mass flow rates
through all components of a flow path convergezsim.

AFNs are often coupled to thermal dynamic simufatizodels to evaluate the whole
building performance, including the thermal masdwiding elements. EnergyPlus
contains such a fully integrated network model nfaiily COMIS [69], then
replaced by AIRNET/CONTAM [67]) for calculating bding airflows and their
impact on building energy use as described in 823and by J. Huanet al [78].
Other examples for AFN integration into Building étgy Performance Simulation
(BEPS) are ESP-r, LESOCOOL and TRNSYS. Differentptimg approaches such

as the onion and ping pong coupling are possil8¢ [7

However, AFN models are based on assumptions angliBcations [80] and the

local air velocities in rooms cannot be computedeUdlo steady state AFN
simulations were compared with analytical modelthwiery good agreement [77].
Johnson [81] compared the predicted airflows fraffedent AFN models against
measured airflow from laboratory experiments. Tlféeknt simulation programs

yielded similar predictions, which are within 30%rae for the simple cases
evaluated. Care must be taken in case of singkdsrdntilation with relative strong
wind, since the AFN calculations do not considez thrbulent air exchange as
reflected in BS 5925 [10].

2.4.3 Computational fluid dynamics

Computational Fluid Dynamics (CFD) methods provimaemerical solutions of the

partial differential equations governing airflow darrelated physical processes.
Solving the Navier-Stokes equation in a fluid domahe technique is particularly
suited for air movement and contaminant distribu@malysis in [26,82] and around
[83,84] buildings. CFD allows the airflow patterimside a ventilated space to be
analysed in great detail, but computation effogxgensive. Detailed information can
be visualised for air velocity, and temperature pressure distribution at each point
of the zone. This provides the user with a vastwarm®f information, and it is

theoretically possible to know the temperature, tedflow and concentration fields
throughout the whole area of interest with the mesispatial and time resolution.
The geometrical domain under analysis is subdividéa a large number of small

cells (typically from some thousands up to somdioni$) over which the equations
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of conservation of mass, energy and momentum (&ntkeded, of any scalar of
interest) are written, discretised and iterativsved.

Usually, commercially available CFD codes as wall user-developed tools are
capable of performing both steady state and trahsenalyses and special
subroutines are frequently included in order toetako account a wide variety of
other physical phenomena, such as particle setgthermal radiation. Some CFD

codes that use unstructured grids can also haetjecomplex geometries.

However, CFD simulations are also much more timgsaming than a multi-zone
approach. Because of limitations in computer powepractice it is not possible to
simulate a whole building with a large number obns. CFD is therefore more
suited to produce ‘snapshots’ of how a design woumttk at a certain moment.
Given the long calculation time and the high degerng on boundary conditions,
CFD simulations are usually only applied at a detadesign level to verify indoor
comfort [26].

Thermal domain and detailed airflow domain simolatican also be coupled to
achieve better results by providing boundary caoowst For instance, a BEPS
program can provide building heating/cooling load @nterior surface temperatures
of building envelopes to CFD as boundary conditionkile CFD can determine

surface convective heat fluxes for BEPS.

2.5 Previous Research Projects on Natural Ventilation
2.5.1PASCOOL (1992-95)

2.5.1.1Introduction

The PASCOOL project [85] investigated the tools essary to promote passive
cooling in buildings. Based on this, design toatsl @esign guidelines for passive
cooling of buildings were developed. The projecergped from late 1992 to 1995
and was funded in part by a sub-programme (enesggervation and utilisation) of
the European non-nuclear energy programme JOULE Il

49



2.5.1.2Results

The LESOCOOL tool

The 16 bit Windows program LESOCOOL [86] develofgdthe Solar Energy and
Building Physics Laboratory of the EPA in Lausanmeas intended for the
pre-design evaluation of natural or mechanical ilante cooling potentials. It is a
simplified multi-zone ventilation simulation model combination with heat storage
and heat transfer. Limitations are that it allowsigation only for a single flow path
without branches, and also that the thermal maxlbbsed on infinitely thick walls.
The required input parameters are the wall firseetamaterial and surface, the
position and dimensions of the openings, and the tschedules for heat gain,

ventilation, and external temperature.

The PASSPORT-AIR tool
The software Passport-Air [86] complements LESOCC#3La network model for
airflow calculations. It was developed to calcul#éite airflow rates in naturally

ventilated buildings.

The CpCalc+ tool

The tool CpCalc+ [87] is based on empirical daterfiwind tunnel experiments, and
allows the calculation of pressure coefficientsboridings. ThisCp-generator (based
mostly on interpolation and extrapolation of meadudata) was developed because
Passport-Air relies on wind pressure coefficiestrtbhution on surfaces as the inlets

and outlets for cross ventilation.
2.5.21AE Annex 28: Low Energy Cooling (1993-97)

2.5.2.1Introduction

The objective of the IEA Task 28vas to provide design tools and guidelines on the
application of low energy cooling strategies. Besithe ventilative night cooling for
commercial buildings, other technologies were adstiressed but will not be
reviewed here. Outputs of the IEA annex includédhnetogy reviews, technology
selection guidance, tools for early and detailesiglte and case-study descriptions.
The detailed design tool NiteVent was finally pshid within the NatVent study,

and is presented in Section 2.5.4.2.

1 http://www.ecbcs.org/annexes/annex28.htm#p
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2.5.2.2Results

Climatic considerations

Even the technology review [88] states that hotrmderate climates with large
diurnal temperature swings between day and night summer are best suited for
ventilative night cooling. The technical synthesaport [89] claims that ventilative
night cooling is appropriate for moderate climabaditions in which high mid-day
dry-bulb is not common (e.g., usually < 31 °C), vdas the technology selection
guidance [90] indicates hot climate (SB¥28 °C and SNY¥> 20 °C) as low
feasible, warm climate (SDT > 28°C and SNT < 20 &S)low suitable, and cool
climate (SDT > 28 °C and SNT < 20 °C) as mediuntasle.

The technology review states that the humidityorati the air should be less than
15 g per kg dry air since the technology primaphpvides sensible cooling. The
technology selection guidance declares all humidlgvels from humid
(MC* > 14 g/kg) to dry as medium suitable.

Thermal mass application

To increase the storage performance and to prdhelelesired daily cooling cycle,
the thermal mass of the building must be in direahtact with the cool night
ventilation air. The mass should therefore not smaited by lightweight finishes,
such as dry lining or suspended ceilings. It hasnbi®und that any thickness of
dense concrete greater than about 50 mm has vty diffect on the diurnal
temperature cycles, although these larger thiclasessay become significant in

weekly or seasonal variations.

Cooling load and heat gain limitations

Simulations indicated that depending on the clinatd building, ventilative night
cooling is capable of providing cooling for up t0 W/mz of internal heat gains. On
an average, night cooling will offset ~20-30 W/nf2leeat gain for heavy-weight
constructions. Therefore the technology is capaiflesatisfying only moderate
cooling loads. Beside the provision of accessiblermhal mass, ventilative night
cooling should be planned in combination with gabeérmal insulation to the

building envelope and also together with extermades over windows as they are

2 SDT summer peak design temperature
3 SNT summer night minimum design temperature cpmeding to summer peak design temperature
4MC summer design moisture contend
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crucial in preventing higher solar heat gains. Tinimise the internal heat gains, low
energy appliances and their smart control, andntpkadvantage of natural
daylighting are important. Moreover, it was indegtthat the most appropriate
application is in buildings which are unoccupiedidg night-time, with regular

cycles of heat gains.

Comfort assessment

Computer simulations indicated that night-time uation can reduce the daytime
peak temperatures in heavyweight buildings in trdeoof 2-3 °C; but controls are

needed to monitor the outside and indoor condittorevent from overcooling and

discomfort in the early morning hours. Also, aslocwpoccurs, the relative humidity

should be maintained at less than ~ 60%. Thusymmidh climates care must be taken
not to bring in too much moisture at night whichulbcause discomfort during the

following day.

Air change rates

Night-time ventilation is particularly suitable f@ommercial buildings that remain
unoccupied at night and where high airflows carubed. Typical night air change
rates needed for cooling are between 5-20 ACH. ddwime ventilation rate needs
to be minimised to the rate needed for IAQ requaeta when the outdoor air

temperature is greater than the thermal mass sutéacperature.

Control algorithms

In the description of the detailed design tools][%hree night cooling control
algorithms for commercial buildings have been idett: the setpoint control, the
slab temperature control, and the degree hoursatont

In general, night ventilation should be initiatédhie peak zone temperature is above
23 °C, and/or the average daytime zone temperaturgbove 22°C, and/or the
average afternoon outside air temperature was akaye20 °C and/or the slab

temperature is above 23 °C.

Night cooling should continue if the zone tempematis above the outside air
temperature (for natural ventilation), and the mig&sair temperature is above 12 °C

(to prevent any risk of condensation).

If setpoint controlled, the zone temperature maypdat night to 16 °C before the
vents close. Once this has occurred, the buildinidy tven slowly increase in
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temperature due to heat gains re-emitted from thielibg fabric. The vents remain

shut until the second hysteresis setpoint (e.g.;C)9allows opening again. This

alternating cooling and heating process continugd such time as the ‘preheat’

period is reached. The preheat period is the timehéch the inlet and outlet vents
must shut in order that the space reaches thengesgtpoint (e.g., 19 °C) by the start
of occupation without overcooling the building. tlme preheat period, the radiative
and convective heating rates may be calculatedrdieroto predict if the desired

occupancy temperature will be reached in the mgrhiours even if the openings
remain open. Although it is not anticipated to acdhe heating system should be
enabled to ensure that any overcooling will nog¢etfthe comfort conditions.
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Figure 2.27:Control Strategy 1 - Setpoint Control [91].

The precooling strategy to cool the slab to a (iedd slab temperature setpoint
during the night is described for a hybrid veniiat strategy. The mechanical

ventilation system may briefly assist the naturantiation if the low night
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electricity tariff may be exploited and the slalnfeerature setpoint is not reached.
The calculation of slab temperature setpoint id-lsakning, and is based on
equalising the slab temperature, the room temperatand the slab temperature
setpoint. An adjustment factor is provided in ordleat a cooling effect is still
available from the slab towards the end of the paoay period. If at a certain time
of the night the slab temperature has not achidiaedslab setpoint, the time is
calculated so that fan -assisted cooling is enatedchieve the slab temperature
setpoint. This calculation is based upon the dffiee between the internal and the
external temperatures, and the rate of change eofskhab temperature using fans
under these conditions. For mechanical or hybridtilaion, cooling benefits must
be balanced against the use of fan energy ancethperature shift of the incoming

air due to the fan induced heat gains.

The degree hours control strategy aims to calcultetedaytime heat gains and the
cooling gains at night to maintain equilibrium. THecision as to precool or not is
based upon the number of hours that the intermapéeature is above the room
temperature setpoint. If at the end of the occupigribd the degree hours are greater
than 3, then the night precooling is activated. TWpenings then modulate to
maintain the space temperature at the precool is¢tpmg., 18 °C) till the degree
hours of night cooling gains are equal to thosehef daytime heating gains. The
control system also calculates the time to raisegpace temperature back to the
comfort setpoint by the start of occupation perittdnay then terminate the night
ventilation before the equilibrium between the by fabric temperature and the

space temperature of the next day is reached.
2.5.3AIOLOS (1993-97)

2.5.3.1Introduction

The European-funded project AIOLOS has been coatéiih by Mat Santamouris
and involved experts in numerous European countfiee project was carried out
within the framework of the ALTENER Programme, whidocused on the
promotion of renewable energy sources of the Emopg@ommission. The goal of
the project was to create educational material lom efficient use of passive
ventilation. The project deliverables were publisirethe book ‘Natural Ventilation

in Buildings: A Design Handbook’ [14]. An accompamy CD-ROM contains the
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design performance evaluation AIOLOS software lier ¢alculation of the airflow in

natural ventilation configurations.

2.5.3.2Results

Empirical methods
Eight simplified empirical methods for the preductiof the airflow rates [10,92-94]
and the air velocity inside a building [95-98] aresented.

Airflow network model and experimental validation

The second approach is the network model (see .8)2where the building is
represented by a grid that is formed by nodes &awmiéh a pressure value) and
linkages (flow paths through openings). The mathemlaapproach is presented and
results gathered from different simulation tools IRNET, ESP, BREEZE,
PASSPORT-AIR, COMIS) were compared against eaclterodnd against the

measured data.

Experiments were performed in Athens (single-sidemtilation), Lyon (cross

ventilation) and Lausanne (stack driven ventilgtion

For the single-sided scenario, all five networkl¢opredicted very similar airflow
rates. But the predictions were initially not inogoagreement with the experimental
values. It was found that the experiments wereattarized by high wind speeds
and small temperature differences, but the netwaokelling with PASSPORT-AIR
neglected the wind effect in the case of singledidentilation. Therefore an
additional algorithm was developed [99] and introellivia a correction factor to the
model. This factor depends on a correlation betwbenGrashof number and the
Reynolds number. The correlation coefficient betwegperiments and simulation
then was close to 0,75.

The cross ventilation experiments with rather loimdvspeeds (~ 3 m/s) were carried
out in two rooms connected by a door and with sfidivindows on opposite,
sheltered facades. Simulations were realised ubea@OMIS model, and measured
wind speed was modified by a wind profile model([Lér the calculation of local
wind speed at the level of the windows. The valdeth® external discharge
coefficient of the windows was taken to be equaD{®5, while the internal door
discharge coefficient was set at 0,65. The pressoedfficients at the two facades

were calculated using a simplified model for lowerbuildings [100]. It was found
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that that the AFN model estimated the flow rateasomably well, but that

inaccuracies in pressure and discharge coefficemised notable error.

The stack driven experiments were carried outénlBSO building for six different,
relatively simple flow paths and different temparat differences. The building’s
staircase here acts as an up to 12 m high chin8imulations were carried out with
the absence of wind using PASSPORT-AIR. The intedioar connecting the office
with the staircase was open. All discharge coeffits were set at 0,7. The

comparison of measured and predicted airflow rsiesved good agreement.

Methodologies for sizing openings

The methods described for sizing openings are basedsimplified empirical
methods or on computerized iterative AFN methodelgFive empirical methods
and one AFN method are discussed. By estimatingpleaing area, a certain airflow
rate is targeted. Calculations are performed witbhanging driving forces, which
are the local prevailing wind speed and directiontree mean expected indoor-
outdoor temperature difference. They do not refileetthermal mass of the building,
the climatic region, the comfort criteria, and gwar and internal heat gains; they
also do not give recommendations about the desirdtbw rate. The empirical

methods treat the building as only one zone witlatetnal resistance.

Two empirical methods developed by the Florida Sklaergy Centre calculate the
window area for cross ventilation with a design avepeed from the closest weather
station, which is then adapted for the local wimeexl. The first method [101]
calculates the gross window area including 20% iingmand screening with a
porosity of 0,6. The method proposes correctiotofador the wind incidence angle,
the terrain, the wind shielding by neighbouringlthuigs, and the floor height (only
ground or first floor). The second method [102tadluces pressure coefficients from
a simple table, which replace the factors for tlhedwncidence angle and the terrain.
The inlets and outlets may be designed here ierdift size. Also the porosity of the

windows can be adapted by choosing from differeisiect screens and window
types.

A very simple method proposed by ASHRAE [103] isoatliscussed, which can be
used for wind or temperature driven ventilationf bot for a combination. If the

flow is mainly due to wind, and the openings amediequal, the area is a product of

the design flow rate, the local wind speed, andaetofr that accounts for the

56



effectiveness of the opening based on the wincttione. If the airflow is mainly due
to the temperature difference, the area may bailedézl from the design flow rate,
height difference between inlets and outlets, dmdtemperature difference. If the
inlets and outlets are not equal in size, therptreentage of the desired flow may be

increased according to a diagram.

The Aynsley [93] and the British Standard (BS) noelfh [10] both estimate the

surface area of the openings for wind-driven vatith based on the same equation:

. (Cp,l - Cp,z)
V=v |—73 LT (2.18)
A12 ' Cd,l2 Az2 ' Col,z2

The BS-method in addition proposes an expressiaaltulate the opening sizes due

. 2-AT-g - Ah
V=0 As |77 (2.19)
1n 2 eXt+ 273

=——+— (2.20)

to buoyancy:

where:

Additionally the BS-Method provides criteria to oef whether the flow is mainly

due to wind pressure or buoyancy (see also § 2.6.1)

The sixth method described is based on computerizégdork simulation. Openings
can be sized by realizing a sensitivity analysistiedy the relative impact of the
design characteristics (e.g., the opening areasttaid location). AFN models are
capable of calculating combined thermal and wirespure differences; they can also
model multi-zone buildings with internal openindgoW resistances). This method

therefore overcomes some of the limitations ofahmpirical methods.

AOILOS tool
The dynamic, airflow network (AFN) modelling bas&®ILOS software is focused
on the calculation of airflow rates in multi-roomilolings for a run period of up to

30 days. It is suitable for the calculation of lawf rates in each simulated room zone
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and also for calculating the airflow through eagemmng involved. It allows the
users to perform sensitivity analysis for the irigegion of the impact of specific
parameters. It includes an optimization processttier opening sizing in terms of
optimum airflow rates. The openings are contro(lglen or closed) by user-defined
schedules, which are the same for each day in engsimulation period. It also
includes a single zone thermal model for the whialglding. This allows the
assessment of the impact of the chosen ventilatiaegy on the thermal behaviour
of the building. The program first calculates theb@l airflow rates of the building
with a given internal air temperature. These valiuem the first module are then
provided to the thermal module, which calculates ¢boling loads and the thermal
comfort with a fixed design temperature. Comfortcaculated by means of the

temperature excess method in degree hours.
2.5.4 NatVent (1994-98)

2.5.4.1Introduction

The NatVent project was a seven nation pan-Europeaject aiming to reduce
primary energy consumption of office type buildingsurban areas. Like PASCOOL
it was partly funded by the European Commission UBprogram, and was targeted

at countries with low winter temperatures and matsessummer temperatures.

The work was divided into three work packages (WH)e first work package
identified the barriers that prevented the uptakenatural ventilation, based on
interviews with leading designers, architects, dodding owners and developers.
The second work package evaluated the performahd® existing and naturally
ventilated low energy buildings. Temperature, hutpjdcarbon dioxide and
ventilation rates were measured during both wiatet summer periods to determine
the shortcomings and advantages of different gfiede In the third work package,
‘smart’ technology systems and component solutiwerse investigated to overcome
the identified barriers. This included passivesaipply components for use with high
external pollution and noise loads, 'smart’ constain inlets for IAQ and thermal
comfort, heat recovery systems with acceptableggneonsumption, and especially

‘smart' systems integration for optimum year royssiformance.
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2.5.4.2Results

Barriers

Conclusions from the interviews of 107 designerd dacision makers in the final
perceived barriers report [104] show that the wne&avees showed a lack of
knowledge about ad hoc designed natural ventilatmmpared to what they knew
about mechanical ventilation. But it was also iatkcl that they worked with
traditional natural ventilation. The intervieweestioed that there were only few
available good sources of information (e.g., natwentilation guidelines) for
products especially when compared to those pem@gito mechanical ventilation
systems. They expected the same level of userfadit for naturally and
mechanically ventilated cellular offices, but Ides open plan offices. In contrast,
they expected mechanical ventilation systems tdoper better with regard to
cooling effectiveness, draught minimisation, apitd remove and prevent ingress of
odours, and insulation against external noise. Motrviewees expected much
lower installation, running and maintenance cositsassive ventilation than for
mechanical ventilation. If mechanical systems westalled, they would have to
account for a significant proportion of the totakts of the building.

Recommendations included the development of simgaergy efficient, low-cost
natural ventilation system concepts. Standardsgandelines must be developed so
that there is a more favourable technical and leégatework for naturally ventilated
office buildings. Simple design tools like diagranss easy-to-use computer
programmes have to be developed. Components antokeystems for natural

ventilation, and the general knowledge need improad.

Experiences from the monitored buildings

The final performance monitoring report [12] fromP& stated that the measured
CQO levels in most of the 19 buildings were acceptabig eight buildings suffered
from serious overheating problems, which was thetrmommon user complaint. On
the contrary, studies on several buildings proveat it was indeed possible to
achieve an acceptable thermal summer comfort withmchanical cooling. A clear
distinction between natural ventilation for IAQ asdmmer comfort is essential to
avoid confusion. Natural ventilation for IAQ aims ¢tontrol the indoor air quality

during office hours with a rather low air changeeriitom 0 to 1,5 ACH, since large
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ventilation flows mean large energy losses. Advdncentrol strategies instead of
manually opening windows were found to considerabtuce ventilation losses.

In contrast, to achieve good thermal comfort in swam the airflow rates should be
controlled as high as possible if the internal terafure is warmer than the external
temperature. In addition, accessible thermal massquired. The optimum solution
is found in buildings with exposed heavy ceilinfisprs and walls. Exposed ceiling
or (half) open lowered ceiling also achieves aaept results but not optimal.
Recommended airflow rates without specific probléfrem 5 to 10 H) aim cooling
down the thermal mass of the building especiallyight. Monitoring the results
showed that the control of airflow rates for summemfort is in most cases not as
critical as it is for IAQ ventilation. Automatic otrol has the possibility of
optimizing the opening and closing, but it is recoemded taking a relatively simple
and stable control, as a detailed study [16] ded#int control algorithms showed the
impact of the control strategy as limited. Undetcwp during the early morning
hours should be avoided. During the office hourss preferable that the users can
overrule the automatic control. But if the openirge controlled manually, it is
essential to provide a clear instruction for the akthe ventilation openings, also in
combination with the shading devices, the lights the radiators.

Another key message from the monitoring reporthat summer comfort requires
much more than just intensive ventilation. In mafyhe monitored buildings, there
was a problem of overheating due to very high sgdamns. The recommended design
elements to control solar heat gains are shadivgele and the intelligent choice of
glazing type surfaces and orientation. A high iaah level can limit indirect solar
gains through opaque surfaces. Low energy equipeuehtwell-controlled lighting

systems can minimise the internal gains.

Control strategies and opening sizing

In WP 3.4, two methods for the calculation of efifee vent opening areas were
developed for the early stage of design [16]. Tiveye based on a comprehensive
parametric analysis carried out with an ad hoc lbpesl SIMULINK dynamic
thermal and ventilation network tool. The aim was ihvestigate the control
strategies and the required ventilation openin@ doe a representative three zone
office model with two office zones (22 m2 each) andorridor (9 m?2). Simulations

were carried out for single-sided, cross and sthek 5 m / exhaust fan-assisted)
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ventilation. The comfort criterion was evaluatedtbg temperature excess method.
No more than 100 hours in a year with indoor terapges above 25,5 °C, and no
more than 15 h above 28 °C were accepted. TheteHeapening area is dependent
on the opening angle of the window (calculationcading to § 2.2.3.1). The weather
data represented the months May till September, aasl from De Bilt in the
Netherlands from 1964. Parameters investigated Winerdouilding orientation, mass
(low = 55 kg/m2, medium =75 kg/m?, high = 100 k&ymnternal heat gains (20 to
40 W/m?), solar gains (different shades and windoeas) and the control strategy.
The area density of the thermal mass is the suhalbthe weight of the side walls,
the back wall, the floor and the ceiling, and tinéire weight of the facade, divided
by the net room floor area. The control during ed@fhours (8 am till 6 pm) tries to
keep the room air temperature at the cooling setp@?2 °C) when ik > Text and
Text>12 °C. It was shown that the various predictivight control strategies
proposed in literature produce nearly the samelteegigure 2.28) and concluded
that the setting of the control parameters was nmop®rtant than the strategy itself.
The strategy used for further analysis was theigtigd cooling day control, where
if during the previous day vents were open for gapl the night setpoint was
decreased by 2 °C. The start value was 22 °C anththimum was 18 °C.

Effect Control Strategies
M-Inertia Building, Cross Ventilation, 2% W-area
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Figure 2.28: Effect of the control strategies [16].

The first method designed was an easy-to-use smlechart (Figure 2.29) to

determine the ventilation system and effective apgareas that can be applied.
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Figure 2.29: Graphical pre-design tool for night cooling [16].

The second method was intended also to calculatesffiective opening area with
similar inputs as in the graphical tool, but wasdshon simplified equations and

could be used in a spreadsheet [16].

Controlled airflow inlets

The project conducted a market breakdown [105]unogean countries for several

types of air inlets, controlled by pressure differes, humidity, pollutants, and

temperature. The purpose of pressure controlleéhkts is to maintain a constant
airflow independent of wind and buoyant pressurteinces, where pressure
differences across air inlets are normally in tege of 1 to 20 Pa. An ideal constant
airflow inlet gives a constant flow independenttioé pressure difference, and can

also compensate for increased airflow from leakage.

Besides the market analysis, the FlexNightVentqgiype [106] was designed and
tested with promising results for fresh air supdhyt mainly focusing on night
cooling. The cross ventilation design consists afa@orised trickle vent with sound
attenuation for fresh air supply, a motorized wiwvdbat could be set in any position
for night cooling and a control unit for connectitize ventilator system with a

building management system and for manual ovegidkm optional presence sensor
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saves energy in the heating season by closingritidet vents. The ventilation
openings were dimensioned by the method mentionegid.2.3.1. The motorized
window control for cooling is divided into three soutines [107]. During

occupation, no feedback control was applied becdilese tests showed that the
inhabitants would not accept frequent adjustmeértterefore, a feedforward control
(Figure 2.30) was applied, whose aim was to fiqmbsition that was most likely the
best for the next period. Adjustments were dependerthe indoor air temperature
and the time of the day, and were made in periatlsout occupation. Further, the
opening area was decreased by a correction faaperdlent on the external
temperature to avoid the risk of draught.

Indoor Temperature [°C]
Correction Factor [0 -1]

26

25 100 %

11
24 + 50 %
23 25 %

0%

22

opening

window 0 ©
10 11 12 13 14 15 16 17 18 19 20 21 2

21

20

8 hour 10 hour 12 hour 14 hour 16 hour 1
Outdoor Temperature [°C]

Time at wich upper window is adjusted

Figure 2.30: Feedforward control during occupied office timeysce: [106]).

Without occupation, a self-adapting feedback atbariis active, which tries to keep
the temperature at the cooling setpoint. Withoutstering current comfort due to
the absence of inhabitants, the window positidhésresult of a proportional integral

algorithm divided by the temperature difference.

Night cooling was realised by the predictive coglday control as mentioned above,
but with a starting setpoint of 24 °C, which in gerond night of operation was then
decreased to 20 °C, and in the third night furttexn to 18 °C.

NiteCool tool

NiteCool [108] is an easy to use night ventilatipre-design tool especially
developed for UK office buildings. It was programineith the objective to keep the
user input at minimum and to facilitate fast sintiola time for the tool-integrated

sensitivity analysis.

The tool combines heat transfer (third-order lumpathmeter method [109]) and
ventilation and is based on a pre-configured siaglge model with dimensions 10 m

width, 6 m depth and 3 m height in the middle oba of offices on the middle floor
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of a 3-storey building. The building can be desedilby design options such as air
tightness, orientation, solar control, glazing oathermal mass, site location, and

internal heat gains.

Dynamic simulations are either carried out for anthoor over the cooling season
from May to September. Internal temperatures ailg smulated for seven days
each month, and energy data is then multiplieddaggufactors. The hourly weather
data is calculated from data in the CIBSE guideO]Jl1Sinusoidal external
temperatures can be adapted for each weekday tiggethie daily minimum (night)
and maximum (day) temperatures or by setting péagenrisk factors for excess

temperatures.

It covers a range of natural ventilation strategbich are single-sided single
opening, single-sided double opening, cross veéitia and stack ventilation

(buoyancy and wind). To achieve certain airflowenings for all strategies can be
sized automatically by the inverse solver methddlL[112] or by user-specifications

of size and position. Default pressure coefficieras be edited.

It is possible to choose cooling systems for dayr@ght separately. Besides the four
natural ventilation systems described earlier,ehame three mechanical ventilation
and two active cooling systems available, whichclu@acterized by their fan power,

system performance, and setpoint temperature.

The tool allows the user to customise the contraktegy of the night cooling system
by setting operation times, system initiation ruleg., previous day peak, average or
initial temperature for inside, outside, or slalmdasystem continuation to avoid

overcooling.

Energy savings can be evaluated by setting a referelVAC system (displacement
ventilation or fan coil units), which is considerexlbe a standard solution with no
night cooling. The setpoint can be a constant teatpee or the program can choose
a setpoint similar to the resulting internal tengpere calculated for the low energy
design strategy.

2.5.51AE Annex 5: AIVC (ongoing since 1979)

In 1979, the ‘Air Infiltration and Ventilation Cemrt (AIVC) started as the'SIAE

research project (Annex5) in the context of theerfgg in Buildings and

64



Communities Programme (EBC), running even todaygi@ally focusing on the
energy impact of air infiltration in buildings, vi#ation was introduced in the
mid-80s as the interest moved towards indoor aalityjuconcerns. Today, AIVC
serves as a source of information (AIRBASE), holtsual conferences and
workshops, publishes papers and reports, maintalasge database of publications,
and shifted its focus to networking activities aflliiple stakeholders. The centre also
collaborates with the venticool programme (see5872. focusing on ventilative

cooling strategies in buildings.

Since its creation, the AIVC has produced a seokgublications such as the
guidebook ‘A Guide to Energy Efficient Ventilatiofil13], and the important and
comprehensive book ‘Building Ventilation - The $taf the Art’ [114].

2.5.6 IEA Annex 35: HybVent (1998-2002)

2.5.6.1Introduction

Annex 35 HybVent ‘Hybrid Ventilation in New and Refitted Office Buildings’
was a worldwide research project with about 30aedeinstitutes, initiated by the
IEA Implementing Agreement ‘Energy ConservationBuildings and Community
Systems (ECBCS)'.

Targets of the project were the development of robrstrategies and performance
predicting methods, the selection of measurematiniques, and the promotion of

hybrid ventilation systems for offices and eduaagidouildings.

These objectives were met by the production ofousripublications. The state-of-
the-art report reviewed hybrid ventilation techrgys, controls, and analysis
methods. It identified barriers and the lack of Wexige, and contained a survey of
22 buildings. As a final product of the researchjgut, the booklet ‘Principles of

Hybrid Ventilation’ [50] was intended for newcome&everal technical reports and

research papers give detailed information on tpeto

The project was divided into three subtasks, easVot@d to a specific area of
interest. Subtask A focused on the developmentootrol strategies. Subtask B
emphasised theoretical and experimental methodgeidormance analysis. Subtask
C investigated monitoring results of case studié® buildings surveyed are low to
medium-rise buildings, and the Meiji University Temin Tokyo.
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The International Energy Agency Annex 35 aimed eweadop control strategies for
hybrid ventilation systems for newly built and cdiited office and educational
buildings. Various control strategies for hybridntieation and their integration in
building management systems were analysed [3]dédfetent simulation tools were
evaluated [115].

2.5.6.2Results

Principles

Hybrid ventilation is defined as a two-mode systesing both natural and

mechanical ventilation [50]. It can switch betwemncombine these two modes to
exploit the benefits of each mode while maintainthg desired airflow rate and
airflow pattern. Hybrid ventilation systems all abm provide fresh air for the IAQ

aspects, and some also contribute to passive gofairthe establishment of thermal
comfort in warm periods. An intelligent control g9 is intended to minimise the
energy consumption and to provide acceptable indmorquality and thermal

comfort. Compared to mechanical ventilation andcainditioning systems, energy
savings can been achieved mainly because of asudrstantial reduction in energy
use for fans and active cooling by using mechanfoates only when natural

potentials do not suffice.

The mechanical systems in a hybrid-ventilated lngidcan range from simple
exhaust fans to balanced ventilation or even td &l conditioning systems
depending on the climate, the building behaviond tine comfort requirements.

In cold climate, the natural ventilation mode inhgbrid system most probably
dominates the summer temperature control, whilevarm climate the passive
cooling potential is mainly exploitable in the inteediate season, and may assist

active summer cooling by night ventilation [3].
The three main hybrid ventilation principles are:

e The natural and mechanical ventilations as tworanwus systems, where the
control switches between the modes depending osdhson or occupation of
the building;
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The fan-assisted natural ventilation, where nateeatilation is combined with a

supply or exhaust fan. Here the fan assists thersyby enhancing the pressure
differences during periods with weak natural dmyifiorces or increased

demands;

The natural driving forces can partly account ftwe tnecessary pressure
differences in wind-assisted and stack-assistechamecal ventilation systems

with low-pressure losses.

Controls

The ‘Principles of Hybrid Ventilation’ booklet [5@ummarises the research findings
and the lessons learned from the case studies Hkl&]llows: The main challenge
in the design of control systems for hybrid vetgdabuildings is to find the right
balance between implementation costs, operatiotscesergy use, indoor climate,
comfort, users’ satisfaction and robustness. Theeldgpment of an “optimal”
control strategy for a specific building will degenot only on technical parameters

... but also on parameters such as dress code, tigeidas and user expectatiohs

Manual versus automatic control

Individual control should be maintained even itd@n conflict with guaranteeing
a specific level of indoor thermal comfort or airadjty;

During occupancy, automatic control is benefictastipport the user;

Users are more tolerant with respect to thermamate if controlled by
themselves;

Automatic control is required in times of non-ocatipn to save energy and to
precondition the rooms;

Automatic control is necessary to reset manualrots)t

Rooms occupied by several people (e.g., landscabecks) need a higher
degree of automation;

Automatic control during working hours was discageeito be difficult for user
acceptance due to high draught risks;

The control strategy should be easy to understandhé users and by the
maintenance staff;

Users want rapid feedback of the system when theypually change the

conditions.
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Climate and season

The control strategy should be separated in difteneodes for summer, winter
and intermediate season;

Winter control (during heating season) focusesA issues;

Summer control (during cooling season) concernsrtheimum temperature;
Intermediate season control occasionally switcleeedien IAQ and temperature
concerns;

The control strategy is strongly influenced by thmate;

In cold climate the control concentrates to minenenergy consumption for
fresh air supply and to achieve good thermal comior summer without
mechanical cooling;

In warm climate the strategy should focus on reglyithe energy consumption

for mechanical cooling in summer.

IAQ control during occupancy

Flow rates for IAQ can be either controlled manudlly the occupants, time
control via a schedule, presence detection, IAQ someanent or by a
combination of these;

CO: sensors indicate IAQ where people are the govenpahlution source;

In small rooms with few people, the users are ci@pab controlling the IAQ
manually;

For large rooms (e.g., landscaped offices) with yna@ople and for occasionally
used rooms (e.g., meeting room), automatic IAQ robig necessary;

Energy consumption for IAQ control can be reducgdiimiting the operating
hours and the ventilation rate according to thaipaacy pattern;

Good user control in combination with automatickbap based on IAQ is the
optimum strategy, but might be expensive.

IAQ control during non-occupancy (only for tight buildings)

Necessary to remove build-up pollution from day;
Necessary to supply fresh air before occupation;

Necessary to remove pollution from materials amedming.
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Temperature control during occupied hours in summer

Manual control in small rooms is possible becausepfe do have a clear sense
of their own thermal comfort;

May only have a limited cooling potential AT betweenTin andTex is small;

High air change rates can assist the body coolingrpial (evaporation chill);
Ventilation may increas@n, if Text > Tin;

In combination with automatically controlled meclaah cooling, there is a risk
that once activated the system will stay in acthae;

Automatic control is necessary if the mode is madw cooling and/or

ventilating.

Temperature control during summer nights

Is very important to achieve thermal comfort inlBumgs without mechanical
cooling;

Is very important to reduce energy consumption uildings with mechanical
cooling;

Aim is to cool down the building structure as muwashpossible without creating
discomfort at the start of occupation;

It is possible but not recommended to manually mdmight ventilation (only if
the users receive clear and easy-to-understarrdatisns);

Can be established for a room or can be centra fgmoup of rooms or for the
entire building;

If a representative room is chosen to control ssweoms, the room selection is
of great importance;

If mechanical ventilation is on, the cooling poteh{depending oA T) must be

weighed against the fan power consumption.

Additional control systems

The supply air may be preheated to reduce the afskraught (even when
cooling is needed) based on temperature confrgl) (but should be treated
separately from the room heating;

During severe weather conditions (e.g., storm,)ramrmal controls must be

overwritten by closing the windows and raising ¢éixéernal sunshades;
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* Sunshades should be user overwritable, automatitralled based on solar

radiation intensity on the facade.

A technical report on advanced control stratedld5'] introduces different strategies
briefly, stating that the performance of controparticularly sensitive to the quality
of sensor information, the efficiency of actorsgdhe quality of controls to meet the
objectives of the system. The advanced controtedigre (1) rule based control,
which is most frequently implemented in Buildingefgy Management Systems, (2)
the optimum and predictive control, (3) neural ratg, and (4) the fuzzy logic

control.

Rule based controls can simultaneously browse anttal several parameters, and
they are based on e.g., IF, OR, AND, THEN commaridie definition of rules
depends on expert knowledge, and is a good opptyrtior combined control of
mechanical and passive components. Figure 2.31 madhp shows a rule based
control over the room air temperature control basada hybrid strategy taking
control over active heating and cooling, mechanaad natural ventilation, active

heating, and controlled solar shading devices.
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Figure 2.31:Rule-based control of indoor air temperature (mtirgode example) [117].
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At the time of the report, optimum and predictiventols were not widely

implemented as no industrial development followesl gcientific research. Optimum
control is based on a mathematical model of théegydo be controlled such that
certain optimality criterion is achieved. It dealgh finding a control law for a given

system via differential equations describing thetcpaths of the variables that
minimises the cost function (in the context of hgbventilation, it is the balance
between energy and comfort). Model predictive awnincludes a forecast of
external, climatic variables based on a statistar@lysis of meteorological data
gathered, or on the weather forecast. This con¢ralery effective for improving

night ventilation and to avoid overcooling in th@ming hours due to time-shifted

heat exchange of thermal mass.

Early stage design tool

Fracastoreet al. [118] developed a simple tool to assess the fei#gibf hybrid
ventilation systems in the early stages of builddegign. The procedure aims to
determine suitable ventilation design from a fewwWn building parameters and the
local climate data for the heating season. It idefua statistical prediction technique
for estimating the relationship between two vaesablwhere regression analysis is
applied. The efficient pressure difference amorg éhvelope as a function of the
temperature difference between inside and outsidd,the wind speed was found
using the AFN simulation engine COMIS [69]. Thews® parameters again depend
on the building typology and surrounding terrain.

The procedure is to first calculate the frequenisgritbution of pressure difference
across the envelope for each hour with typical weradlata TRY [119]. In the second
step, the required minimum effective pressure difiee, depending on a typical
building tightness value, is determined to achiaveertain air change rate as a
function of the building’s envelope area and gnodsime. Next, the time percentage
for which the required ventilation rate will be iséied by natural ventilation can be
evaluated. Finally, if the time percentage by ratwentilation is too low, the
permeability should be increased by additional o) or a mechanical system
should be introduced, or both these options shibeldmployed.
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2.5.71AE Annex 62: Venticool (ongoing 2014 - 2017)

The IEA Energy in Buildings and Communities prognaen (IEA EBC) recently
approved Annex 62 Ventilative Cooling ‘Venticoolhis new Annex is an ongoing
worldwide research project with about 13 countpagicipating from Europe, Japan,
China, and the US. It refers to the new challemgeiesign and construction towards
nearly-zero energy buildings, and the increased f@ecooling in highly insulated
and airtight buildings. Focusing on energy effitieantilative cooling solutions, the
research aims to develop design methods and toq@eetict, evaluate and eliminate
the risk of overheating in buildings. One of thgeahives of the ‘IEA ECBCS Annex
62 Ventilative cooling’, started in 2014, is to gi\guidelines for integration of
ventilative cooling in energy performance calcadatmethods and regulations (e.qg.,
DIRECTIVE 2010/31/EU [7]).

2.6 Regulatory Framework

Buildings greatly contribute to the climate changiace 40% of the energy is used in
buildings. With the Energy Performance Buildingsdative (EPBD) DIRECTIVE
2010/31/EU[7] the European Union has set ambitious goals niprove the
sustainability of the built environment. The aim ts move towards new and
retrofitted nearly-zero energy buildings by 2026d &y 2018 in the case of public
buildings. It also targets the application of atem#imal methodology for setting

minimum requirements for both the envelope andehknical systems.

Article 9 requires thatMember States shall ensure that by 31 December 2020
new buildings are nearly zero-energy buildings; after 31 December 2018, new
buildings occupied and owned by public authoritiaee nearly zero-energy
buildings. Member States shall furthermoréraw up national plans for increasing
the number of nearly zero-energy buildingad following the leading example of
the public sector, develop policies and take messsuch as the setting of targets in
order to stimulate the transformation of buildintigt are refurbished into nearly

zero-energy buildings

Building airtightness and energy efficient ventdatsystems will implicitly become

a mandatory point of attention. The usage of natweatilation to improve thermal
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comfort and/or reducing cooling need (ventilatiwmling), and to assure indoor air

quality will significantly increase.

However, the existing European standards considerral ventilation mainly as a
measure to provide good indoor air quality but asta cooling strategy. The
following subsections provide a summary of the sofdeusing on the area relevant
to naturally ventilated buildings across severaiopean countries.

2.6.1BS 5925

The British Standard BS 5925: 19910] gives recommendations for designing
natural ventilation systems. It outlines the magason for building ventilation, and
recommends quantitative airflow rates. The stangmaovides basic factors which
influence the choice between natural and mecharsgsiems. A comprehensive

section examines the design of natural ventilasiggstems.

This includes the basic physics of natural vendttatincluding the flow

characteristics of openings, the generation ofsumesdifferences, the definition of
meteorological variables, and gives equations fo tletermination of natural
ventilation rates. This relatively old standardth& only one with clear focus on
natural ventilation including ventilation requirente and flow rate calculations. The
standard provides analytical solutions for wind &adyancy induced ventilation for
simple buildings without internal flow resistana®, for a space with openings on
one orientation only (Table 2.2). For a space wjlenings on one orientation only,

the resulting flow rate is the maximum value oheitwind or buoyancy.

73



Table 2.2: Determination of natural ventilation rates [10pmeduced from [120] (unit symbols
adapted according to the nomenclature of this work)

natural ventilation of a simple building

i .
(a) wind only A ﬁ Vi T W, = Cy Ay r ’Ac,,
—_— — 1 1
Cou Coz Ayt (A1 +42)% (A3 + 43
—_— —_—
A, A,
section
(b) temperature Ton . 2-AT
difference only Vo =Ca-Av" 77— "9-Ah
—_— in > ext + 273
Tin Ah L = 1 + 1
A2 (A1 +A3)%7 (A +A4,)?
— -
(c) wind and — = V="
r 1
temperature v, A 1, H, /2
difference - —> . for —<026" (_) N
together et VAT Ay AC,
Coa Tin Goz V=V,
1 Y,
— - Uy Ap\ 2 ([ Hy
for —>0,26-({—) |—
Ay AC,
natural ventilation of spaces with openings on oneall only
(a) due to wind Vﬁ
"V =00254"n
because of the
turbulent nature A
of the airflow
(b) due to
temperature Tea Cy- Ay, €2 . ] - +TAT .g-AR
difference E (1+e)- (1 +e2)'/ Tint Toxt | 573
with two T
openings in Ah Ay
€= —
b= 2
AW = A1 + AZ
(c) due to T v Cq-A AT h
temperature ext =3 |TFT g
difference -+ 273
with one T if an tilted opening is present
opening " h v Cq-A ® AT B
- 3 ]( ) Tin ';Text + 273 g

where JQ) is varied with the opening angle for side-hungtee
pivoted windows (further details see [10]
* v, = reference wind speed

BS 5925 also provides:

* an approach to calculate the vertical wind profdepending on the roughness of

the terrain and cumulative frequency of meteoraabwind speed;
* mean surface pressure coefficients for verticalsa@ rectangular buildings;

» values for the metabolic rate of different actegti(\W/person);
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» the production rate of carbon dioxide dependingttum metabolic rate of the
occupants (0,00004 litres/W);
e correction to the dry resultant upper temperaturetd to take account of air

movement.

However, the design of mechanical ventilation systés not included.

2.6.2EN 13779

The European Standard EN 13799: 2007 [55] focuseaahieving a comfortable

and healthy indoor environment with mechanical Natn systems.

The standard indicates typical €@oncentration levels in outdoor air for different
locations (e.g., city centres), together with agasgion on how to categorize the
quality. The standard also classifies the indoogaality from IDA 4 (low IAQ) up
to IDA 1 (high IAQ), typically by determining the@ concentration. C@is the
product of human respiration, and is therefore goddtator of effective ventilation,
but not of absolute air quality. Another approastabklished is to specify the rate of

outdoor air supply for each person in litres peose and person.

These values in practice are often used to sizendehanical ventilation systems,
but can also be utilised to size and control natugatilation systems together with
CO: sensors or flow rate estimations based on analyfiow rate calculations

according to the BS 5925 (see § 2.6.1).

Table 2.3 lists the typical ranges for CO2 leveld the recommended flow rates for

external air supply to realise different categoagemdoor air quality.

Table 2.3: Concentration levels of outdoor air and classiftraof indoor air quality [41].

external air typical CQ indoor air quality description CQ@concentratio outdoor
description of the  concentration levelclassification category level airflow rate
location in ppm in ppm above in litre's?!
external air ‘persont
rural areas with no 350 IDA 1 high 1IAQ <400 20
significant sources IDA 2 medium I1AQ 400 - 600 12,5
smaller towns 400 IDA 3 moderate IAQ 600 - 1000 8
city centres 450 IDA 4 low IAQ > 1000 5

2.6.3EN 15251

The EN 15251: 2012 [41] specifies indoor environtakmput parameters for design
and assessment of energy performance of buildidgseasing indoor air quality,
thermal environment, lighting, and acoustics. kliles comfort criteria for the
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implementation of the European Directive for Enef@grformance of Buildings
(EPBD) according to the Commission Delegated ReégulgdEU) No 244/201256]:
‘The selected energy efficiency measures shalldoepatible with air quality and
indoor comfort levels according to CEN standard 352n indoor air quality or
equivalent national standards. In cases where nreasproduce different comfort
levels, this shall be made transparent in the dakions.’

Describing the philosophy behind EN 15251, Oles¢ates [48]: ‘The energy
consumption of buildings depends significantly e triteria used for the indoor
environment, which also affect health, productiahd comfort of the occupants. An
energy declaration without a declaration relatedhe indoor environment makes no

sense. ... energy-saving measures should not sagoiiople’s comfort and health.

According to the standard, the comfort criteria faturally ventilated buildings
without active cooling systems can be specifiedfedéhtly than those with
mechanical acclimatisation. This is because of fdt that the expectation of
occupants regarding the room climate is differentireover, the occupants adapt
according to the prevailing conditions. The categion of acceptable summer
temperatures is used for the building design ims$epf finding suitable measures
against overheating. Passive measures involve ppat® building orientation,
suitable shading elements, and the effective usdhefmal mass and natural

ventilation with sufficient ventilation rate.

Acceptable temperature setpoints should be catalldbllowing the adaptive
comfort limits, which are defined in the standasd aperative zone temperatures,
which are the arithmetic mean of the zone meamaad the zone mean radiant
temperature. This is because radiation is an irapogthysical factor that influences
comfort, as people standing in the sun, under achibing, or near hot walls feel

hotter than what the air temperature alone indgcate

The operative room temperature is allowed to irsgea naturally ventilated, non
air-conditioned buildings, with rising ambient a@mperatures. Depending on the
exponentially weighted running mean of the dailyamembient air temperature
series of the previous week, recommended opertdimperatures are calculated for
different comfort categories. The criteria wereanted through investigations in

office buildings with user-operated windows.
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The running mean daily ambient temperafliseis obtained from the mean external
temperatures of the day before, and the weightegheeatures of the previous days

of the week.

Using this mean temperature makes the calculatibragimissible lower and upper

boundaries of the operative temperature for diffecategories possible.

category 1 upper limi Te1,max= 0,33Tm + 18,8 + 2 (2.21)
category 1 lower limit Ter,min=0,33Tym + 18,8 - 2 (2.22)
category 2 upper limi Te2,max= 0,33Tim + 18,8 + 3 (2.23)
category 2 lower limit Te2,min=0,33Tim + 18,8 = 3 (2.24)
category 3 upper limi Te3,max= 0,33Tim + 18,8 + 4 (2.25)
category 3 lower limit Teamin=0,33Tym + 18,8 — 4 (2.26)

Outside the limiting values ofim < 10 °C ofTim > 30 °C for the upper limits, and
Trm < 15 °C orTim > 30 °C for the lower limits, a fixed and non-atie@ boundary

temperature is assumed.
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Figure 2.32: Design values of the operative room temperaturddiddings without mechanical
cooling as a function of the weighted ambient terapge according to [41].

A short description of the categories is shownabl€ 2.4.
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Table 2.4: Description of the categories used in the adaptigemal comfort model [41].

Category  Explanation

I High level of expectation and is recommendedsfaaces occupied by very sensitive and
fragile persons with special requirements, e.qadi@pped, sick, very young children
and elderly persons

Il Normal level of expectation and should be usedé&w buildings and renovatic

1] An acceptable, moderate level of expectatiod aray be used for existing buildings

v Values outside the criteria for the above caterg This category should only be
accepted for a limited part of the year

This thesis will consider category Il as comfonili temperatures. As examples, the
annual adaptive thermal comfort limits were caltadawith the ASHRAE IWEC
‘typical’ climate data for three reference locasdstanbul / Turkey, Turin / Italy and
Stuttgart / Germany (see § 5.1.4). In Istanbul &adn, operative temperature levels

over 30 °C are briefly allowed for hot ambientsimmer conditions.

2.6.4EN 15242

The European standard EN 15242: 2(®8] defines the way to calculate airflows

due to the ventilation system and infiltration.

It specifies a direct method for calculating mahuabperated, single-sided
ventilation through open windows for airing or ashihg thermal comfort in
summertime. The method is intended for calculathmg opening angle for a given
bottom-hung window. The formulae below are onlytahle for the single-sided
volume flow calculations. The volume flow rat&:y is calculated using three
coefficients for wind turbulenceC{= 0,01), wind speedC{ = 0,001), and thermal
buoyancy Cst = 0,0035):

Ven = 3,6 - 500 - Agny/Ce - Cov * Vmet * Cot - hefr - |AT| (2.27)

Subsequently, the necessary structural akea of a bottom-hung window is

calculated according to:
Agn = C(x) - A (2.28)
with Cy(a)) as a polynomial approximation (cf. Figure 2.33):

C(@) =2,60-10"7-a®>-1,19-10"*-a®* + 1,86- 1072 - « (2.29)
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Figure 2.33: Effective area of a bottom-hung window scaledhsyfully opened window with equal

area according to [28].

2.7 Conclusions

A brief summary of the significant observationsdshsn the literature survey carried

out are listed as follows:

The aim of natural ventilation is to provide goodioor air quality (with rather
low air change rates) as well as good thermal canrissummer (with increased
airspeeds during daytime and high night-time aange rates).

The recommended CGQroncentrations should not exceed about 1000 ppin, b
there is still no uniform limit. Measurements inndely populated rooms are
often higher.

With manually controlled natural ventilation, gooaloor air quality cannot be
guaranteed, especially in densely populated rosuet®0ls, offices).

The analysis of non-residential buildings in intgranal projects has shown that
warm and moderate climates with large day/nightperature differences of 10-
12 °C are suitable for natural night ventilation. temperate climates, a good
thermal comfort can be achieved by night coolinglevreducing cooling loads
through sun protection or similar. In hot climatesth moderate night
temperatures natural night ventilation can be usedduce energy consumption
of the active cooling system. Typical room tempamtreductions by night

ventilation are of the order 1-3 °C (up to 6 °C).
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Natural ventilation in humid climates is not recoemded for cooling (with
water content of air of more than 15 g/kg). Coolimg natural ventilation in
buildings alone works with rather low cooling loa@s30 W/m2) and enough
thermal mass (>75 kg/m?).

Naturally ventilated buildings can also offer gotiitermal comfort in hot
summer conditions. For example, in the summer &f32the office building
Lamparter had less than 10% of the hours of useeaB6 °C. Atria can easily
overheat.

The air change rates achievable through naturdllagon with correct sizing of
the openings are significantly higher than thosth wnechanical ventilation for
night cooling, and without electrical energy input.

For high-rise building shapes, the challenges imseof designing the envelope
and its openings are greater, primarily becausthefbuilding height and the
width. The potential magnitudes of driving forcescbme bigger, and their
relative magnitudes can vary over a wider rangemp& flow path
configurations are not suitable due to building twidbigger than recommended
for cross ventilation.

Automatic control of openings is essential durirn4occupation of office and
school buildings to allow night-time ventilation.

Depending on the ventilation strategy, typical opgncross-sections are
approximately 1-3% of the floor area.

During occupation, a complex control system, esglgcin open plan offices, is
important; in single offices, ventilation can als® user-controlled.

Preliminary evaluation tools and instruments fofeeive vent sizing are
available only for a few building and ventilatiorsigns, especially in moderate
climate. Characteristics of the building and vextiiin design may only be rarely
adapted. They allow the prediction of maximum indéamperatures, energy
savings, and corresponding maximum removal of aogatapacity.

Specific and systematic statements on annual ersangygs achievable through
natural ventilation are rare. The saved electrieakrgy consumption for
mechanical ventilation, the possible cooling enebgynight ventilation with
increased air changes rates, and the energy ldasdé® missing heat recovery in

winter as well as auxiliary energy requirements inlm@sconsidered.
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3. METHODOLOGY

Passive measures for cooling are employed to redeakgains, to store night cold
in the fabric, and to naturally exhaust heat. Thegasures along with a simplified
building operation are considered in an integra@shner at the early design stage in
order to assist the delivery of a sustainable eftmwer design with a high energy

performance rating.

A software tool named ‘HighVent' was developed tesign and size natural
ventilation systems for high-rise office buildingsth a relatively small number of
input parameters. In two steps, this prototypical is capable of designing a flow
path for a wide-shaped building segment up to keor$. Optimization targets are to
reach minimal system sizes with respect to the odmdind flow path criteria
developed. In the first step, the electric analbgiween electrical and flow circuits
Is used to compute opening dimensions for a giveahange rate under unchanging
climate and location specific boundary conditio@dt-design calculations can be
conducted apart from take-off for altered boundargnditions and design
specifications to check for the best suitable smhst In the optional second step, a
dynamic design day heat balance approach is useév#éduate the comfort
performance in a higher flexibility of measuresatso see the effect of other building
design parameters (e.g., heat gains and therma)magraphical visualisation of
the resulting output aims to quickly access theabdpies of the passive cooling
system. The validation of the results against Eyféltgs simulations in 8 3.2.3 proves
the calculation capabilities of the tool in the idasof passive cooling in office
buildings.

The tool outputs, which are primarily design parterse for the positioning and
sizing of openings in the flow path, are then fartlused or ‘post-processed’ as
inputs for detailed weekly and annual building @yeperformance simulations
including airflow networks. EnergyPlus simulatioase run to access detailed
information about the comfort reached dependingthan ventilation rates and to

modify the output parameters of the tool when nemgs This detailed design
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development also includes the model calibration dahd developed natural
ventilation controls. Moreover, some parametriclgses are intended to show the
influence of important design parameters on theipascooling performance of the

approach developed.

3.1 Conceptual Design

For the purpose of passive cooling, in literatars icommon for natural ventilation
to be applied along with other measures for theicgon of heat loads. Passive
cooling is therefore realised by controlled intedsg and night natural ventilation,
flanked by the reduction of solar heat gains, apdhlermal mass activation to store
night cold in the building fabric. Focusing on nafu ventilation, the design
presented here is especially developed for widpeshanigh-rise buildings where
simple cross ventilation or single-sided ventilatis impractical to realise. The basic
strategies that are available, and their limitati@me described in § 2.2.2. As the
inner volume of a building is an expensive resoutbe design is intended to
minimise the system dimensions by optimal explmtatof natural driving forces,

i.e., wind and buoyancy, and by reduction in tleevffesistances whenever possible.

3.1.1 Natural ventilation

Keeping the building shape in mind, and focusingtm possible flow path design,
cross ventilation from one facade orientation tigioaut the building to the other
orientation is not an option as the building tymsaerned is typically shaped too
wide. According to 8§ 2.2.2.2, the maximum depthg(ife 3.1 (a)) should not be
higher than 5 times the ceiling height [26] (ocadpspace).

Another strategy option is single-sided ventilatisith a maximum penetration
depth of 2,5 times the ceiling height (see § 213.ZTherefore, the inner part of a
wide shaped building cannot be ventilated by deptpyhis strategy (Figure 3.1 (b)).
Assuming all the office space is assembled at thielihg’'s perimeter, single-sided
ventilation could be an option to ventilate theiadfarea, but there are some other
concerns. First, single-sided ventilation is mosidged on buoyancy, and controlled
natural ventilation cannot be assisted by winddsr@penings therefore need to be

sized relatively larger, which also affects the os®kt concern, that strong
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local wind turbulences without wind shielding elartge(like a double skin facade) at
high storey heights may cause problems.

6.8m
—————

40m

40m |_13.5m
(@ ®) ©

Figure 3.1: Maximum penetration depth (green area) for differentilation strategies applied to a wide, exaripyl square
shaped office-tower (plan view) with a ceiling Heigf 2,7 m, which are (a) wind driven cross viatiton, (b) buoyancy driven
single-sided ventilation and (c) central void vititdn.

As a third alternative, a central chimney or voa&sign as described in § 2.2.2.3 is
suitable in general for wide building shapes. Bumyais usually the main driving
force for air circulation. Central chimney or atriudesign is practical for wide
buildings because the occupied space is crosskateatitowards a central void, from
where the warm air rises upwards, towards a higél lexhaust (Figure 3.1 (c)). To
increase the driving forces, this strategy is oftembined with solar heated buffer
zones (e.g., atrium or solar chimney) or wind catclin dry climates sometimes
together with evaporative cooling. To support thertal chimney effect by wind
forces, the best possible solution is positive wineissure at the inlets together with
negative wind pressure at high level outlets. Aswind pressure changes sign with
the wind direction, the only way to generate pwgsitioads at the inlet is to position

all inlets at the windward facade orientation.

The initial strategy in the context of the passipproach developed here thus is an
upward cross-flow ventilation design for tall builgs, for which the design idea is
taken from Etheridge [40], but with further imprsations. The building is vertically
segmented for different reasons. Concerning a imgjldvithout segmentation and
containing one single chimney for all floors, astetl by Etheridge [40]:For
buoyancy alone, the pressure drop is greatest etdivest opening. For a building
of height 200 m with a temperature difference of°’@Q the pressure difference
across the envelope at ground level would be 160TPRa forces required to open

external doors and windows at the lower levels wdod unacceptable.

Another problem considering a single segment defsigbuoyancy alone is that the
range of opening areas required is significant.sTiki because the pressure drop
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across the lowest storey openings can be many tihas that across the highest
storey openings, and to keep the flow directiontlo® highest floor inward, the
dimensions of the outlet easily become excessivehe present work, it has been
observed that even the chimney size in terms afrdss-sectional area increases by
the number of floors it supplies. With a singlemahey to ventilate e.g., 25 floors,
the size of the ventilation system would be too tbgbe realised in practice.
According to Etheridge [40], a possibility to ovence these issues is the building
segmentation. If the building consists of isolateegments such as shown in

Figure 3.2, each segment can then be treatedoas@ske or medium-rise building.
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Figure 3.2: Building segmentation of a high-rise building wittultiple floors for each segment
(here 5 storeys each) and with a commonly usedustisgack.

Upon further investigation of the segmented bugdatesign of one segment, the
wind pressure distribution depending on the origmiabecomes a design difficulty.

At the inlet openings, which need to be distributenioss all facade orientations,
wind pressure is positive at the windward side oAlyall the other orientations, the
resulting wind pressure is negative and therefanenteracting the intended flow
direction, from the office space to the core arehtbpward the chimney towards the
exhaust opening. As this flow direction needs togharanteed, the initial design
developed by Etheridge [40] needs some furthersaaients to ensure a similar
pressure distribution at all the inlets. Two po#isiks were found, which are wind

blocking devices (like a double skin facade), amoanmonly used windward supply

inlet. Each possibility has pros and cons but theirdy forces (pressure drop from
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the inlet to the outlet) would benefit more fronpeasitive pressure inlet than from a
neutral wind-blocking design. To generate a negafikessure field at the chimney
exhausts is less critical since most orientatiohsa douilding create a negative

pressure field (see also Figure 2.2 and wind tuargériments in Appendix A).

Bearing in mind all the above mentioned consideratj the adapted building is
divided into modular multi-storey building segmestacked on top of each other.

The derivation of the design approach is basedemtilding shape discussed.

The occupied space of each storey is connecteate¢nmtaal fresh air supply chimney
and a central exhaust chimney. The stack effettismmcommonly used central void
pulls air from the office perimeter of each floéresh air enters the offices at floor
level via a sub-slab distribution system, leaving space subsequently via openings

at ceiling level to the core, and from there toelkbaust chimney.

The intermediate ‘wind floors’ between the segmegash have two wind adapting
openings in opposite direction — the windward daéon and the leeward
orientation. The windward opening with a positiveaevpressure field is intended as
the supply inlet for the segment above, whereasetihweard opening is the exhaust of
the segment below. As wind passes the buildingegative pressure field on the
leeward fagade orientation creates suction, furfhéling the warm air from the
chimney void. The wind driving forces thus suppibet thermally driven buoyancy

forces of the warm air column within the building.

3.1.2 Solar heat gain reduction

As an accompanying measure, good shading of bgiltBnestration is important,
especially in the warm season. In summer, the highe can be kept from south-
facing windows by overhangs. But in mornings anttrabons, the sun become
hotter and reaches under overhangs. To avoid catnige windows that face west as

well as east should be well shaded according tsuheangle.

3.1.3Thermal mass activation

Another accompanying possibility to assist passieling is night-time ventilation
of the building mass. Whenever the night-time oatdair temperature is low

enough, ventilation can be used to cool the exptisednal mass of a building in
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order to provide a heat sink during the followiraydThe basic idea of the concept is
described in § 2.2.4.2.

3.2 Preliminary Design and Tool Development

Achieving the required strategy is largely dependsn the flow path design and
opening dimensioning for certain design conditiog;h that they enable adequate
control. The ‘HighVent’ design tool developed airtts ‘fast-forward’ study the
natural ventilation potential and thermal comfahsequences for a passive summer

approach.

It is intended to fill the gap between very simpldual tools like graphical charts
from the NatVent study [16] and the detailed dyrabiilding energy and airflow
network simulation tools as with EnergyPlus [1]ttb@f which are found to be
lacking in the ability to evaluate the functionglaf controlled natural ventilation in

the system design and sizing phase.

Simple design tools (such as presented in § 2&rd)intended to lower critical
barriers for implementing natural ventilation bg@enmending the sizing for natural
ventilation systems depending on the building comeeé. However, these tools have
a lot of limitations, especially in terms of fleXity in the design and consequences
on comfort. They are mostly limited to a certairmgte (e.g., northern European);
they are restricted to simple ventilation desighke kross ventilation, single-sided
ventilation or chimney ventilation for a specifimall number of rooms; and they are
not applicable for more complex flow paths suchnagti floor chimneys with
combined wind and buoyancy driving forces as showhigure 3.2 and Figure 6.2.
They often fail to include internal flow resistascer different zone temperatures,
e.g., for solar chimney applications. Moreover eotbrucial parameters like internal
and solar heat gains as well as the thermal massbdition as a sink for diurnal
night cooling are treated in a very simplified wdymally, they do not consider
hybrid approaches, ventilation control, and acttahdards for thermal comfort in

naturally ventilated buildings.

On the other hand, complex dynamic building perfamge simulation programs
including airflow networks (see § 3.3.1) are quedifto reflect all these parameters,
but they do not give any indication to the desigmehow to size and locate the most
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crucial parameters for a good natural ventilati@sign, e.g., opening sizing, flow
path design, thermal mass in combination with gigzshading devices, and internal
heat gains for a specific climate. In summary,|@avfnetworks already integrated in
building energy performance simulation packages lkirnet in EnergyPlus are

capable of calculating airflows but give no advime sizing natural ventilation

systems. They are thus more suitable for the @etadesign analysis phase with
annual simulations including the predicted energgsamption. The results of the
design tool developed in this thesis are there@mgecially suitable as inputs for

‘post-processing’ with complex dynamic building silation programs.

The spread-sheet based design tool developed lesgscal circuit analogies for
both ventilation and the thermal model. The toohsito study the main parameters
influencing the potentials of uncontrolled naturaéntilation. It proves the
functionality of a certain design, and recommenassive cooling when possible and
a hybrid approach whenever needed.

Figure 3.3: Simplified thermal-circuit model of the tool dewpkd exclusive radiative heat transfer.

The tool targets to find an optimum passive desigeither oversizing nor
undersizing the related components, that leadstomam overheating for a specific
type of building in a certain climate. It is esplyi intended for application in the
context of high-rise office buildings as in Figue2, but can also be utilised for

simpler building types.

In the first step, the natural ventilation systemsign is realised by a newly
developed steady state electric analogy model. &mgihg boundary conditions are
the temperature difference between indoor and @utdnd the wind velocity. For

calculating the airflow rates, the advantage ofs thmodel compared to other
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simplified analytical calculations as describedother papers by the thesis author
[77,121] is that it is able to represent a mulbirgy flow path, e.g., for a segment of
an office tower, by calculating the pressure dropsach opening. According to the
pressure distribution, openings can be sized foh eall of the model (e.g., a storey
of the building or exhaust chimney) to reach aaarsteady airflow rate for all cells

under the boundary conditions defined.
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Figure 3.4: Example of the steady stat€TE3°°C, vimet = 5 m/s) ventilation design major outputs for a
5-storey building segment with a internal chimngyed for 13 air changes per hour

In the second step, this initial natural ventilataesign is originally integrated into a
dynamic, thermal simulation for a specific climaseimmer design day (gathered
according to 5.3.3) with changing boundary condside.g., external temperature).
The simulation is looped (3 times iterated) to gebd initial conditions. Together

with other parameters, the design air change ratg nere be further adapted in
terms of opening sizing to fulfil the thermal comfoequirements of the maximum

allowable operative cell air temperature, or to/ stathin psychrometric boundaries

depending also on humidity levels. It is clear it extent of the glazed area in the
facade as well as the internal thermal mass dyreadffiects the indoor ambience.

Therefore, in addition to the ventilation systeroludling basic controls, other crucial

parameters must also be investigated to see thiéience on the passive design.
These parameters include (i) the thermal masshiisiton e.g., in the walls and the

floor especially for night cooling, which in the o is realised by a multi-layered

lumped capacity approach, (ii) building operatiowl aelated internal heat gains, (iii)

external heat gains transmitted into the cell ddp®wnon the properties of the

envelope — wall and window heat resistances, gigziatio, window solar

coefficients, and external shading, and (iv) chignheat gains, which is an optional
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feature for additional solar or internal systenkgldata-centres) heat gains, raising
the air change rates.

Due to the perceived model complexity, some pdrth® calculation method were
implemented in a simplified way. The dynamic therim@haviour of the model is
only analysed for one storey (cell) of the buildisggment analysed in step one
(opening sizing). This is done due to the assumpti@at the heat gains, the mass
distribution and the ventilation rates are equalaih storeys of the segment
investigated. If heat gains differ significantlyofn storey to storey, the pre-design
may be repeated for each floor. Another simplifmatis that the tool needs some
amount of ‘pre-processed’ data input. This involthes typical inputs describing the
simulation problem, and the solar heat gains amethe building cell, and the
summer design day climatic description dependingttan climatic location and

adaptive comfort acceptance.

35
33
o031
-
s 29
% 27
5 25
g 23
[}
=21 -
19
17

15

0
O N % © © O N ¥ © ©® © N ¥ hour
A4 d d 49 494 & N

— ext. temp. at inlet height internal air temperature
= === EN15251 category Il chimney air temp.

= === mean radiant temp. e— Operative temperature
air change rate

Figure 3.5: Example of the ‘HighVent’ design tool’'s major theal outputs.

In summary, the passive model (except with optiomachanical ventilation)
comprises multiple major heatflow paths, keepinginitple whenever possible, but

complex enough for full flexibility in the systenesign.

3.2.1 Ventilation model calculation method

This involves determining the sizes and positiohexternal and internal openings.
The way chosen here is an originally compiled eleeinalogy model, which defines
the ventilative driving forces as voltage sourte tpenings as resistances, and the
volumetric airflow as current. By knowing the pasits of the openings and their
sizes, the flow pattern can be calculated for dyinaronditions with the thermal

electric analogy model using the explicit method saflution. Since unsteady
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conditions are important for strategies involving cooling and free-running

systems, dynamic thermal modelling is requiredescdbed in 8 3.2.2.

3.2.1.1Driving forces

As described in §2.2.1, the driving forces forumak ventilation in rooms and
buildings are pressure differences caused by buwyyand wind. Ventilation rates
are dependent on the magnitude and direction sktf@rces, and flow resistance of
the flow path. The magnitudes of driving forces rap@ with atmospheric variation

over height.

Wind pressure difference
The pressure distribution around the building delseon pressure coefficients (see
§ 2.2.1.2), and the local wind speed and direcéibthe height of the openings. The

pressure on the building at a certain height arehtation due to wind forces is:
Pw = 0,5 pg - 1,° - C, (3.1)

Within the preliminary approach developed in theiteat of this thesis and in
EnergyPlus simulations, the ASHRAE power law estiome[27] calculates the local
wind speed depending on the height of the operimg terrain roughness, and the
meteorological wind speed. This is of special inigoce in high-rise buildings,
where the wind speed significantly changes depegnaimthe local height level of the

openings.

With this approach, local wind velocities are dedvifrom the local opening height
(centroid), the wind profile coefficient$ andf (terrain characteristics), and wind

speed [27,122], where 10 m is the assumed heigheaheteorological station:

o) Pmet 7 \Bsite
w0 =vma® (Fga) () (32
site

Table 3.1: Terrain-dependent coefficients [27].

terrain exponen Layer thicknes$ in m
ocean 0,10 210

flat, open country, meteorological station 0,14 270
rough, wooded country, urban, industrial, forest ,220 370

towns and cities 0,33 460
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Figure 3.6: Local wind speed profiles depending on terraintemmlogical wind speed, and height.
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The wind pressure difference between two facadentations at different height

levels is (see also § 2.2.1.2):

pr = 0,5 *pP1 Ulz ' Cp,l — 0,5 P2 Uzz ' Cp,Z (33)

Stack pressure difference
Stack pressure differences due to buoyancy foreggerdl on the magnitude of

density and height differences:
Apy = Apy - g - Az (3.4)

The density differences are mostly affected by temrature differences. In the
context of office building ventilation, the humigitatio in kg water per kg air (HR),
both outside and inside the building, can be asdutnebe relatively constant.
Nevertheless, a comprehensive method for determitiia air density was chosen

including humidity and barometric pressure.

The density of air is dependent on temperature siu content, and barometric

pressure. The moist air density may be calculaygd 23]:

pbaro,z 1+ HR

PEz = : .
Bz R, 'Text,z 1+HR'I;—W (3 5)
a
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The barometric pressure is calculated at the kB&aght of the building segment. The
external temperature at local height is calculaethe height level of the openings.
Including the gas constant of air and water vap(Rr=286,9J kg K?* and
Rwv =461,5J kg K1), the equation for the moist air density of theteewal air
density becomes:

Pvaro,z 1+ HR

PEz = ’ - 3.6
2869—J_ .. 1+HR-1609 (3.6)
kg - K

TE,Z

For simplicity of the model, it is assumed that tluenidity ratio of the external air is
equal to the humidity ratio of the internal air korsensible internal heat gains).

Then, the internal air density becomes:

Pvaro,z 1+ HR

p1 = ] : (3.7)
. 1+ HR-1,609
286,9kg—K TI

As mentioned before in § 2.2.1.1, for flow rateccédtions or the sizing of opening
areas it is important to use a relatively accuvaieie for the density differenasp.
The absolute value for the density is less impaortaherefore, it is practicable to

assume dry air conditions whenever the humiditelléunknown.

According to the U.S. Standard Atmosphere moded, éRternal air temperature
decreases with height at a rate of approximatél¢ per 150 m. In the pre-design
stage, this is of minor importance when considergigtively lower height building

segments. But as a side note, it should be alsdionexd that 1°C lower supply air

temperature will make a difference in thermal cornéspects.

At altitude z above ground, according to the U.S. Standard Apm&e model the

external temperature is:

K [636-10°m-z  6,36-10°m -z
Tg, = -0,0065—- | — - (3.8)
Ez ™ Tmet m <6,36 +10°m + 2, 6,36 10°m + Zp e
With an assumed height of the meteorological staditol,5 m:
K [636-10°m-z  6,36-10°m-1,5m 39
Tez = Tiet= 0,0065—- (3.9)

6,36-10°m +z 6,36 -10°m + 1,5m
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where 6,36-10m is the radius of the earth and -0,0065 K/m & dir temperature
gradient in the troposphere.
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Figure 3.7: Local external temperature profiles dependinghenhteight.

The local barometric pressure above sea level earaloulated as [122,124]:

Poaros = 101325 - (1 = 2,25577 - 1075 - (zgiee + )" (3.10)

where 101 325 Pa is the reference pressure, wisicthe standard atmospheric
pressure at sea level.
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Figure 3.8: Local atmospheric pressure profiles dependindherheight.

The buoyancy pressure difference between two heigtittemperature levels is (see
also § 2.2.1.1):

Apy, = (p1—p2) -9 (21 — 23) (3.11)
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Steady state boundaries
For the design of natural ventilation strategiess common practice to first design
and size the system by fixed boundary conditiorsedding on the climate and the

building location.

The wind velocity passive cooling design conditidrosen is the climate specific,
average wind velocity in the hottest 91 days ofyibar (see § 5.3.3). The local wind

speed is then calculated according to the terradhtiae local height of the openings.

The temperature difference chosen is 3 °C betweside and outside, which is the
value recommend by CIBSE [26] for the minimum hyggeair change and for

passive cooling in summer.

Optionally the chimney temperatures may be adapiefilitional chimney heats
gains (to cell B Figure 3.9), usually from soladiedion or from internal heat
sources, lower the chimney air density, and theeefiocrease the upward buoyant
flow. Additional chimney heats loss (from cell Aghre 3.9), usually from
mechanical cooling but could also be considerethfewaporation cooling or due to
underground ducts, increases the chimney air denaitd in turn increases the
upward buoyant flow due to higher temperature thiffiees.

Pressure differences on each storey
Total pressure drop from the chimney inlet to th#et (for the whole flow path):

Aps = App,1 + Appz + App 2 + Apy (3.12)

Pressure differences due to buoyancy forces, examfir the & storey (F) of the
building segment:

Apy,1 = (P — pa) " g - (20 — 71) (3.13)
App, = (pe —pr) -9 (211 — 2o) (3.14)
App3 = (pg —pB) g (22 — 711) (3.15)

Pressure difference due to wind forces:

pr = 0,5 *PE " 1712 ' Cp,l — 0,5 "PE - 1722 ' Cp,Z (316)
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Figure 3.9: Pressure drops across the whole flow path fronstpgly inlet to the exhaust outlet.

3.2.1.2Electric airflow analogy model

The building ventilation model is based on a seesfstances, generators, and flows.
Pressure is analogous to voltage, electrical cuirsesmnalogous to volumetric airflow
rate, and electrical resistance is analogous tiowirresistance [125]. Potential
differences can be generated by sources like mexdidans or by the natural forces

of wind and buoyancy.

e e
]
(a) (b)

Figure 3.10: Electric circuit (a) and airflow analogy (b).

@Dk'@

This approach provides a useful framework when ldgueg computer software for
calculating airflow through complex networks witlultiple inlet and outlet openings
and when internal flows occur through a networkflofv paths. Models, among
others, are based on electrical circuit analogieh @s Kirchhoff's first and second
laws, and Atkinson's equation originally publishied 1886 for mine ventilation
[126]. Concerning airflow circuits, Kirchhoff's &t law states that the quantity of air
leaving a node must be equal to the quantity oéaiering the node. The second law

95



states that the sum of pressure drops around asgdlpath must be equal to zero.
Atkinson's equation relates the pressure lossas atifice at which turbulent airflow

occurs proportionally to the square of the volutow/f

The use of a solver goal seeking values as avaiiabMS visual basic integrated in
Excel 2010, is very convenient for this purposealse it allows equations not to be

written in an explicit form.

Model components
As described before, pressure supply sources igralaventilation systems are

buoyancy and wind:
Apg = Apy, + Apy, (3.17)

The laminar-flow pressure losses are linear andogoas to the electric potential
difference between two points according to the Ghmaw. Unlike in electrical

engineering, for turbulent airflows through orifsceghe Atkinson's equation relates
the pressure losses in an airway proportionalbpéosquare of the volumetric airflow

rate through the airway, with the constant of prapoality being the resistance of

the airway:
Ap = R-V? (3.18)
(@]
£
g ¢ |
g A=1 m¢
2 A0 T e—p=2
: - es e A=3 m2
< 30 +
; a —— A=4
o= 20 === A=5 m‘
[}
>
2 10
o / - - - -
o 0 ____As——ﬁp&m
0 1 2 3 4 5

volume flowin m3/s

Figure 3.11:Pressure head at differently sized openi@s@,61) depending on the volume flow
according to Atkinson's equation for turbulent fIfi26].

Thus, the volumetric airflow rate through an oefisuch as a wall opening or

window is:

7= 2P (3.19)
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Resistors are used to model pressure drops due ooiface. The airflow resistance
of orifices can be expressed in terms of theirlthsge coefficients, the density of

air, and the effective area of the opening:

P
R=————
2 Cy” A (3.20)
When airflow passes through a number of sequeopiahings with resistances, the
equivalent resistance for all the openings in sezan be calculated by the sum of the

individual resistances:
RS = Rl +R2 +R3+...+Rn (321)

When airflow passes through a number of parallehnected openings with
resistances, the reciprocal of the equivalent taeste for all the openings in parallel
can be calculated by the sum of the reciprocaliddal resistances:

—=—t—+—+..+— (3.22)
Considering air change rates necessary to meebthéort criteria, the opening areas

are defined according to the design air volume ftate, the orifice resistance, the
pressure drop at the opening, and the air density:

. 2 [Ap; (3.23)
d,i

T <
o)
S

Flow path specifications

Exemplary, for a five-storey per segment scena@ooe specifications are necessary
to properly size the natural ventilation systeme Hpecifications aim to achieve a
uniform airflow throughout the building and a canrdt cross-sectional area of the
central chimney. The following rules are implemenite the ventilation model of the
pre-design tool based on electric analogy:

1) The air volume flow rate on each storey of theding segment is defined to

be equal:

VC = VD = VF == VG == VH (324)
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2) Due to the conservation of mass (Kirchhoff's fitatv analogy), and not
modelling the infiltration, the total mass flow eathrough the chimney inlet

and outlet is the sum of the mass flows througin séarey:
Va pa=Vc pc+Vp po+Ve-pr+ Vo p+Va-pu=Vg ps (3.25)
3) The chimney's vertical cross-sectional area is rafi to be constant
throughout the building segment. This is realisgdkbeping all inlet areas

from the chimney to the offices of a specific syoegjual to the outlet area

from the offices to the chimney. For example:
A; = Ag (3.26)

4)  Moreover, the chimney’s air inlet from and outlet the environment are
initially defined to be equally sized as the sunth& office inlets and outlets,
and is therefore equal to the internal verticalhuiey’s cross-section - but
can be adapted by a sizing factorWith a sizing factor other than 1, the
chimney’s supply opening area and exhaust openiag @ill be sized as
bigger and smaller than the internal chimney cs®sgional area,

respectively:
k'A1 =A3 +A6 +A9 +A12 +A15 =A5 +A8 +A11 +A14_ +A14_ = k'Az (327)

5) Finally, to reduce the internal flow resistancee tarea of the internal
overflow openings from the offices to the core mmigally set twice (factor
K =2) the area of storey outlets to the chimneyhigh value ofK will
increase the overflow opening area and therefooeedse the internal flow

resistance. For example:

K-A, = As (3.28)

The schematic in Figure 3.12 shows the arrangemifetite openings and the flow

path arrangement as specified before.
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Figure 3.12: Schematic overview of the exemplary 5 storey pgnsent for volume flow
calculations.

Flow path dimensioning / system sizing

The openings in the flow path are sized accordingressure differences, target air
change rates, and flow path resistances. Plan@erssioply dimension openings,
chimneys, and overflow air vents for the provisafriresh air and passive cooling in
office buildings.

Although the tool developed can handle one to teregs per building segment,
equations are exemplarily derived for the five-syobase-case scenario shown in
Figure 3.13. This scenario is an eight-cell modiha well-mixed air assumption in
each cell. The internal openings divide the enwelampio seven internal cells.
Overflow openings from the offices to the core aoedy represent an additional
resistance. Cell A and Cell B can be consideretivasconical stacks, one for fresh
air supply and one for exhaust. The airflow ratsssf/ the continuity equation for
each cell and for the total envelope.

The model developed in the context of this thesfferd significantly from the

envelope flow model developed by Etheridge [26¢ mlotation used is loosely based
on that used by his models, i.e., the openingkereternal envelope are denoted by
lower number subscripts, the internal openings ighdr numbers, and the segment

cells by capital letter indices.
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Figure 3.13: Configuration for applying the electric analogythea to upward flow ventilation
of a seven-cell model of a five storey building seqt.

The wind pressure share of the original equatiotegrates the ‘local wind speed’
(see §3.2.1.1) on inlet and outlet opening heightdead of a constant value
(without wind profile) for all openings as in themoach developed by Etheridge
[26]. The external barometric pressure, the aimpterature, and the density for moist
air are calculated at start height of each buildiagment (see Figure 3.13) instead of

a fixed reference external air density and tempeeat

Integrating the design specification into the eiecnalogy model developed before,
the resulting flow circuit model for an exemplaryetstorey per building segment
can be summarised as shown in Figure 3.14.

The resistance of flow paths for each storey iseddpnt on the openings’ flow

resistances in series. Upon starting the iterasotyers described below, the
‘HighVent’ tool then automatically adapts the openareas according to the design
specifications to maintain the intended flow rates.
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Figure 3.14:Fixed sizing boundary conditions natural ventdatmodel exemplarily for a segment
including two chimney and five storey cells.

The solver seeks for a solution for each storeefsegment to fulfil Kirchhoff's ®

law and the sizing specification defined beforec&ese each storey also influences

the other storeys, the procedure is looped fivesim

For the five-storey example of Figure 3.14, thengiiag parameters are the opening

areasAs, As, Ao, Ar> and Ass; the other areas and all pressure drops change

accordingly.

15t storey:
2" storey:
3 storey:
4™ storey:

51 storey:

Aps = Apy + Ap; + Aps + Apy + Aps
Aps = Apy + Apz + Apg + Apy + Apg
Aps = Apy + Apz + Apg + Apyo + Ap1y
Aps = Apy + Apz + Apyz + Apyz + Apys

Aps = Apy + Ap; + Apys + Apie + Apss
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where for upward flow direction, the reference digngo for the calculation of the
pressure drop at the openings is

for Apu: Po = PE (3.34)
for Ape: Po = Pg (3.35)
for Api=(3,6,9,12,15] Do = Pa (3.36)
for all otherAp;: Do = P (3.37)

wherep, is the density of specific office cells.

3.2.2 Thermal model calculation method

Apart from the previously discussed air changestaéhich directly influence air
guality, thermal comfort is a crucial indicatortime evaluation of natural ventilation
concepts. If thermal comfort can be guaranteedn thgnificant cooling and
ventilation energy conservation can be achievede @kinamic design day heat
transfer model aims to provide guidance for thagiesspecially the system sizing
of passive ventilated buildings by relating thetegs dimensions (Tool ‘Step 1’) to
the comfort requirements reached (Tool ‘Step 2'dlynamically reflects the climate,
the internal and solar heat gains, the passiveraiing forces, the thermal mass, the
conduction through the envelope, and the impactheée parameters on internal
temperatures and humidity. A matter of particutdetiest is the interaction of natural
ventilation potentials and the diurnal cooling aapaof thermal mass with different
sizing parameters, levels of heat gains, and siropidrol strategies for night-time
ventilation only. This is in combination with fresiir for indoor air quality issues or

with a strategy that allows increased air changgsraven during daytime.

In this section, only a brief overview of the hé@nsfer models involved is given;
the in-depth model description including equatiengiven in Appendix B. The ‘pre-
processed’ summer design days referred to herecaloellated according to the
methodology described in § 5.3.3. A procedure whtlee iterations assumes that the
design day is preceded by an infinite number oftidal days of the same idealised

weather.

102



3.2.2.1Model components

Heat transfer in the model consists of a radiamtresha convective share, and a
ventilative share. The radiant fraction is addetht® thermal mass, which increases

the surface temperature.

Internal air

The interior air space is treated as well-mixedhwitniform air temperature
distribution. For simplicity of the model, all hegaiins or losses to the internal air are
treated as sensible heat. The dynamic internal raontemperature includes the
reservoir effect of the volumetric heat capacitytlod cell air. The ventilative and
convective fractions of the heat transfer are adwethe air heat capacity, which

results in the raising or lowering of internal @mperature.

Convection from
inside surfaces

Convection from
internal sources

Ventilation

enthalpy Air heat balance

Figure 3.15: Schematic of the internal air heat balance.

Ventilation

In the dynamic thermal model of ‘Tool Step 2’, tit@v rate is calculated according
to fixed opening areas pre-calculated in ‘Tool Stefor only one storey. Heat gains
and losses due to ventilation per timest&p=60 s) are a function of the mass flow
rate multiplied by the enthalpy difference betwdlea external and the internal air.
The mass flow rate per timestep is the volume ftate multiplied by the mean air

density between inside and outside.
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External wall

The external wall is the opaque facade area depgrati the facade’s glazing ratio.
A lumped capacity model manages the wall interredthconduction and storage
process, and is described below. The constructioeéd gains and losses are treated
according to Figure 3.16.

LW-radiaton
exchange with the
environment

Absorbed incedent
solar radiation

Convection to
outside air

Outside surface
heat balance

£

Conduction
through the construction

]

Inside surface
heat balance

External walls

5 lumped capacity
layers thermal
storage

LW-radiation
exchange with other
surfaces

Radiation from
internal sources

Convection to
internal air

Convection from
internal sources

Ventilation

enthalpy Air heat balance

!

All other surfaces

Figure 3.16: Schematic of the external wall heat balance model.
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External window

All windows are combined to a single glazing moaehere the window’s total area
is the facade area multiplied by the glazing raRadiation incident on the external
envelope is backcalculated from the ‘pre-procesdeahsmitted solar radiation

according to simple window indices. The construtg8oheat gains and losses are

treated according to Figure 3.17.

LW-radiaton
exchange with the
environment

Absorbed incedent
solar radiation

Convection to
outside air

Outside surface

E)-(ternal heat balance
windows x
Conduction 2 lumped capacity

layers thermal

through the construction
storage

]

Inside surface
heat balance

LW-radiation
exchange with other
surfaces

Radiation from
internal sources

Convection to
internal air

Figure 3.17: Schematic of the external window heat balance tode

The lumped capacity model for the glazing shownFigure 3.18 has only two
capacities, one for each pane. This is due to taeenmal properties, which are high
conductivity and low heat capacity of thin glasste&istance was added between the
panes to account for the thermal resistance ofgée fill, which is calculated
according the U-Value of the window minus the fiwefficients on both sides of the

window.

Tse,win Tsi,win

Text MMWWVV—O Tin
1/ hext Rwin 1/ hin

Te| Twin Twin| T
Cpane Cpane

= gap =
Figure 3.18:RC-model for the windows.
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Internal floor / ceiling

The internal floor and ceiling of one storey arenbined to one single construction
with equal adjacent inside air conditions on batles (and hence treated adiabatic).
Again, a five layer lumped capacity model managesititernal heat conduction and
storage process. The construction’s heat gainsl@wks are treated according to
Figure 3.19.

LW-radiation
exchange with
other surfaces

Direct-radiation
from transmitted
solar

Convection to
internal air

.. Diffuse-radiation
Floor inside surface

fromt itted
Internal . heat balance om srg;;srm e
floor / ceiling x
5 lumped capacity Conduction Radiation from
layers thermal through the construction internal sources
storage
Diffuse-radiation Ceiling inside surface
from transmitted heat balance

solar

LW-radiation
exchange with other
surfaces

Convection to
internal air

Radiation from
internal sources

Figure 3.19: Schematic of the internal floor / ceiling adiabatonstruction heat balance model.

Internal ‘additional’ mass

The tool developed also includes two ‘extra’ suefaof one construction, which is
called the ‘extra’ or ‘additional’ thermal mass stmuction. As an example, one of
the uses of this construction would be to accowonttifie heavyweight partitions
within a space. As a general definition, the ‘extrrmal mass should be sized to
represent all fabric within the space that is ergos air, except the walls, the
ceiling, the floor, and the windows. Figure 3.20a§ a schematic overview of the

‘extra’ mass model heat balance.
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Figure 3.20: Schematic of the internal ‘extra’ mass constructieat balance model.
3.2.2.2Heat transfer calculation methods

Convection

The surfaces’ convective heat transfer is realsetiewton’s law of cooling, which
includes a constant heat transfer coefficient. [Blnestates that the rate of heat loss
of a body is proportional to the difference in tergiures between the body and its
surroundings. In contrast, the convection modebvadl heat flow from the
surroundings into the body, if the ambient air temagure is higher than the
construction’s surface temperature. The externaht higansfer coefficient is
calculated for each timestep according to the MobiVindow Thermal Test
(MoWITT) method [127], and the internal heat tramsfoefficient for each surface is

a constant input value.

Radiation

Contrary to convective or conductive heat transfadjative heat transfer does not
require any material medium for transport. The engtrate depends on the absolute
surface temperature and the surface emissivitthdmrmodel, the grey body equation
for two parallel surfaces is the governing equatishich approximates that the

interaction between a given surface of a constracéind the rest of the surfaces of

an enclosure can be described as the interactiovebe the two surface elements.
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One of these two surfaces has the surface temperafithe construction element,
and the other surface has the mean radiant temperat the surrounding elements,
which here is the mean radiant temperature of fidpdlere facing the surface. For
internal heat exchange, the half sphere consistallafther construction surfaces
facing the surface; for external heat exchangeh#iiesphere consists of the ground,
the sky, and the atmosphere.

surface surfaceg,

envelope

C|enve|ope

construction

qatmosphere

ground

Figure 3.21:Long wave radiation exchange  Figure 3.22:Long wave radiation exchange
at the interior surfaces. at the exterior surfaces.

Solar heat gains

The solar radiation incident on the constructiorfestes has a direct component and
a diffuse component. Surfaces either absorb oecedl fraction of incident radiation.
The transmitted solar radiation entering the celli‘pre-processed’ hourly input
value, which a user may gather from auxiliary buaigdsimulation programs like
EnergyPlus (for inputs for the Kanyon building, #ggendix B). This is to avoid a
time consuming and comprehensive calculation theludes the position of sun at
each moment. Based on the position and opticalgpties of windows in the space,
and with the consideration of multiple angular eefions, the fraction of the solar
radiation entering the space that is incident ahearface is determined. 90% of the
‘pre-processed’ transmitted direct solar radiatisrassumed to irradiate the floor
surface. The other 10% direct solar radiation igoamly distributed to the other
internal surfaces facing the windows together wilie diffuse transmitted solar
radiation share. The diffuse transmitted solaratin share is absorbed or reflected
by all internal surfaces facing the windows depegain their areas and absorptance

values.
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Internal heat gains
The internal heat sources are occupants, lightsegngpment. Internal heat gains are

a direct input to the design tool based on houdly® schedules, consisting of both
convective and radiative shares. Internal heatsgaie considered to be grey bodies
that participate in the thermal radiation excharsgel sources of sensible heat for the

heat and moisture balance in the room air module.
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Figure 3.25: Internal heat gains distribution.
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Thermal mass
Thermal mass is equivalent to thermal capacitaf@bmdy, which is the ability to

store thermal energy. Thermal mass can serve tierflaout the daily temperature
fluctuations. This is because the thermal massrbbsthermal energy when the
surroundings are higher in temperature, and giwental energy back when the
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surroundings are cooler. Thus, thermal mass hasdpability to time shift and
lower the amplitude of indoor air peak temperatures

The Lumped Capacitance Model (LCM) was utilised tfog prediction of dynamic
thermal behaviour. The model strongly reduces thmeptexity in the thermal model
that is needed to represent the thermal responsaulbflayered constructions. The
LCM is however able to keep the overall accuractheffull model, and is therefore
utilised to facilitate the transient heat trangfevcess within a construction including
mass. The LCM is an analytical one-dimensional ngtvwmodel, which employs the
well-known analogies between the thermal and teetetal laws. With this analogy,
the conductivity of the materials is interpretedesectric conductivity of a resistor,
and the thermal mass as electrical capacity ofpaator. The simple RC-network
aims to solve the heat conduction/storage equdtiorsolid layers by connecting

construction layers to each other via a numbeiodes (Figure 3.26).

i=1 i=2 i=3 i=4 i=5
Tm,O Tm, | Tm,2 Tm,3 Tm A4 Tm,S
— L
=Tsi . R>-=R3 :
T11 T2 T21| T2 13,1132 T4,1 | Ta2 Ts51 | Ts52
Ci G Cs Cy Cs
Figure 3.26: Layers of the Lumped Capacity Model Figure 3.27: The heat flux
(LCM) construction. balance at the surface node.

3.2.2.3Adaptive comfort assessment

Operative temperature

With rising ambient air temperatures, the operatieeperature is allowed to
increase in naturally ventilated, non air-condiédrbuildings. The average internal
operative temperature of the space is the averatpe internal mean air temperature
and the internal mean radiant temperature [41,128}. a rough approximation as
the influence of direct sunlight and air velocity mot reflected. Recommended
operative temperatures are calculated for diffecemhfort categories according to
EN 15251 (for more details, see § 2.6.3). Becausealesign tool considers only one
summer design day, which is out of the running fraree context, the upper

comfort limits are calculated only according to timeean external dry-bulb

temperature of the design day itself. Figure 3d@ashthe adaptive comfort limits of

EN 15251 category Il for a typical summer desigp. da
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Psychrometrics

The most widely used thermal comfort standardsugtiolg air humidity account for

the occupants of air-conditioned buildings, andehaarrow thermal limits. They

discourage the use of naturally ventilated passolar buildings, where occupants
have more relaxed expectations and can toleratédar wemperature swing. The
EN 15251 standard [41] accounts for personal atlaptédy extending the thermal
comfort limits depending on external conditionst Hoes not include the effect of

humidity and air velocity.

To fill this gap, the design tool developed alscludes psychrometric charts. A
psychrometric chart graphically represents thentloelynamic properties of moist
air. Humidity affects which temperatures are corafole for the building occupants.
People are most comfortable within appropriate eangf temperature, relative
humidity, and airflow. Daytime ventilation with tgr indoor airspeeds directly
affects the cooling sensation of building occupamiten the temperature is felt as
too warm. People naturally cool themselves by eratmm; higher humidity levels

are more stressful.

Martinez et al [129] developed extended comfort boundaries fot summer
conditions in office buildings. The occupants’ ati\a@ behaviour has been
investigated considering changes in airspeed, iclgtkevel and transmitted solar
radiation. It was found that the presence of défgslar radiation shifts the comfort
limits towards cooler air temperatures by abou€2Contrarily, increasing airspeed
leads to an acceptance of warmer conditions, lsieffect becomes less effective as
the air velocity continues to rise. Moreover, irasiag air velocities were found to be
more effective in the presence of solar radiatikigure 3.28 and Figure 3.29 show
psychrometric adaptive comfort assessment limitheftool developed according to
Martinezet al along with an exemplarily calculated diurnal s®upof internal moist

air properties for a typical summer design daysianbul.
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Figure 3.28: Exemplary indoor air conditions together with goteld comfort limits for 0 W/m? of
solar radiation and different air velocities [129].
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Figure 3.29: Exemplarily indoor air conditions together wittedicted comfort limits for 50 W/m? of
solar radiation and different air velocities [129].

3.2.2.4Setting amounts of air for opening dimensioning

Natural ventilation serves to guarantee good in@doquality and passive cooling in
warm periods in order to achieve good thermal cotmfathout mechanical cooling
systems. Therefore, the minimum design air chaatgefor a passive approach must
be intense enough to guarantee the criteria defimetoth IAQ and comfort (e.qg.,

95% of the occupied time in the category IDA 1I).
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In terms of IAQ and according to the EN 13779 sgadd55], 12,5 litres per second
per person is sufficient to achieve medium air iudlDA 2). To guarantee this
hygienic volume flow rate during occupancy, thenflmust also occur during the

absence of wind, and design conditions are thuslypbuoyancy driven.

High summer air change rates are desirable foriyms@ntilative cooling, e.g.,
removal of heat and cooling the building structateight (according to Figure 2.19
up to 20 ht or more based on the volume of the building [4BBre, combined wind
and buoyancy forces can be assumed for the deBignamount of colder external
air needed for cooling is not a fixed value butdependent on the building, the
usage, the operation, and the climate the buildshdocated in. Therefore, to
‘fast-forward’ analyse the ventilative cooling poti@l of the natural ventilation
system, in the ‘Tool Step 1’, the flow path is sider a specific air change rate with
unchanging boundary conditions including averageallovind velocities for the
hottest 91 days of the year. In the ‘Tool Step2 dynamic thermal response of the
building is investigated. The aim is to size théuna ventilation system in a way to
stay within acceptable comfort boundaries sincerntlaé comfort is a crucial
indicator for evaluating the natural ventilatiomcepts. Based on the summer design
days defined before (see SWMD approach in 8 5.3@), this sizing-design

assessment two requirements need to be achievalloags:

 The internal operative temperature stays within taegory Il comfort
boundaries during the local climate extreme sunaiesign day.
e The internal operative temperature stays within ttegegory Il comfort

boundaries during the local climate typical sumuaesign day.

Results of the tool can be found in passive cooltase-study application

section 8 6.2.

3.2.3Tool validation

The sizing and design tool developed is validatgrest EnergyPlus [1] simulations.
‘Tool Step 1’ is validated against ‘pseudo’ steathte Airflow Network simulations
with fixed boundary conditions, whereas ‘Tool S@pis validated with dynamic
design day boundaries according to 8§ 5.3.3. Cagrctaken to set identical input and

climate information for both the developed ‘High#\etool and EnergyPlus.
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Steady state (‘Tool Step 1’)

To validate ‘Tool Step 1’ of the developed desigolt based on electric analogies
against the airflow network of AIRNET (integratechta the EnergyPlus

environment), a simple EnergyPlus simulation maodeatreated for fixed boundary

conditions.

As the internal and external temperatures in eachlation are stable throughout the
whole run period (defined in the E+ design day oijedifferent ventilation
strategies can be analysed as if ventilation waeuged from the building. This
was realised first for the environment by settipgaudesign day object and then for
the internal zones via ‘ideal loads’ — heating andling system objects with equal

fixed setpoint temperatures.

The unchanging external wind velocities at the wetiegical station are set
5,24 m/s, 2,11 m/s, and 0,85 m/s (design day vdhaoes § 5.3.3). The external air
temperature is chosen as 25 °C. Including the gihreogc variation over height, the
local air temperature at the inlet opening of tlegmsent (49,75 m above ground
level) is 24,68 °C. Adding the design temperatuiféeiince between inside and
outside, the storey zones’ air temperature is 27%&nd the temperature in the

exhaust chimney is 28,68 °C.

To simplify the validation process, some model aatagns are equally made for
both the electric analogy model and the AFN valatat model. All other
specifications are consistent with the design appbn scenario defined in § 6.3.

* Only one zone is simulated for each storey with liwkages to the inlet and the
exhaust chimney. The internal flow resistance td®eero to combine the core
and the office zones into a single zone for eaohegt In the electric analogy
model, the factor K (resistance from office to cofeeach storey) was set to
1000, resulting in resistance values very closea. In the AFN model, the
internal opening is simply not present.

* The inlet height from the supply chimney to thesys is 0,50 m above the floor
level height instead of 0,00 m to easily set up rinedel geometries without
horizontal openings (i.e., with only vertical opegs).

* The outlet opening from the storeys to the exhabsnhney are set to 3,00 m

above the floor level height instead of 2,66 m.
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Figure 3.30: View from the inlet side on 12 zone AFN model eamting one building segment.

Table 3.2: Deviation from 10 # design air change rate (+ % indicates higher \waftmm the AFN).

cell (storey) scenario 1 scenario 2 scenario 3
index | Vmet = 5,24 m/s Vmet = 2,11 m/s Vet = 0,85 m/s
H 0,1% 3,3% 14,3%

G -0,1% 1,8% 3,9%

F -0,1% 0,8% 1,5%

D -0,3% 0,2% 0,3%

C -0,4% -0,3% -0,4%
mean deviation -0,2% 1,2% 3,9%

The model developed fits reasonably well, espaciftr combined wind and
buoyancy driven flows with high wind velocities esthe case of scenario 1. For
buoyant flow as the main driving force, and witlvlexhaust stack heights for the
upper storeys 4 and 5 of the segment, it was fayuret that there were some
problems within the EnergyPlus AFN buoyant modelgdther with the EnergyPlus
support team and the responsible person for the*AENvas concluded that the
buoyancy forced calculations were partly buggy, aglt now buoyancy alone may
not always provide meaningful solutions. More pseby, a warning was given from
the EnergyPlus support, that the model in somescas¢ gave a rough estimation.
Further compounding the problem, the author of tisis found a bug in the code.
The AFN does not calculate the local temperaturehat opening node height;
instead, the local temperature is taken from zeight (ground level). To overcome
this problem, temperature in the inlet chimneyeduced by a system of ideal loads
to virtually adapt the inflow external air tempenat towards the temperature at local

5 Staff: Lixing Gu
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height. All other E+ modules except the AFN seencdmsider the temperature
variation over height. The EnergyPlus support asesl to fix the bug in a future E+

version.

Dynamic design day (‘Tool Step 2)

To validate ‘Tool Step 2’ of the tool developedp#rer EnergyPlus simulation — a
three zones, one-storey model®(8torey of a segment at 51 m start height), is
created for dynamic design day boundary condit{@msn & 5.3.3) with unchanging
wind velocity. More details of the simulation settgn be found in § 6.3.1.

In the first assessment, external conditions usetie developed tool are compared
to the design day inputs used in the EnergyPlusilation. As they are both based
on the SWMD-approach developed before, they shantidal properties as shown

in Figure 3.31.
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Figure 3.31:Tool validation dynamic environmental input paraens
for Istanbul extreme summer design day.

The outcome of the most important test is showfigure 3.32. The comfort related
parameters are compared to each other. Especialiyngd occupancy, a good
agreement was reached between the EXCEL-tool bsisadations and EnergyPlus
simulations. For Istanbul design day conditiong thost crucial parameter for
system sizing, the peak internal operative tempegahas an aberration smaller than
0,1 °C. Also, the internal humidity fits well, espaly during the building
occupation hours.

116



w
N
AN
o
(e}

© E+ mean radiant temp.
) - 90 T ===-Tool mean radiant temp.
g 30 o — - 80 > E+ mean air temperature
3 28 - 70 E Tool air temperature
% S ' "\ N 60 2 E+ mean operative temp.
£ 26 - 7 |~ 50 & ===-Tool operative temp.
% ] ™ 40 g E+ mean humidity
c 24 = — - 30 = Tool humidity
[}
E,, . 20 g occupancy
- 10 E
20 0

O N S © ®m O N S © O O N
4 d o4 o4 4 &« « o hour

Figure 3.32: Tool validation dynamic internal output for Istahlextreme summer design day
and naturally ventilated base-case scenario.

Finally, the dynamic electric analogies model ididated against the airflow
network of AIRNET. A good agreement was achievecehes well, as shown in
Figure 3.33.
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Figure 3.33: Tool validation dynamic air change rate for Istalndxtreme summer design day.
3.3 Detailed Design Development through Energy Simulatin

To assess the potential of controlled natural \egign in high-rise office buildings,
the ‘HighVent’ design tool outputs, which are prihathe design parameters — the
positioning and sizing of openings in the flow patle ‘post-processed’ as inputs for
detailed Building Energy Performance SimulationsERE) including AirFlow
Networks (AFN).

BEPS tools predict the energy performance of arglwélding and thermal comfort
for its occupants. They support the understandingosv a building operates and
allows comparisons of different design alternativesnitations apply to almost
every available program of this kind today, anddeeit is necessary to understand

basic principles of energy simulation.

Simulations are run to access long-term informat@mout comfort, energy
consumption and environmental impact. In contraghé sizing tool developed, the

overall annual performance for a specific climateluding the mechanical systems
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and controls can be considered. The simulationdym® more data so that the active
building performance can be compared to the pasgpwpgoach developed. During
the calculation process, the simulation takes aimunt the external climatic factors
(see §85.1), the internal heat sources, the Endigpagement System (EMS)
controls, the building constructions, the naturahtdation, and the mechanical
systems to more accurately model the building. dog energy performance
simulation therefore is a powerful method for siadythe performance of buildings

and for evaluating the architectural design densimade.

Simulation outputs indicate difficulties and guittee designer to modify the initial
sizing parameters gathered from the ‘HighVent' gestool if necessary. This
detailed design development also includes the raignatural ventilation controls

developed and the hybrid cooling as a design altsm

Moreover, parametric analyses are intended to shewnfluence of system sizing
parameters on the performance of the developedapipr The system can be resized
by conducting a sensitivity analysis to study tkdative impact of the design

characteristics.

3.3.1 Simulation environment

The simulations are performed using the whole Ingidenergy performance
simulation program EnergyPlus version 8.1. The mog can model natural
ventilation systems using an airflow network apptod&nergyPlus is an open source
thermal simulation code developed for the Uniteat&d Department of Energy. The
availability of several software interfaces and thereasing number of models

included contributes to the use of this tool batllésign and research contexts.

3.3.1.1Building energy performance simulation

EnergyPlus is modular in structure and uses thet lhadance technique to

dynamically simulate thermal loads with timestepdess than one hour. In many
aspects of the model, the level of detail is vdeiab.g., calculation of solar gains and
their distribution, surface convection algorithrontrols, adiabatic boundaries or full
model, detailed mechanical systems or net load Iguppimber of timesteps per

hour, etc. [122,128].
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3.3.1.2Airflow network

EnergyPlus contains a fully-integrated network ntofte calculating building
airflows and their impact on comfort and buildingeegy use. The Airflow Network
(AFN) consists of a set of nodes linked by airfleeamponents and represents a
simplified airflow model. The flow elements corresp to openings and calculate
the airflow rates, and buoyancy flows are calcaldtg air density differences.

The actual AFN model can be used for simulatingitigacts of multi-zone airflows
due to wind pressure and stack effects. The maliezairflow calculations are
performed at the HVAC system timestep which, amotiger benefits, allows for
modelling hybrid ventilation systems [130]. It caimulate several key components
which influence airflow, e.g., cracks, ducts, faflew controllers, vertical large
openings (windows and/or doors), horizontal opesjrand passive stacks. With a
well-mixed assumption, a building is subdividedoiones with homogeneous air

properties.

The EnergyPlus AFN is mainly based on the algor#hRNET [67] and COMIS
[69]. EnergyPlus program was linked in an earlysi@r with COMIS including
airflow in the zone load calculations [78]. In gelaversion, the AIRNET/CONTAM
model was introduced in EnergyPlus and replaced ofdke previous links [130].

3.3.1.3Building energy management system

Starting from 2009the relatively new Energy Management System (EM&)ufe
[131] in EnergyPlus provides a way to develop custole-based control routines
allowing fine details of how the model runs badicalith defined sensors and actors
(such as temperature sensors and opening dampers)aciThis high-level,
supervisory control can override or extend someogimg predefined behaviour and
therefore solve many problems faced by energy nergdelA small programming
language called EnergyPlus Runtime Language (Enjsed to describe the control
algorithms.

3.3.1.4Geometry editor

The Open Studio plug-in for Google’s SketchUp wk® areated by the National
Renewable Energy Laboratory for the U.S. DepartneénEnergy. It is mainly a
geometry editor for EnergyPlus. It allows creatithge building geometry from
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scratch by adding, modifying or deleting, e.g.rtha& zones, heat transfer surfaces,
windows, and other openings or shading surfaces. plagin can read EnergyPlus

input files, whether or not they were drawn witke iugin.

3.3.1.5Model limitations and surface convection

There are several assumptions to be made fromrtigggm internal calculations and
by the person using the simulation environment. M&radata and user input such as
internal heat gains and the thermodynamic concéptsenergy simulation are
already based on assumptions. These assumptionseaessary so that complex
interactions can be simplified and managed. Th@rara user needs to be aware of
this fact and must be able to decide whether theyr@asonable for the specified
simulation task. Therefore, for the generation edlistic and reliable simulation
results, thermal processes need to be understood|iraitations of the programs
need to be known. Easy-to-use interfaces aloneefttver do not make energy
analysis available to everyone. Building energyfgrerance simulation is typically
used to compare design alternatives, rather tharpréalict the actual energy
performance of buildings. To discuss all limitasowithin the simulation program
would exceed the scope of this thesis. Matlal [132] documented approximations,
assumptions, and simplifications in Building EneRgrformance Simulation. Lixing
Gu [130] described the input objects, calculatioocpdures, model validation, and

example results for the airflow network model inekgyPlus.

For example, one parameter mainly affecting thefoperance of night-time
ventilation is the heat transfer at the internamosurfaces. The surface convective
heat transfer is simulated separately from radiaty a convective heat transfer
coefficient and by the temperature difference betwthe room air and the internal
surface. Especially, the assessment of heat trarsfeconvection is strongly
simplified when compared to the current state ofdeflcng of radiation and
conduction [133], and is a high priority researopit [134]. BEPS programs like
EnergyPlus assume isothermal surfaces, approxighatcomplete zone by only one
air node and select an appropriate value for thevextive heat transfer coefficient
(CHTC) at each timestep and for each surface. Alyos based on ACH or supply
air temperature are developed for mechanical systand therefore have to be used

with care when natural ventilation (E+ internaliyppessed as infiltration) is applied
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since the CHTC calculations might be based on wpargmeters. When simulating
a building with night ventilation, this becomes neasingly problematic because
convective cooling is a major parameter. Increased/ection can be expected due
to high forced airflow rates and the possibility aofcold air jet flowing along the
ceiling, but the magnitude of these effects is h&rdpredict [2]. Moreover,
experiments with displacement ventilation supplyiimg cool air at the floor level by
diffusers showed that to a large extent the comwetteat transfer occurs at the floor
surfaces. For example, for this configuration N@&las et al [38] measured a
convective heat flux at the floor surface from ®182% of the total convective
surface heat flux. By cooling down the floor, teigrface then represents a radiative
sink for the other room surfaces. Thus, correlatmmulae or values are only rule-
of-thumb formulae, and may not take into accouset specific flow details in the
regions adjacent to the walls and the spatial bditi,a However, Artmannet al
[135] found significant sensitivity to heat transfenly for total heat transfer

coefficients below about 4 - 8WfrK depending on the level of thermal mass.

The European standard EN ISO 13791 provides gerwit@ria and calculation
procedures for the summer thermal performance dtlihgs without mechanical
cooling. Values for the convective heat transfegfficients for internal surfaces are
given with 2,5 W/m2-K for vertical surfaces (e.gall), 5,0 W/m2-K for horizontal
surfaces (e.g., ceiling and floor) with upward hiéatv (e.g., temp. floor > air), and
0,7 W/m2-K for horizontal surfaces with downwardahéow (e.g., temp. ceiling >
air). The CIBSE traditional average value of 3 Wknfor all internal surfaces can
be considered close but less detailed compared hto dnes provided by
EN ISO 13791.

However, in this study and for the adapted pasana hybrid cases as specified in
the overview in Table 6.3, the convective heat dfan coefficients of the
EN ISO 13791 standard are applied to the simulatimdel. These values are used
as this study is intended to generally determine tinght-cooling potential for
naturally ventilated buildings, without going toauah into the details of how the
flow is exactly distributed (e.g., via displacementixing or cross ventilation).
Moreover, for the horizontal surfaces the CHTCrsgpammed by the author of this
thesis dynamically with the EMS Runtime Languagepeahding on the heat flow

direction.
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For the mechanically operated as-built referense,céne EnergyPlus default TARP
[122] algorithm was employed. TARP is a comprehansiatural convection model
derived by Walton [136] based on ASHRAE literat[g2].

Another fundamental simplification of the thermalne calculation method utilised
is the so-called well-mixed assumption. This tretlist the air in each zone is
modelled as well-mixed with uniform temperatureotighout. Moreover, the surface
temperatures are treated to be uniform, and thg éod short wave irradiation and

heat conduction are one dimensional. [137]

3.3.1.6Thermal Comfort

To assess the thermal comfort, the European CERILS5&andard ‘Indoor
environmental input parameters for design and assast of energy performance of
buildings addressing indoor air quality, thermaliesnment, lighting and acoustics’
[41] is applied. These parameters account for ge®ptlothing adaptation in
naturally conditioned spaces by relating the a@dptrange of indoor temperatures
to the outdoor climate. EnergyPlus version 8.1bke @0 report directly the thermal

comfort based on the adaptive comfort criteriawtput for each zone.

In addition to the CEN standard, and since air hilityis a driving factor for thermal
comfort, the resulting indoor air properties duribgilding occupancy are also
analysed by psychrometric charts and by the occoerefrequency during

occupancy.

3.3.2Control strategies for the naturally ventilated offices

The control strategy for natural ventilation deysld here serves to ensure
acceptable air quality, compliance with the limilscomfort, and a best possible
energy efficient building operation. Energy effiooy is achieved by means of
passive cooling and by optimal fresh air controtimly winter operation. However,
for the sake of simplicity, the following rule-basprediction is utilised. The EMS
(Energy Management System) control algorithm islemgnted in the EnergyPlus

simulation model and serves the following composent

* Indoor air quality control by replacing pollutedr &y external air during

occupation.
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Advective daytime ventilation to directly cool bdihg interiors by replacing

warm indoor air with cooler outdoor air when coradis are favourable.

Personal daytime ventilation to directly cool builgl occupants by directing

cool outdoor air over building occupants at suffiti velocity to enhance

convective transport of heat and moisture from dleeupants in the hottest

season. According to Givoni [8] (see § 5.2.2), eelae of about 2 m/s effectively

enhances convective transport of heat and moistumethe occupants. Also, the

external temperature should not be colder thanC20S% the models utilised in

this study calculate the volume flow rather thaa #ir velocities, these internal

air velocities are considered here with an int¢asget ventilation rate of 15

Night ventilation to precool the building’s struotuby exploiting cool ambient

temperatures. Care must be taken not to overcedbtiiding, especially for the

next morning.

Table 3.3: Overview of the modelled natural ventilation coigr

IAQ control

advective cooling |

personal cooling |

eling

enable criteria

* during occupation
« if hybrid systems = of

* during occupation
fo if hybrid systems = of

« during occupation
fe if hybrid systems = of

* during non-occupation
fo if previous day
average afternoon
external air
temp. > 16 °C

start operation criteria

* if number of
occupants >0

« if indoor temp. > min.
temp. Figure 3.35

« if indoor temp. > min.
temp. Figure 3.39

« if external air
temp. > 20 °C

« ifindoor temp. > min.
temp. Figure 3.39

« if external air
temp. > 12 °C

end oper

ation criteria

* if number of
occupants =0

« if indoor temp. < min.
temp. Figure 3.35

« if indoor temp. < min.
temp. Figure 3.395

« if external air
temp. < 20 °C

« if indoor temp. < min.
temp. Figure 3.395

« if external air
temp. <12 °C

operation period

* enable operation
during entire period

* enable operation
during day
from 7-19h

 enable operation
during day
from 11-19h

 enable operation
during night
from 19-7h

target air change rate

* 14 litres per second
per person

* 0 - 10 air changes pe
hour

r 10 - 15 air changes p
hour

rrO - 15 air changes per
hour

3.3.2.1Rules on indoor air quality

This is the primary winter control mode during tenef occupation. The main

difficulty is to provide sufficient, but not excess background ventilation while

avoiding draughts. Moreover, ventilative heat Isssigould be minimised. Therefore,
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to keep the ventilation rates sufficient but at emimum level, ventilation occurs
only during occupation of the office space. The antcof ventilation required is
defined by 14 litres per second per person, whicthe initial amount the HVAC
systems control was planned for by ARUPhis volume flow is at the upper limit
for medium indoor air quality according to the EBIF¥9 standard [55], which is
15 I/s-person. So, the control does not again aeftte actual usage (2 ACH
according to 8 4.2.4) of the building but only timtial design values. To avoid
droughts, the naturally forced incoming air in theating season is preheated to
17 °C in the sub-floor distribution system, which also the setback temperature
setpoint of the office zones during night.

3.3.2.2Rules on cooling

During daytime

Field tests in the RADEX-building in the context thie NatVent study [106] (see
§ 2.5.4) showed that the occupants would not adeeguent adjustment positions of
the windows. Therefore, to avoid such frequent stdpents, the windows of the
prototype developed were not controlled by simmedback control. Instead, a
predictive control system was applied, which aimsput the tilt angle of the
openings in a position that is most likely the Heststabilising the internal operative
temperature for the next period. Windows were ddpionly at proper moments

when the office space was not occupied.

The control algorithms developed in the contexthid research, to some extent are
adapted from the feedforward controls describede @pertures should be opened
and closed in such a way that the building candm ketween the limits of comfort,
and in hot season should be able to cool the octsigy directing the cool outdoor
air at sufficient velocity. However, the controincadjust every 10 minutes, which is
the timestep of simulations. But because of thenmlhéreservoir or capacity of the
office space, the control cannot end up in an drgafiation and is only slowly
adapting according the internal temperature. Bssiliss, the opening control does
not target a window opening angle with an unknowre&achange, but a target air
change rate, which is based on pre-calculated ymessrops and flow resistances

between the inlets and the outlets (see § 3.3.2l8\). The maximum target air

& ARUP, Kanyon office block mechanic installatiopoet, 2003, Turkey
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change rate is 15 ACH if the external air tempegats above 20 °C and 10 ACH if
below 20 °C.

The ventilation rate is controlled in a way to kaefernal temperature within the
comfort limits. If the operative temperature excedde lower limit of comfort,
category | Teimin) [41], but not smaller than 21,75 °C (so as notitop below the
heating setpoint), ventilation for cooling is sviaézl on. The control therefore does
not target a static lower boundary setpoint butatiaptive comfort limit, depending
on the weighted mean external temperature of tbeiqus week (see § 2.6.3). The
more this lower temperature limit is exceeded, hlilgher the target air change rate
will be. Two amplifiers are intended to raise therget air change rate: one
exponentially £ = 2) raises the value depending on the operatingérature above
the comfort lower comfort limit; the other, is lawe @ according to Figure 3.34),
dependent only on the external air temperature @nts to reduce the risk of

draught, and also assists to prevent overcooling:

2
ACHtarget =1 (Top - Tcl,min) (3.38)

emtgrget ACH

// linear amplifier

factor
O P N W b O

- i
—_—

10 11 12 13 14 15 16 17 18 19 20 21 22 23
external air temperature €

Figure 3.34:Linear amplifier correction factardependent on the external temperature.

For example, if the operative indoor temperaturg,%°C above comfort category |
and the external air temperature is 17,0 °C, theropenings are controlled in such a

way as to achieve 6,5 air changes per hour.

The two amplifiers can be adapted depending owlthmate, and building design and
operation (e.g., heat gains from interiors and trensmitted solar radiation).
Theoretically, if the occupant does not accepteahais change rates, they can be

manually overridden.

During night
At night with no inhabitants inside, a similar kinBalgorithm is active. The opening

areas are modulated in such a way that the buiidipgecooled to the extent that for

125



the next day the indoor climate can be kept betwd#en comfort limits. The
temperature limits are set below comfort conditibbesause comfort is then not a
relevant factor. The control therefore first tagyéd keep the temperature below
comfort conditions if the external conditions argtable. External conditions are
assumed as suitable only if the previous day'sraften temperature was above
16 °C. It then raises the temperature to comfoetaloinditions before the morning
hours so as not to create discomfort at the beginmf occupation. Again, the
algorithm adapts itself to account for the coldeside air. By this procedure, the
building is precooled and prepared to withstand gaas during the office hours.
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Figure 3.35: Ventilative cooling lower temperature limit forght-time ventilation in warm period.

3.3.2.3Placement of sensors and actors

The openings are controlled by sensors and acdtmisided into the virtual building
energy management system, which for the aim of ghidy is programmed inside
EnergyPlus with the Runtime Language. The objeativéhe control algorithm is to
achieve relatively constant air change rates bytrobrof the flow resistance as
described in § 3.2.1.2, and from the knowledgeotdia driving forces as described
in 8 3.2.1.1. For predicting the dynamic drivingdes (pressure differences), sensors
have to be placed outside and inside the buildinghe model, external sensors

measure the wind speed and the temperature.

If the hybrid cooling and ventilation in the officeoms is operating, then the inlet
chimney is connected to the outlet chimney by aabgpo remove the heat directly
from the data centres (see Figure 3.36).
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Table 3.4:List of sensors for flow control in the EMS model.

sensors

external wind velocity Vv, ml/s
external temperature Te °C
supply chimney temperature ¢fTg) Ta °C
office internal temperatures T °C
exhaust chimney temperatureifl}) Tg °C

The wind pressure difference between the inlets #red outlets can then be
calculated together with the wind pressure coeaffitigathered from the wind tunnel
experiments. The buoyant pressure differences afeulated according to the
differences in height and temperature. With the wledge of adjustable flow
resistance or pressure drop of each opening, themeoflow can be controlled

according to the target air change rates of ealth ce

2" 14p| (3.39)

V=Ca- At -
¢ Pair
To control the unintended infiltration through theailding envelope, the openings are
controlled at the inlets and the outlets of eadhest This has the advantage that the
openings are controlled at low stack heights, egt, pulling air from the storey
envelop to the high level chimney exhaust duringteri operation, when buoyancy

forces due to large temperature differences arng steong.

buoyanc wind

p.A
[ O R |

segment storey 5 ’ ‘i’ offices
|
segment storey 4 4 f offices
[ 4
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o R | { Rio |
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[
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® R

wind

Figure 3.36: Placement of the controlled openings (actors).
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In real world applications of this approach, the &Nhnight not have all the

information necessary to predict the resultingchginge rate and to control effective
opening areas. In such cases, local pressure semsgrfill the knowledge gap, e.qg.,
the local wind speed and the pressure coefficiéiss, if the external conditions are
not measured locally but globally, e.g., at thedbghe building, the wind sensor has
to be placed in a free stream region not to beieémited by local turbulences. Global
environmental sensor inputs can then be used toleét the local conditions at the
supply chimney inlet and the exhaust chimney oubeteach building segment
according the method described before (see § 3)2.Internal temperature and
pressure sensors have to be carefully placed, winicthe dynamic EnergyPlus

model is less critical due to a well-mixed air teargiure assumption in each zone.

3.3.2.40peration Examples

Figure 3.37 and Figure 3.38 give insight into tfd3Enatural ventilation control

over the course of typical design weeks. Accordingthe controls described,
intended natural airflow is on if (i) the building occupied, or (ii) the internal lower
operative temperature limit is exceeded. Durinditigwith a previous day afternoon
mean external temperature above 16 °C, night \aioil operates at lower
temperature limits. Ventilations rates stay low fooviding fresh air only, rising fast

in warm periods when the internal temperatureshayie.
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Figure 3.37:Resulting EMS controlled air change rate for adgpspring week in Istanbul.
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If the natural driving forces are too small to &s@ the target air change rate, the
resulting air change rate corresponds to this emamount of air exchange as

exemplarily shown in Figure 3.38.
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Figure 3.38:Resulting EMS controlled air change rate for adgpsummer week in Istanbul.
3.3.3Final natural ventilation system sizing

As the volume of a building is an expensive reseuthe designer needs to do a
weighting between the expected adaptive comfort #red size of the natural

ventilation system. Design alternatives should helysed and discussed climate
specific. If a hybrid approach is applied, the neetbal system installation and

energy consumption is also a parameter to be tiakerconsideration.

3.3.3.1Natural ventilation potentials

Achievable air change rates depend on the climatesgason, the chosen system
size, and the ventilation controls. In winter, matwentilation is mainly used to limit
the CQ levels. For a detailed dynamic analysis of thevflpotential for natural
ventilation systems, the entire system includingtms has to be simulated, since
the ventilation is not driven just by external ciimehs, but by an interaction of
internal and external conditions, e.g., ambientiaddor temperatures, and dynamic

wind velocity (for driving forces, see § 3.2.1.1).

3.3.3.2Adaptive thermal comfort

Apart from the air change rates, which directlyuehce air quality, thermal comfort

iIs a crucial indicator for evaluating the natura@ntilation concepts. The orifice
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dimensions can be resized until certain comfort eetgtions are fulfilled by

simulation.

Recommended criteria for acceptable deviationsomfort, investigated by whole
year computer simulations, are given in the EN 152&andard [41]. According to
the informative Annex G in this standard, the indeavironment of the building
meets the criteria of a specific category whehe ‘ parameter in the rooms
representing 95% of the occupied space is not riwe as example 3% (or 5%) of
occupied hours a day, a week, a month and a ye@idmithe limits of the specified
category. Further, By dynamic computer simulations it is possible for
representative spaces in a building to calculate $ipace temperatures, ventilation
rates and/or CQ concentrations. It is then calculated how the terajures are
distributed between the 4 categories. This is dona floor area weighted average

for 95 % of the building spaceés

3.4 Design Evaluation

The most important factors influencing passive ayldrid cooling performance are
ventilation rates, controls, heat gains, buildingssiand climatic conditions. It can
be assumed that if thermal comfort can be guardniggout air-conditioning, then
significant cooling and ventilation energy conséiora can be achieved [64]. The
assessment can be carried out with the help obpeéance indicators, and the results
are intended to assist decision making in the depltase. Indicators proposed to
evaluate the functionality are the energy consumnptcompared to that of
mechanical ventilation and cooling systems, and piiamce with the thermal
comfort limits for users; additional aspects ar tkntilation rates and the indoor air

quality reached.
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Figure 3.39: Performance evaluation wheel developed to aciesgated passive cooling design.

Thermal comfort expectations (e.g., adaptive withider range of conditions) must
be discussed and ultimately accepted by all thgeprstakeholders. The reference
thermal comfort standard recommended as baselitteei&N 15251 standard [41],
which accounts for both buildings with and witheoéchanical cooling systems. In
this standard, in addition to the indoor operatigeperatures, recommended air
humidity levels are considered only if humidificati or dehumidification systems
are installed. Nevertheless, humidity levels hawégampact on comfort. Therefore,
to support the feasibility assessment of energgiefft building design, these should
also be reported for free-running situations, tlpaying attention to the most

important thermal comfort mechanisms for a givemate.

For the estimation of energy conservation, simoiabutputs for the passive and the
hybrid scenarios must be compared to those of edoenarios with mechanical
ventilation and cooling systems. Based on the gnemyings, the environmental
benefit can be calculated from the country-spedifita from the Global Emission
Model for Integrated Systems (GEMIS) database [138]

The design evaluation is structured as shown inrei§.39:

*  Weekly design profiles give insight into the fulcting of natural ventilation
systems and are helpful in analysing the openingraband the quality of
indoor air.

* Annual assessment gives insight into the overatictionality of naturally
controlled and hybrid operation throughout the year
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3.5 Conclusions

For the building type and climate considered, radtuentilation is not a stand-alone
solution for good summer comfort. Instead, ventiatcooling must be brought in
with other measures to reduce heat gains, anddahes building as heat sink for
night-time ventilation. Hence, a building must bstfconceptually adapted to reduce
heat gains and to provide a sufficient amount ggasible mass for night-ventilation.
Focusing on natural ventilation, a design conceas \weveloped for wide-shaped
high-rise buildings where simple cross ventilation single-sided ventilation is
impractical to realise. A central void design wasrfd best suited, as it allows cross-
ventilation of the occupied space towards a cewmtrahney in the core, from where
warm air rises upwards, towards a high level exhalse building is also virtually
cut into modular segments to restrict the systemedsions (e.g., chimney diameter)
and the peak pressure drops in winter (at high éeatpre differences). With a single
chimney the size of the ventilation system simpbuld be too big to be realised in
practice, but with isolated segments, each segmemtbe treated as a low-rise or
medium-rise building. To guarantee the intended fthrection from the perimeter
towards the core, besides a commonly used, leewhnthiney exhaust, also a
commonly used windward supply inlet is recommendettrmediate ‘wind floors’
between the segments are outlined with two windotiaig openings in windward
(positive wind pressure supply) and leeward (negativind pressure exhaust)
orientation. The central chimney is therefore desijto serve the occupied space
with fresh air supply and exhaust.

The spread-sheet based ‘HighVent’' design tool weasldped to size the openings
of a flow path, especially in the context of segtedn high-rise office buildings.
Simple electrical circuit analogies, for both véatton and thermal models, were
found to be suitable to pre-design the natural ilsin systems. This includes
advice if a certain adaptive thermal comfort ci#terzan be reached for a summer
design day. The correctness of the results couldpdoyed by a comparative
validation against the EnergyPlus building energgugation program, which was
found to be in good agreement. Considering the egto@lly adapted buildings,
uncontrolled design air change rates are estimdieel.ventilation systems are then

sized dependent on this design air change rataarage local wind velocities.
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To assess the overall annual performance for aifgpelimate, in a next step, the
building is modelled with Building Energy PerforncanSimulation (BEPS) along
with the passive approach design adaptations deseldrhe ‘HighVent’ design tool
outputs are ‘post-processed’ as inputs for deta@thulations including the
mechanical systems. The custom natural ventilasgstem control, targets to
achieve (i) good indoor air quality according to EBIF79 [55], and (ii) stay within
adaptive comfort limits according to EN 15251 [5BJuring ventilative cooling
operation (day and night), the system target aingke rate is increased the more the
lower adaptive temperature limit (category |) iscexded. Two amplifiers are
intended to raise the target air change, one expiatly dependent on the operative
temperature above the lower comfort limit; the othree is linear and dependent only
on the external air temperature. At night, the eysaims to precool the building by
lowering the indoor temperature below comfort ctinds, and raising the
temperatures again before the beginning of ocoopatifhe mean monthly air
change rates are then dependent on the climatseastn, and on the chosen system
size. The target air change rate represents theranod air the EMS control aims to
realise, whereas the reached air change rate isrtadler amount of ventilation

appearing in the simulation.

However, thermal comfort is the most crucial intlicafor evaluating passive
cooling concepts. Recommended criteria for accéptaleviations in comfort,
investigated by whole year computer simulationsgiwven in the EN 15251 standard
[55]. The operative temperatures are distributetiwvden the 4 categories and
occupied space should not be more than 3% (or S3gide the limits of the
specified category (defined as category II). Thauah comfort distribution is first
accessed for opening sizes according to the designoutputs. By repeating the
simulations without improved shadings and/or withmass activated construction
elements, the influence of those measures couldvsstigated separately. For the
final system sizing, the simulations can be remkati¢h different orifice sizes (flow
path resistances); for example with reduced natweitilation system sizes

according to architectural sizing limits if necagsa
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4. THE KANYON CASE-STUDY BUILDING

For an in-depth investigation of the objectivesllaut in the thesis framework, the
Kanyon high-rise office tower, situated in Istani§dll,0°N, 28,6°E), Turkey, has
been selected as the benchmark case-study buil@img.location has been chosen
because of its highest density of high energy cmmsy office buildings in Turkey.
Also, access to the building related data was headovided by the management of
the Kanyon-Multiplex. This chapter describes themtharacteristic features of this
building. The following is a generic description thfe building according to the
building architect§ ‘Kanyon, one of Europe’s largest mixed-use districsoduces

a new concept for urban living in Levent, Istanbutentral business district. The
Jerde Partnership and Tabanlioglu Architects desijthe state-of-the-art project to
combine 2.74 million sq ft of modern offices, lyxuesidences with local and
upscale retailers in an organic, open-air desigratthncludes an amphitheatre,
plazas and rooftop park spaces where workers, esggdand visitors can gather

4.1 Site

The Kanyon multiplex rises on an area of 29 500mmEevent, Istanbul's central
business district. Its mixed-use includes 33 O0®@Mesidential space, 31 000 m? of
office space, an 8 000 m? entertainment area inwué cinema, 37 500 m? of

rentable retail space, and parking for 2 300 daigufe 4.2 to Figure 4.4).

Figure 4.1: Location (purple dot in the map) of the case-stsitly (Source: Apple Maps).

" The Jerde Partnership (http://www.jerde.com/ne@sitenl) and Tabanlioglu Architects
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Figure 4.2: Kanyon site with the office tower cross and loadihal sections
(Source: The Jerde Partnership).
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Figure 4.3: Kanyon site plan at height of the residentiahecna floor
(Source: The Jerde Partnership).
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Figure 4.4: Pictures of the Kanyon multiplex including theioé tower
(Source: The Jerde Partnership and Google’s freesaduilding models for SketchUp).
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4.2 Office Tower

Location: Istanbul, Turkey - 40m

Architect: The Jerde Partnership H i |
Tabanliglu Architects : —

Engineer: Arup Ltd. E EE

Year of completion: 2006 17

Building function: Office space E QE

Height: 118 m above ground éﬁ%@ﬁ -

Stories: 28 above ground / 25 offices £ | %55 ?

Total gross area: about 34 008 above ground = i %M

Conditioned area: about 28 0006 above ground %M

Gross internal area: 1 229 per floor (100%) : o

Net internal are®: about 1 000 fhper floor (81%) %Eg

Gross office area: 9352%per floor (100%) :‘\ ‘ @m —— EEEEEW}

Net office are®: about 850 rhper floor (91%) #D% )

Structural material: Concrete

Plan depth: 8 to 11 m (from central core)

Storey height: 4,00 m (office floors) Figure 4.5: Kanyon office tower

Ceiling height: 2,90 m (offices) to 3,00 m (core) cross-section.

4.2.1 Introduction

The Kanyon office tower is a 28-level tower withcarved, highly glazed facade.
The transparent glass increases visibility andreftee benefit of maximum natural
light in the work areas. A shading system on thélsside of the tower is intended
to reduce the heat impact from the sun. The buldncludes modular office spaces
that offer flexibility for the needs of the compasi Open plan geometry around the
core (Figure 4.6) was therefore chosen to allow fther space to be used for
different sized units, i.e., for individual, comboh and open plan offices. The floor
spaces are arranged around a central servicesvidbra depth of approximately 8 to
11 m, and provide the flexibility to accommodateaage of functions. The storey

height, apart from the two ground floors (5,5 rs)4j0 m.

8 From the ground level at street height where #isduilding’s main entrance is located
9 The floor area contained within the building measiless the floor areas taken up by the external mtedrial walls, enclosed
machinery rooms, stairs and escalators, mechaamchélectrical services, columns, ducts and risers.
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Figure 4.6: Kanyon storey plan geometry (dark grey = core afiggat grey = office area).
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Figure 4.7: Exemplary office plan. Figure 4.8: Exemplary office section.

Figure 4.9: Three pictures taken from an exemplary officeestanterior (shot by the author).

4.2.2 Construction elements

Typical of the high-rise building type, the framaewowas built with steel and
concrete from which curtain walls are suspendeitherathan load-bearing walls of

conventional construction. The core and the flabesefore employ a steel skeleton
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construction made of reinforced concrete. The cusell envelope is highly glazed

by Low-E double glazing with a ratio of approximt89%.

4.2.2.10paque construction elements

From the architectural drawings, the following majoomposite construction

elements, as shown in Table 4.1, were first gathemed then specified in the

building energy simulation model.

Table 4.1: Thermal properties of the building constructioensénts also incorporated to the model.

construction name material name thickness in m rlaye
curtain wall aluminium 0,0020 outside layer
u-value = 0,29 W/m2-K Xps extruded polystyrene om2 layer 2
wall air space 0,1000 layer 3
mw stonewool rolls 0,1000 layer 4
stainless steel 0,0010 inside layer
internal floor gypsum plasterboard 0,0125 outsajet
u-value = 0,98 W/m2-K ceiling air space 0,9900 fa¥e
concrete reinforced 0,1250 layer 3
ceiling air space 0,1700 layer 4
plywood 0,0300 layer 5
carpet 0,0060 inside layer
heavyweight internal wall oak wood 0,0130 outslgel
u-value = 1,40 W/m2-K wall air space 0,0250 layer 2
concrete reinforced 0,4000 layer 3
wall air space 0,0250 layer 4
oak wood 0,0130 inside layer
lightweight internal partition gypsum plasterboard 0,0125 outside layer
u-value = 4,00 W/m2-K wall air space 0,0500 layer 2
gypsum plasterboard 0,0125 inside layer

The thermal properties of the building constructimaterials are collected from

different sources and are summarised in Table 4.2.

Table 4.2: Thermal properties of the building constructiontenials also incorporated to the model.

name source conductivity specific heat  density

in W/m-K in J/kg-K in kg/m3
aluminium ISO 10456 160 2 800
XPS extruded polystyrene Uralita S.A. 0,034 1400 5 3
MW stone wool rolls Uralita S.A. 0,040 30
stainless steel ISO 10456 17 7 900
gypsum plasterboard ISO 10456 0,250 1000 900
concrete reinforced ISO 10456 25 1 000 2 400
plywood ASHRAE 05 0,12 544
carpet ISO 10456 0,060 1300 200
oak-wood ASHRAE 05 0,17 704
name source thermal resistance fKAN
wall air space ASHRAE 05 0,15
ceiling air space ASHRAE 05 0,18
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4.2.2.2Window glazing

According to the manufacturer, the highly glazedafie of the office tower was
designed to provide maximum daylight transmittafarethe occupants. To reduce
heat gains, the tempered outer glazing was coatedvisible silver low-emittance
(low-E) coating. This is a glazing type with miccopically thin and virtually
invisible metal or metallic oxide layers depositadthe glazing surface, primarily to
reduce radiative heat flow. An optimum low-E cogtis transparent to the visible
solar spectrum to provide maximum light, and reflex of long-wave infrared
radiation to block solar heat gains. The desigo plevides the necessary resistance
against high wind loads and sets a security systgrpreventing any injuries that
would occur if a window bursts. The partly tempeneder glazing is composed of

two layers of polyvinyl butyral (PVB) laminated glag.

Table 4.3: Thermal and visual properties of the window glg#in

LoE doulble glazing initial values as catalogue values  adapted actual combination
specifications 6 mm IMF 170 8 mm IMF 170
from the planners  + 12 mm AB +16 mm AB
+ 6mm DC + (4+1,52+4mm)

daylight transmittance 70% 70% 68%
daylight reflectance 10% 13% 12%
shading coefficient 0,54 0,56 0,51
solar transmission (SHGC) 0,47 0,487 0,444
U-Value (EN 673 is used) 1,4 WHK 1,7 Wint-K 1,4 Wint-K
emissivity <0,20 0,07 0,07

4.2.2.3Shading devices

Both internal and external devices shade the officees. The uniform external
shading device in summer only partly shades thelews due to their size and also
due to the fact that the devices were not seleatedrding to the orientation of the

windows.

External

The uniform, external shading devices are desigoedllow a free view for the
office occupants and to support the architectungpearance of the building
composition. Less importance was given to shadewindows and to reduce the

incoming heat and the risk of overheating.

10 Technical specifications from the glazing prodogtcompany Trakya Cam SanayiiSA.
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The seven differently sized horizontal shading dewi (Figure 4.10 and
Figure 4.11) on each floor are mounted from soudistwill south-east facade (see
Figure 4.7). They are made of beige-silver colowtihless steel and mounted by a
rigid facade suspension. Because of the solar phtine sun, the highly glazed
facade is only party shaded, depending on the seasme and orientation.
Horizontal shading devices generally work bestdouth mountings. For east and
west aspects, the sun will be low in the sky fargiperiods. This means that the sun
will come in underneath the horizontal shading desj making them more
ineffective compared to the south orientation. €fme, with the actual shading
devices a partial overheating due to intense dmam gains occurs with clear sky

from external windows.
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Figure 4.10: Shading devices from inside. Figure 4.11: External shading device drawing detail.

Simulations done in the context of this study iatkcthat the actual shading devices
reduce the building’s overall transmitted solarngaonly by 11% in the cooling
season (for the definition of cooling season, séel§) compared to a case without

any external shading devices.
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Figure 4.12: Simulated effectiveness of the actual shadinga#svin a typical summer and winter
week period according to the ASHRAE IEWC weathaadatorey net floor area = 1 000m?2).
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Internal

Internal vertical blinds successfully control lighitiock glare, and provide privacy
but do not achieve effective heat control unlikéeexal blinds. The semi-transparent
rolled up interior sunblinds used in the Kanyonlding are made of textile (Figure
4.9. According to the Kanyon management, the sunblirrde automatically
controlled by the solar intensity, but setpointd aosition of the irradiance meter are
not known. For the simulation model, it was assurinad the internal shades do not
significantly influence the heat balance of thelding, and as such are not
investigated further.

4.2.3Internal heat gains

The building's heat balance, besides the solar desias, is strongly affected by its
internal heat gains. From interviews with the egenganagement and from the
energy metering data of 2007 to 2009, it can belooed that the building has high
internal heat gains. From the available data, titermal heat gains are assumed as
summarised in Figure 4.13. Further information loe inderlying approximations is

given in the following paragraphs.
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Figure 4.13: Mean actual internal heat gains modelled relatettie¢ total net storey area including the
core and data centres.

People

Interviews with the Kanyon’s building energy managat indicated that there are
approximately 62 persons working on each storeychvis a rather light occupant
density per area. The heat gain rate from peoplking in the office is assumed to

be 108 W persoh which is the E+ default value, and is consisteiti typical office
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work according to the ASHRAE HoF [27]. The radidrgction is assumed to be
50%, which again is the E+ default value. The efiare assumed to be occupied

from 7 am to 7 pm on working days.
Lights

From the available as-built drawings of the Kanyifice tower's 23 storey, the
installed approximate lighting power densities && W/m? in the office space and

5,0 W/mz in the core space.

According to interviews with the Kanyon’s managemethe central energy
management system controls the lights of the cocethe inner part of the office
area, which is a corridor around the core regionbe on from 7 am to 7 pm. At
nights and during weekends, the power densitydsaed to a level of about 25% in

the core space and 5% in the office space.

For 80% of the office area from 7 am to 7 pm lightis controlled by the occupants.
It is assumed that the occupants turn the lightarahoff at 500 lux at desk level in
the centre of the office area in two steps. Thst fatep reduces the amount of
artificial light by 50% and the second step tutms light off.

Equipment

Interviews with the Kanyon’s energy management teamd metering protocols

from 2007 to 2009 also indicate that the equipnh@sds are medium heavy, even if
the people density per workspace is low. Becauseetfjuipment was not separately
metered, a density with 12 W/m?2 is taken into coasation, which is close to the

medium load recommended by ASHREA HoF [27].

Table 4.4:Recommended [27]equipment load factors for varfiise types according to [139].

load density load factor description
of the office in W/mz2
light 5,4 assumes 15,5 m?/workstation (6,5 workstet per 100 m?2) with

computer and monitor at each plus printer anddariputer,
monitor, and fax diversity 0,67, printer diversity33

medium 10,8 assumes 11,6 m?/workstation (8,5 watiksts per 100 m2) with
computer and monitor at each plus printer anddariputer,
monitor, and fax diversity 0,75, printer diversityp0

medium/heavy 16,1 assumes 9,3 m2/workstation (Irkstations per 100 m?) with
computer and monitor at each plus printer anddarmputer and
monitor diversity 0,75, printer and fax diversity0

heavy 21,5 assumes 7,8 m2/workstation (13 workstatper 100 m?) with
computer and monitor at each plus printer anddarmputer and
monitor diversity 1,0, printer and fax diversitys0,
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IT-Rooms

The Kanyon office tower building comprises data teenrooms for different
companies. The IT equipment is mostly located sndbre of the building. Even on
some storeys, the companies extend the area towardsfice area outside the core
(see Figure 4.6). At least within the core, therédbms are insulated; there are no
solar gains, and they are mostly unoccupied andatp@4 hours a day. The room
requires no mechanical heating system due to g mternal heat gains from the
computer equipment. There is an additional meclamooling system installed to
cool the rooms when the rest of the building do&srequire any cooling. From the
metering, 10 kW electricity load is roughly assunasdthe mean IT-load for each

storey.

4.2.4Mechanical HVAC systems

The HVAC system consists of gas condensing boilersheating, constant flow
mechanical ventilation, a latent heat recovery, maater to water chiller with
cooling towers, and supporting water to air chill&@he preconditioned room air
temperatures can be manually set by four-pipe tahunits. In the survey on the
building’'s actual operation and usage, it becanearckthat in many situations,
heating and cooling systems operate simultaneotibig.is most probably due to the
manual setpoint adaptation (3 °C) in the differemdms in combination with open
doors. This circumstance is assumed to createght ‘6f the systems’ by interzonal
air mixing and poor internal insulation, and alsoni the strong effect of solar heat
gains on one side of the building.

According to the management, the air-conditioningtem ventilates fresh air
throughout the building all day at a rate of appmately two air changes per hour.
The minimum requirement according to the initiatide is 14 litres per second per
persoril. The building is conventionally ventilated in ayma supply fresh air from
the exterior and to extract polluted air with admaled mechanical ventilation system,
consisting of fans and ductwork. The system alsmptses filters, dampers,
silencers, and heat exchangers together with tbevouk, creating a relatively high
pressure drop. Such systems are able to deliveabdessupply of fresh air, which
ensures an air quality and thermal comfort thatdependent of outside conditions.

11 ARUP, Kanyon office block mechanic installatiopoet, 2003, Turkey
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However, the ventilation system is quite complexd axpensive to install and
operate. A common trend towards higher indoor aality standards has resulted in
a ventilation system that requires an increasimglger share of the building costs.
The ventilation system also consumes considerableuat of electricity for fans.
The complexity of such ventilation systems createany opportunities for

malfunctions.

Further details concerning the modelled buildingragion can be found in Table

6.3 The simulation model setup is described in §16.3.

4.2.5Metered energy consumption

The building’s measured annual energy consumptan2008 was recordéti as

2 040 MWh of natural gas and 7 292 MWh of totaktleity. This corresponds to
approximately 68 kWh gas consumption and 243 kWittgtity consumption per
m?2 conditioned floor area. Natural gas within tliice tower is exclusively used for

room heating.

Unfortunately, the meters were set in a way aimexstiy at energy billing. It is
therefore very difficult, if not impossible, to iestigate the individual consumption
for different applications, e.g., cooling or veatibn, as the consumption is often

summed together with that of different other consrsn

Table 4.5: Natural-gas and electricity consumption of the y@moffice tower in 2008.

2008 natural gas electricity

m*" kWh KWh/n** kWh KWh/m?2**
Jan 38 313 418 177 14 512 500 17
Feb 41 899 457 317 15 481 000 16
Mar 28 806 314 410 10 516 000 17
Apr 19 243 210033 7 496 500 17
May 14 830 16 1866 5 616 000 21
Jun 651 7 106 0 637 000 21
Jul - - - 779 500 26
Aug - - - 744 000 25
Sep - - - 613 000 20
Oct 6 130 66 907 2 740 500 25
Nov 15934 173 916 6 587 500 20
Dec 21185 231 229 8 568 500 19
Sum 186 991 2 040 961 68 7 292 000 243

* specific calorific value of natural gas assumethw0,915 kWh/rir
** consumption in kWh per m? conditioned space (#®0 000 m:

12 by the building’s energy management group
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4.3 Conclusions

The Kanyon office tower geometrically has a unifdsmlding structure of 25 office
storeys with a net internal area of about 1 00@na? 2,9 m ceiling height each. The
envelope is highly glazed with Low-E glazing (sdterat gain coefficient of 0,444).
External shading elements only partly shade thadagn summer and reduce the
building’s overall transmitted solar gains by apgneately 11% in the cooling
season. The internal heat gains are high especia#tyto highly energy consuming
data centres mostly situated in the core areaebthlding. The internal equipment
loads are assumed to be 12 W and heat loads fgdrtinlg are about an average of
3 W per net floor area during building occupanclye Tata centres are assumed with
10 W/m2 operating for 24 hours a day throughout\itmele year. All the building
thermal mass, e.g., the concrete layer in thengedbnstructions, is sealed, and can
thus only be poorly exploited as a heat sink (ebg.night-time ventilation). The
building internal environment is controlled by cdeyy high energy consuming
mechanical systems. The occupant behaviour (sdétpdaptation together with open
doors) tends to create a fight of the systems {@gols. heating) especially in the
intermediate seasons when heating and cooling t®pesanultaneously. The
mechanical ventilation rates are high (2 ACH) cdasng a rather light occupant
density per area. The annual metered energy coriganmgd 243 W/m?2 of electricity
and 68 W/m2 of natural gas is high, which indicadsig potential for energy saving
measures for this type of building.
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5. THE CLIMATE ASSESSMENT

One of the most important issues in determiningpbeential of natural ventilation
systems is the suitability of climate. The relevatimatic input parameters for
passive system design and dynamic simulation aniemt temperature, humidity,

solar radiation, and wind velocity and direction.

In this work, the same building is considered tcsibgated in three different climates
to evaluate the functionality of a controlled natlyr ventilated high-rise office
building under various external conditions (rangiram those of central to southern
Europe). Besides, the building could serve as atbeark to test if the control
algorithms do a good job in different climatic regs, addressing a universal
validity. The climatic charts that follow providenformation from all the three

climatic sites.

The main climatic location of concern is Istanbllykey, as the building is actually
located here. The same building model will alsgbsitioned in Turin, Italy, which

is the host university of the thesis co-advisewal as in Stuttgart, Germany, which
is the project coordination location of the Mariafié Research Training Network,

where the research was carried out.

Figure 5.1 shows the European portion of the autitme classification map first
developed by Wiladimir Képpen (1846-1940). This wgslated and modified by
several geographers, and continues to be a benkhfoarthe world climate
information in use today. Its categories are basedthe annual and monthly
averages of temperature and precipitation. Accgigjnall the three locations
considered are situated in moist mid-latitude ctesawith mild winters (major
group C), and are considered as humid (secondr fett©nly in Stuttgart, the
warmest month average temperature stays below 22hi@ letter b), whereas in

Istanbul and Turin this temperature is exceedadi(tatter a).
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Figure 5.1: The geographical locations of Istanbul, Turin, &dttgart shown on a Kdppen climate
classification map for Europe (source: Petehl [140]).

The weather data for this study was downloaded tterEnergyPlus webpage in the
EPW format. It represents a Typical Meteorologi¢alr 2 (TMY2) weather format

from ASHRAE IWEC [141]. This generic data from theather files is usually

measured at the airports, and is not further adaipte¢his study to account for the
local microclimate or climate change, e.g., thethsland effect, the local terrain

wind flow or the rising temperatures due to glolvatming.

As regards the wind, the shielding effect of nemiring buildings is modelled by
wind tunnel experiments and is therefore refledctgdhe wind pressure coefficients
gathered (see Appendix A). The city centre ternainghness will be modelled
subsequently (see the method in 8§ 3.2.1.1) by wpekd calculations at the local
heights of openings. The atmospheric temperaturp dith height above ground,
which can be significant for high-rise buildings,subsequently adapted according to
§3.2.1.1.

Besides the three climates, different time peri@ge investigated. Long term
simulations, e.g., over the course of a year, ast suited for comparing the energy
performance. For a general overview, monthly avesaand wind occurrence values

are shown for the whole year. The adaptive contiimits, also indicating assumed
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cooling periods, are calculated according to 83.énd are presented in 8 5.1.4. As
the focus of this thesis is on passive cooling @mfort during summer, the cooling
period is further evaluated to infer the climatimoling potentials and to address
humidity effects on comfort (see 8§ 5.2). Finallpr fthe natural ventilation and
passive cooling preliminary design according to.Z &ummer design weeks are
analysed and then further processed to generateimgéal design days as input for
the developed ‘HighVent’' design tool. A design dessessment is often used for
load calculations or equipment sizing. The shamteimulations are best suited for
comparing the cooling performance and can be uskdnwquick answers are
required, and where simulations using a typicalemetiogical year cannot be easily

done or justified.

The following sections are therefore intended tovjate the different climatic
aspects of the three locations, and provide degagrvalues for the sizing of passive
cooling systems.

5.1 Whole Year

5.1.1 Overview

Figure 5.2 gives an overview of the three climaiessidered in this study. Average
monthly temperatures, global horizontal radiatimg wind velocities are the highest
in Istanbul. Also, Turin has a warm summer periathiemperatures above 22 °C.
The average relative humidity in both climates am@aches 80% in summer, at
which level constant breezes would be necessargdorfort. Stuttgart has a moist

continental climate with warm summer, cold wintend no dry season.
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Figure 5.2: Typical monthly average temperature, wind speeldtive humidity, and solar radiation
for Istanbul, Turin, and Stuttgart at meteorologgtation [141].
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The EnergyPlus weather converter program can Us# gear weather data file to
calculate the ASHRE standard 90.1 Normative AppenBi [142] climatic
classification. Accordingly, Istanbul can be cléissi as warm-marine (type 3C),

Turin as mixed-humid (type 4A), and Stuttgart asldamid (type 5A).

5.1.2Wind

The annual frequencies of wind velocity distribation the three climate zones
considered are summarised in Figure 5.3. The aettitcrmean wind speed values for
the whole year are 4,8 m/s in Istanbul, 0,97 m/3unin, and 2,8 m/s in Stuttgart.
The weather data from Turin seems to be brokereducd5% of the year the entries
for wind speed and wind direction are zero in tleatler data. This is most probably
due to calm wind conditions, especially in sumnvenjch are below the detection

limit of the measurement instruments.
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Figure 5.3: Annual wind speed frequency distribution for Istah Turin, and Stuttgart [141].

Prevalent wind directions are given in Table 5.he knowledge of statistical wind
directions is important to orient the openings tmigaprevailing breezes. The
prevailing wind directions and average velocitiesthe cooling period are given in
§5.2.1.

Table 5.1: Annual wind velocity and direction statistics fetanbul, Turin, and Stuttgart [141].

wind from to annual (Jan-Dec) wind from to annual (Jan-Dec)
Beaufort scale m/sm/s Istanbul Turin Stuttgart direction IstanbulTurin Stuttgart
zero wind * =0,0 3% 45% 3% - - - 3%  45% 3%
0 calm >0,00,3 0% 9% 4% north  337,522,5 18% 12% 5%
1 light air 03 16 7% 47% 31% northeast 225 67537% 7% 10%
2 light breeze 16 3,4 25% 34% 32% east 67,5 112,5 8% 8% 12%
3 gentle breeze 3,4 5529% 6% 22% southeast 112]1%7,5 4% 6% 8%
4 moderate breeze 55 8,027% 2% 9% south 157,302,5 9% 6% 9%
5 fresh breeze 8,0 10,811% 1% 2% southwes02,5 247,5 14% 4% 25%
6 strong breeze 10,83,9 1% 0% 0% west 247,292,5 5% 6% 20%
7 high wind 13,916,9 0% 0% 0% northwest 2928375 3% 7% 9%

* zero wind in the weather data interpreted as véipeled too low for measurement instruments
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There are strong winds in Istanbul during the whaar. Though there are many
winds that buffet Istanbul, there are two majornkhe Poyraz and the Lodos. The
Poyraz blows from the northeast and hits the namtlshores of the city. It brings
cool air from off the black sea. The Lodos is a dngd warm Mediterranean wind
that blows from the southwest. In Istanbul, a \atin strategy based on wind

forces is suitable if the local orography and nbwmiring buildings permit this.
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Figure 5.4: Average daily mean (black bar), daily maxima aadydminima wind velocity in Istanbul
according to [141].

Turin climate is characterised by lull wind, esdlgi in the warm cooling period
from July till October. Due to these calm condipit would be a vain endeavour to

choose a wind driven ventilation strategy.
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Figure 5.5: Average daily mean (black bar), daily maxima aaiydmninima wind velocity in Turin
according to [141].

The Stuttgart climate also features wind poverigited not just to the valley
location of the city, which is not reflected in theeather data file due to its airport
location origin. The entire basin of the Neckarioags known for relative low wind
speeds at a high frequency of calms. Due to thgraphy, the wind is very non-

homogeneous. The Stuttgart Airport meteorologitatian is suitable to describe the
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regional wind. In Stuttgart, wind forces most lijkehay assist natural ventilation. A
ventilation strategy only based on wind is not reatended.
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Figure 5.6: Average daily mean (black bar), daily maxima aadydminima wind velocity in
Stuttgart according to [141].

5.1.3 Temperature

In addition to the monthly average temperature gl before, temperature
maxima and temperature swing of the external atwéen day and night are
meaningful information for planning the night-timeentilative cooling. As
mentioned before in § 2.2.4.2, the larger the autdemperature swings, the bigger
the potentially positive influence of thermal mast®rage capacity on thermal
comfort. High temperature differences are beseduibr using the mass as a night-
time heat sink. Figure 5.7 shows that temperatun@ags in summer are high in
Stuttgart (>10 °C), medium in Turin (>8 °C), anthtively low in Istanbul (>7 °C).

The cooling period temperature maxima will be fartbiscussed in § 5.2.3.
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Figure 5.7: Average daily temperature swing between day aghthil41].
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5.1.4 Adaptive thermal comfort limits

The annual adaptive thermal comfort limits werecgkted with the TMY2 climate

data for the three reference locations accordinghto EN 15251 standard when
applicable, as described in § 2.6.3. These are showrigure 5.8 through Figure
5.10 As regards category Il, operative temperatureslgevof about 30 °C are

temporarily allowed for hot ambient air summer dtinds in Istanbul and Turin.

The term ‘cooling period’ in this study is assumesi the period from which the
upper thermal comfort boundary category Il is aomdilly calculated above 26 °C.
Comparing this assumption with the cooling demaad the actual case-study
building in Istanbul (see Figure 6.22), this sea#tgireasonable well.

The basis for the passive ventilation and cooliggtesm design in § 6.2 is the
typical/extreme summer periods determined fromABeIRAE weather data statistic
files, which are automatically processed by EnehgyRvhile running a simulation
(E+ see §3.3.1). These summer design weeks amensho Figure 5.8 through
Figure 5.10 below. Detailed values for the summnesigh weeks concerned may be
found in § 5.3.2.
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Figure 5.8: Adaptive thermal comfort boundaries accordingdtd] ffor Istanbul [141].
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Figure 5.9: Adaptive thermal comfort boundaries accordingdtd] ffor Turin [141].
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Figure 5.10: Adaptive thermal comfort boundaries accordingdtd] ffor Stuttgart [141].

5.2 Cooling Period

According to the approximation made before in §%.h typical year's cooling
season in Istanbul is from 24\pril till 10" November, in Turin from 22 April till
30" October, and in Stuttgart from" May till 12" October. This section gives a

deeper insight into the characteristics of thiseaa

5.2.1Wind

High ventilation rates due to wind pressure arspafcial importance for temperature
control during the cooling period, when temperatiifeerences between inside and
outside are relatively low. Table 5.2 and TableleBw give a detailed view on the
wind conditions within the cooling period of thenchtes considered. As regards the
determination of optimum opening orientations faoyss ventilation according to the
prevailing wind directions, in Istanbul they shoub@& positioned northeast and
southwest. In Turin, due to calm wind conditione #ituation is less clear, and the
design should rely more on a thermally driven styat The predominant wind
directions in Stuttgart are west and east. Keepingind the valley location (see
§ 5.1.2) of the city, the ventilation design shoofat rely only on wind forces even
though they can be responsible for higher air charages. Summing up, only in
Istanbul the ventilation design may be based ondwmrces with predominant
direction. Average wind velocity values for the Wwdha@ooling season are 5,1 m/s in
Istanbul, 0,83 m/s in Turin, and 2,3 m/s in Stuttga
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Table 5.2: Cooling period wind direction statistics for Isbat, Turin and Stuttgart [141].

wind from to day 7 am -7 pm night 7 pm -7 am
direction degree Uegree ° Istanbul Turin Stuttgart Istanbul Turin Stuttgart
zero wind 0% 41% 1% 2% 56% 4%
north 3375 225 13% 12% 5% 21% 11% 6%
northeast 22,5 67,5 45% 13% 12% 49% 5% 4%
east 67,5 1125 10% 14% 15% 9% 4% 5%
southeast 112,5 157,5 5% 7% 7% 3% 4% 10%
south 157,5 202,5 8% 5% 9% 5% 4% 11%
southwest 202,5 2475 14% 3% 18% 5% 3% 24%
west 2475 2925 4% 2% 22% 3% 6% 22%
northwest 2925 3375 2% 3% 12% 2% 8% 14%

Table 5.3: Cooling period wind velocity statistics for IstapTurin and Stuttgart [141].

wind from to day 7 am -7 pm night 7 pm -7 am
Beaufort scale m/s m/s Istanbul TurirStuttgart  Istanbul  Turin Stuttgart
zero wind =0,0 0% 41% 1% 2% 56% 4%

0 calm >0,0 0,3 0% 8% 1% 1% 9% 8%

1 light air 0,3 1,6 3% 44% 24% 10% 46% 48%
2 light breeze 1,6 3,4 21% 39% 42% 31% 40% 33%
3 gentle breeze 3,4 55 26% 8% 23% 33% 5% 10%
4 moderate breeze 55 8,0 32% 1% 10% 22% 1% 1%
5 fresh breeze 8,0 10,8 16% 1% 1% 4% 0% 0%
6 strong breeze 10,8 13,9 1% 0% 0% 0% 0% 0%
7 high wind 13,9 16,9 0% 0% 0% 0% 0% 0%

5.2.2 Psychrometrics

Humidity determines which temperatures are comifidetéor the building occupants.
People are most comfortable within appropriate eangf temperature, relative
humidity, and airflow. Psychrometric charts canwhbe boundaries of temperature
and humidity within which comfort can be achievddaacertain indoor airspeed.
Daytime ventilation with higher indoor airspeedsedily affects the cooling
sensation of building occupants when temperatufeltisoo warm. People naturally
cool themselves by evaporation; higher humidityelsvare more stressful. At high
humidity levels up to 90%, a breeze is needed wvige relief. Above 90%
humidity, even a stiff breeze will not remove exxésdy heat. The simple strategy
of providing high ventilation rates during occupgme termed comfort ventilation as
described in § 2.2.4.1.

Building Bio-Climatic Charts (BBCC) suggest boundarof climatic conditions
within which indoor comfort can be provided withaait conditioning. Givoni [8]
defined boundaries for the outdoor air temperaauma humidity within which indoor
thermal comfort can be provided by comfort ventilat Diurnal comfort cooling
with high flow rates in warm season is possiblehvekternal temperatures above
20 °C.
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If a building is ventilated with high flow rateshe internal temperature closely
follows the external temperature, but usually stap®ve. With higher internal
temperatures, the relative humidity content will Gompared to external conditions
(e.g., from 70% to 60%). Internal temperature ctay elow the external by

exploiting heat sinks or mechanical systems.

The following psychrometric charts in Figure 5.hiough Figure 5.13 show external
boundaries within which comfort can be achievedd aiso provide hourly
information of the three climates considered irs tstudy. The climatic data again is
according to ASHRAE IWEC ‘typical meteorologicalaye[141]. The time period
investigated is the cooling period (according t6.83) during occupancy hours
(7 am to 7 pm).

The humidity content of the external air in Istahisithe highest. Especially in
August, external temperatures above 25 °C are eduplth humidity values above
70%. This may restrict the applicability of a pyrassive cooling approach for the

building type concerned.

~ humidity ratio in g/kg 100% 90% 80% relative humidity
30 T 70%
100ki/kg / iy as +  April daytime
" 60% +  May daytime
e June daytime
_ A50% +  July daytime
20 = .
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15 October daytime
S0kJ/k,
B November daytime
40k)/kg
10 : developed countries
s : = = = developing countries
5 | . -~ rﬂguf;;: 3 e el _ e with hot climate
0 t t t t f ==
10 15 20 25 30 35 40 external temperature in °C

Figure 5.11:Boundaries [8] of external temperature and humpigithin which indoor comfort can
be provided by natural ventilation during day athair change rates with indoor airspeed at about
2 m/s and daytime (7am-7pm) climatic data for Istdifil41] during cooling period.

In Turin, in addition to the temperature, the huityidcontent in summer is a little
lower than that in Istanbul, but still considerabiespecially in July and August,
summer peak temperatures above 26 °C occur togethlera relative humidity

content above 70%.
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Figure 5.12: Boundaries [8] of external temperature and humigdithin which indoor comfort can
be provided by natural ventilation during day athair change rates with indoor airspeed at about
2 m/s and daytime (7am-7pm) climatic data for T{it1] during cooling period.

Stuttgart climate is less critical, where summeakpéemperatures above 25 °C

seldom exceed a relative humidity content of alisig.
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Figure 5.13: Boundaries [8] of external temperature and humpigithin which indoor comfort can
be provided by natural ventilation during day athair change rates with indoor airspeed at about
2 m/s and daytime (7am-7pm) climatic data for §aurtt[141] during cooling period.

5.2.3 Excess temperatures

Reduction of excess temperatures must be basedfantivee heat gain protection
(e.g., solar shading), and cooling must be onlyomplement, not the opposite.
Daytime ventilation with high flow rates cannotlfulcover the impact of excess

temperatures, as the internal temperature folldweseixternal temperature but will
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hardly stay below. Ventilating the building at nigtan reduce the rate of indoor
temperature rise at day by cooling the fabric. Thoght-time ventilation can

contribute to keeping the internal temperature Welwe external temperature during
hot summer. During occupancy, even if the insideperature is lower, the airflow

rate should not be reduced since a breeze will veregcess body heat.

Investigating the temperature excess of the thoeations selected, Istanbul is the

hottest, followed by Turin and Stuttgart.

1.200 HoU"
m [stanbul
1.000 - mTurin  —
B Stuttgart
800 -

>24°C  >25°C  >26°C >27°C >28°C >29°C >30°C
Figure 5.14: Excess frequency of fixed outdoor temperature Jli4iits.

Concerning the adaptive comfort limits accordindetd 15251, the excess frequency
of the different locations somewhat reverses. Thidue to the adaptive approach
with temperature limits based on the external mgnnean of the previous days
described in § 2.6.3. The temperature excess depmnthe temperature fluctuation
in summer than on external maxima. It can be catezlithat people in Stuttgart need
to adapt faster to the fluctuating external coodsithan in the warmer and steadier

climates of Istanbul and Turin.

120 hours
m [stanbul
100 - ETurin -
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Figure 5.15: Excess frequency of outdoor temperature [141]jt$imbove climate specific upper
adaptive comfort category limits [41].
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5.2.4 Cooling potentials

For a rough estimation of the climatic cooling puial due to natural ventilation, the

temperature difference between the adaptive conifoits [41] and the external air

temperature in the cooling period are first congdeas shown in Figure 5.16
through Figure 5.18. A distinction is made betwdaygtime and night cooling. These
diagrams indicate, depending on the period andatéman average temperature
difference during the day and during the night.

It is assumed that even the internal temperatureglthe day and in warm periods,
due to control stays somewhere within the lower amber adaptive comfort
boundaries. The internal reference temperaturetier whole cooling period is
therefore the ideal indoor operative temperature,comfort temperature, as

determined by the EN 15251 adaptive comfort model.

It is also assumed that the slab temperature dtinegight and in warm periods also
stays somewhere within the lower and upper adaptwefort limits. For an extreme
summer week period, higher internal temperatureseapected than for a typical

summer week.

assumed cooling
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ASHRAE extreme

summer week
——ENI135251 category Il
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npera{ivc temperature
mean external temp.

4
14 o1 B —

i LL X day (7am-7pm)
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Figure 5.16: Daily cooling potentials in the cooling period fgtanbul [141].
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Figure 5.17: Daily cooling potentials in the cooling period fbornio [141].
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Figure 5.18: Daily cooling potentials in the cooling period f8tuttgart [141].

As summarised in Table 5.4, average temperatuferéifces indicating the cooling
potentials in Istanbul are relatively small witt2 30 3,8 °C during the day and with
6,6 t0 6,8 °C during the night. In the Turin climathe temperature differences
during day is higher for typical summer weeks (%2 than for extreme summer
weeks (3,5 °C), indicating that the extreme summeek is hot compared to the
typical summer week. Night-time cooling potentiate only slightly higher than in

Istanbul, indicating a relative similar diurnal teemature swing. In Stuttgart,

ventilative cooling potentials are the highest. Evduring extreme summer

conditions considered, temperature differences agttide (4,9 °C) are one third

smaller than those for a typical summer (7,4 °f;dbsolute values are significantly
higher compared to the climate of Istanbul and A.ullso, the potentials for night-

time ventilation are highest indicating a large pemature swing between day and
night. Therefore, in the Stuttgart climate, the ewange rates may be smaller to
remove the same amount of heat with a higher gnghdifference compared to the
other climates considered.

Table 5.4: Average temperature difference at day and nigtwdsen external air, and indoor operative
comfort criteria indicating the climatic ventilagivcooling potentials.

timeperiod Istanbul Turin Stuttgart
EN 15251 comfort EN 15251 comfort EN 15251 comfort
category category category
ideal | Il Il |ideal [ Il Il lideal | Il i

in°Cin°Cin°C in°C|in°C in°C in°C in°C|in°Cin°C in°C in°C
>‘cooling seasonf 39 59 69 79 50 70 80 90 683 93 10,3
S typicalsummer 1.8 38 48 58| 32 52 62 72| 5474 84 94
extremesumme| 0,2 2,2 32 42| 05 25 35 4.5 19 39 49 59
cooling season| 68 88 98 108 76 96 108,6| 9,7 11,7127 13,7
typical summer, 48 68 78 88| 57 7,7 8,7 97| 8,7 10,7 11,7 12,7
extremesumme 36 56 66 76| 37 57 6,7 77| 74 94104 11,4

ht

nig
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5.3 Summer Design Days

In this study, design day calculations are perfame 8 6.2 to size the natural
ventilation systems and to obtain a quick view lo¢ fpassive building systems
performance under summer conditions for a speciiimatic location. According to
ASHRAE [27], ‘the designer, engineer, or other user must decitdetwsets of
conditions and probability of occurrence apply tbetdesign situation under
consideration Design day conditions recommended by ASHRAE wgeaerally
developed for mechanical plant sizing, in which dliestrict comfort requirements,
the conditions set are relatively close as for akpad calculation. In contrast,
naturally ventilated buildings can be operated vatlwider comfort range as the
occupants would adapt and expect stronger fluctnatin temperature and humidity
[48,62,143]. The sizing of a passive cooling deseymlogous to mechanical
systems’ climatic boundary conditions would result highly expensive, huge
dimensioned systems; or else, the comfort requingsneannot be reached.
Therefore, the selection criterion addresses thenba between the need to minimise
the effort and expenses for passive systems, amdwimber of hours of comfort
requirements not met. The term passive systemsrbgses to the natural ventilation
sytem, the shading devices and the amount of abte#isermal mass.

In the following chapter, it is described how aigeslay for passive cooling system
sizing calculations can be selected for any locatithe basis for the assessment is
the ASHRAE International Weather for Energy Caltolas (IWEC) ‘typical’ year
weather data files [141], which may be downloadeithaut charge from the
EnergyPlus webpage. The typical/extreme period rotation and temperature
occurrence values are gathered directly from thatlhes data statistic output files

computed by EnergyPlus.

The design day boundary conditions gathered in385will be utilised as input
values for system design and sizing in § 6.2.2. AB&IREA Cooling Design Day
(CDD) method is only discussed here as a basith&®BEWMD approach developed,

but will not be followed up by further research.

5.3.1 ASHRAE cooling design day approach

A widespread design day method used for the szimgechanical HVAC systems is
the cooling design day approach described in thédR&E’'s climatic design
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information chapter in the Handbook of FundamentalsF) [27]. The method
solely covers the external dry-bulb temperaturdileravith a maximum temperature
for a percentage cumulative frequency occurrenceofe year as the period of

record.

There is no recommendation for the maximum dry-letbperature to be utilised for
passive ventilative cooling design. But in genertle maximum dry-bulb
temperatures for cooling design are treated cooredipg to a percentage cumulative
frequency of occurrence for the hottest month. &deges mentioned are 0,4%, 1%,
2%, and 10%. The values for the three locationcemed may be found in Table
5.5and Figure 5.20.

Table 5.5: Cooling peak temperatures and temperature rarigds$ for design day calculations.

location hottest month dry-bulb range 0,4% value  1,0% value 2,0% value
in °C in °C in °C in °C
Istanbul August 7,7 31,1 30,0 28,9
Turin July 10,1 31,0 29,8 28,3
Stuttgart July 10,6 29,3 27,6 25,8

The environmental dry-bulb-temperature profiles ttean be modelled analogous to
the methodology from the ASHRAE HoF 2009. Threeapaaters describe the
current hourly external air temperatdi@rentfor the design day of a specific climate
location, which are the maximum peak temperaflire, the temperature range

Trange and the range multipli@hnutiplier:

Tcurrent = Tmax - Trange * multiplier (5-1)

The temperature range or swing is defined as trenroéthe difference between the
daily maximum and the daily minimum dry-bulb termgteres for the hottest month
of the year. Range multipliers are designed acogrth the local solar time, which

may be different from local time zone’s time.

b TN .
06 N ad
014 \ i

02 N 2
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oo =
1 2 3 4 5 6 7 8 9 1m 12 13 14 15 16 17 18 W 21 22 23 24 hour

multiplier value

Figure 5.19: Daily temperature multiplier profile (source: [122
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For the three climatic locations of concern, theuteng daily dry-bulb temperature
profiles for 2,0% occurrence are showrfigure 5.2Q
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Figure 5.20: Dry-bulb temperature profile for Istanbul, TurindaStuttgart climate according to the
ASHRAE 2,0% occurrence value Cooling Design Day O3R@pproach.

However, there is no recommendation for the maxintemperature to be utilised
for passive ventilative cooling design for a certeiimatic location. The occurrence
design values tend to oversize the equipment, amdm@ly recommended for very
temperature-critical operation. Because of the @dappassive approach of the
ventilative cooling system investigated in thisdstuthe CDD method in general
tends to unnecessarily oversize the passive systand is therefore not

recommended.

5.3.2 ASHRAE summer design weeks

Besides the CDD design day approach, ASHRAE alsomenends the utilization of
summer design weeks. Typical and extreme summeay7gkriods are chosen
according to the IWEC weather data statistic fded are shown in Figure 5.21
through Figure 5.23.
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Figure 5.21: Typical/extreme period according to the ASHRAE |IEWeather data and the related
statistics for Istanbul [141] climate.
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Figure 5.22: Typical/extreme period according to the ASHRAE |IEWeather data and the related
statistics for Turin [141] climate.
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Figure 5.23: Typical/extreme period according to the ASHRAE |IEWeather data and the related
statistics for Stuttgart [141] climate.

5.3.3SWMD approach

To help passive cooling building designers evaludte severity of climatic
problems, the newly developed Summer design WeeknNDay (SWMD) approach
organises average temperature, humidity, and radiatformation for extreme hot
and typical summer design weeks (see § 5.3.2)hAASHRAE cooling design day,
developed for mechanical HVAC system sizing wasébuot suitable for passive
system sizing including adaptive comfort expectatjche summer design days pre-
processed in this section are intended to give mgan design boundary conditions
for passive cooling, primarily system sizing. SWM@lues are calculated by the
mean values of the same timestep of seven dape iexamined design week (Figure
5.21to Figure 5.23). Pre-processed SWMD profiles alaiity further information
are explained in the following paragraphs and thin be used as input for passive

system design in the developed ‘HighVent’ desigi {eee § 6.2).
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Temperature

Design day temperature values are pre-processedthier external dry-bulb
temperature at the height of the meteorologicaicsta

Table 5.6: SWMD peak temperature and temperature range Bguaeay calculations.

location week period dry-bulb range in °C dry-boibximum in °C
Istanbul typical 6.Jun-12.Jun 7,0 29,1

extreme 3.Aug-9.Aug 6,0 26,7
Turin typical 22.Jun-28.Jun 8,1 25,1

extreme 20.Jul-26.Jul 7,1 28,7
Stuttgart typical 22.Jun-28.Jun 11,3 26,6

extreme  10.Aug-17.Aug 8,4 21,8

35 T Istanbul typical
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25 koo __,.--"’ 425— =N STN—. -—---Turin extreme
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SHNOTILON©OZ NN IRERRAIINR hour
Figure 5.24: SWMD temperature profiles.

Solar radiation

Design day solar radiation values are pre-proceksedirect and diffuse radiation.
Besides the hourly direct-beam and diffuse radmatrdensities, the sun path is of
interest to further predict the solar transmittedtigains of the glazed area. The solar
position is simply derived from middle date"(d@ay) of the design week, and is

chosen together with the geographic location.
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Figure 5.25: SWMD external horizontal direct solar radiatiooffles.
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Figure 5.26: SWMD external horizontal diffuse solar radiatiaofdes.

165



Table 5.7: SWMD solar path information for design day caltiolas.

location week period solar day used highest sditwde angle in °
Istanbul typical 6.Jun-12.Jun 9.Jun 71,9

extreme 3.Aug-9.Aug 6.Aug 65,9
Turin typical 22.Jun-28.Jun 25.Jun 68,2

extreme 20.Jul-26.Jul 23.Jul 64,8
Stuttgart typical 22.Jun-28.Jun 25.Jun 64,7

extreme  10.Aug-17.Aug 13.Aug 56,2
Humidity

Again, the humidity ratio in kg water per kg airsisnply the mean daily value of the

same timestep in the examined design week.
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Figure 5.27: SWMD external humidity ratio profiles.

Wind speed

Because the meteorological wind speed is more athsistic and unpredictable
nature, hourly data is not interpolated as is dfmretemperature, radiation, and
humidity. Due to a lack of suitable information literature, a new ‘average 25%
summer wind approach’ is utilised. This is intendedover the hottest period of the
year, when natural ventilation is most needed twide thermal comfort over a term
long enough so as not to account for extreme worttlicions of a specific day or

week.

The approach covers the hottest 91 days of the wdach are 25% time of the year
as a fragmented period of record. For these days;lynaverage wind occurrence
values are computed for the subsequent develosiveacooling design, and have a

direct impact on the natural ventilation systeningj{e.g., opening areas).

For the three locations considered, average wihacitees for the hottest periods of
the year are shown in Figure 5.28. Due to very aamditions in Turin summer, the

natural ventilation design relies mostly on therimabyancy forces.
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Figure 5.28: Wind speed [141] daily mean occurrence frequeraiges91 day period averages
for the hottest 25% days of the year.
5.4 Conclusions

Istanbul and Turin have warm, unbearably humidqokriin summer, but passive
cooling is possible. In contrast, Stuttgart has llesmid air during daytime. Turin
and Stuttgart have extreme summer periods, sigmifig hotter than a typical
summer, whereas Istanbul has a more stable sumitiertive warmest monthly
average temperatures (>24 °C). Average summer tatpe swings between day
and night are distinct in Stuttgart (>10 °C), smalh Turin (>8 °C), and the smallest
in Istanbul (>7 °C). Considering EN standard 1528a&tegory Il, operative
temperature levels of about 30 °C are temporarilpnwed for hot ambient air
summer conditions in Istanbul and Turin. Wind véies differ strongly: Istanbul
has outstanding strong winds throughout the wheke yaverage about 5 m/s at the
airport at 10 m height) with clear prevailing wingdirections (northeast and
southwest). Stuttgart has lesser wind (2,3 m/shexdooling season), and Turin is
very calm, especially in hot summer periods (0,8 m/the cooling season). Thus,
ventilation strategy in Istanbul may be based ondworces, and wind can assist in
Stuttgart. In Turin, pressure differences as tin@rdy force for natural ventilation are

most likely achievable based on temperature difiezs.

The climatic classification design day boundarydibans are developed for passive
cooling design day calculations. It is concludedtthhe classic design day
temperatures for mechanical plant sizing are toetstor passive cooling system
design as they are close to the peak values ambdreflect the adaptive comfort
approach. Instead, a new summer week mean day ¢atigou method was

developed for typical and extreme summer perioth® Method was applied to the
three climatic locations of concern, and resultimgfiles for temperature, humidity,

radiation, and wind are utilised as input for theghVent’ design tool in § 6.2.
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6. THE APPLIED PASSIVE COOLING APPROACH

A case-study building was presented to explore @raach, which uses building
simulation technology to evaluate passive coolirepsures, with the main focus on
natural ventilation. The approach developed ini§ Bere explained through virtual
case-study integration, which is the adapted Kariyalting introduced in 8 4 . The
building will be evaluated for the climates of Istaul, Turin and Stuttgart according
to 8 5. In § 6.1 the Kanyon case-study buildingaaceptually adapted towards the
design presented in 8§ 3.1, especially developed tlier wide-shaped high-rise
building type. In 8 6.2 the ‘HighVent' tool, develed in § 3.2, is utilized to
preliminary design and size the passive system ocoemts. Finally, for the detailed
development of the passive design approach indyitia controls, in § 6.3, a BEPS
model of Kanyon tower is simulated on annual badtsg with the preliminary

passive design outputs from 8§ 6.2 according thecagh developed in § 3.3.

6.1 Conceptual Case-Study Design Adaptations

To assess the potential of controlled natural \egign in high-rise office buildings,
the Kanyon building is taken into account as désdiin § 4, and conceptually

adapted towards a more sustainable naturally @@tiland cooled building design.

6.1.1 Natural ventilation

In the case of the Kanyon building, the maximum gbextion depth for cross-
ventilation is of only about 14,5 m (Figure 6.1)(&gnd is in case of single-sided
ventilation only of about 7,3 m (Figure 6.1 (b)) bfg share of the building cannot be
ventilated Isimulated electricity consumption of the mechatycaand passively coolgd
deploying these relatively simple strategies. Tfugeg a central chimney or void
design as described in § 3.1.1 is chosen suitaislevide building shapes (Figure
6.1(c)).
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Figure 6.1: Maximum penetration depth (olive) for differenttiéation strategies applied to the
Kanyon, which are (a) wind (exemplarily from NNWjwn cross ventilation, (b) buoyancy driven
single-sided ventilation and (c) central void viatibn.

Bearing in mind all the above considerations memibin 8§ 3.1.1, the adapted
Kanyon building developed is divided into modulanltihstorey building segments
stacked on top of each other. The derivation ofd&éggn approach is based on the
building shape discussed. In the following passweling base-case scenarios, each
segment consists of five storeys (see Figure 6.2).

occupied spac core
width ~ 8-11'm width ~ 15-22 m

[y ] |
L} 1

® L)

£
>
o

| 20

inlet above
floor 0,0 m

building segment heigl20,0 m

intermediate outlet above
storey 2,5 m floor 2,8 m

wind t

building width ~ 35 - 47 m

Figure 6.2: Modular five storey base-case natural ventilabailding segment.
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6.1.2 Solar heat gain reduction

To further reduce the transmitted solar gains,Kkaryon’s actual shading elements
(see §4.2.2.3) are virtually replaced in the agldiase-case scenarios by setpoint
controlled exterior window blinds, which are a glgte horizontal shading devices
with fixed slat angle shown in Figure 6.3. The t8rare controlled in a way that the
shading is on if the beam plus diffuse solar ragimaincident on the facade exceeds
the setpoint of 250 W/mz2.

45°

slat with |
5cm /
slat thickness ' %
0,1 cm i
slat separation :

4cm '
slat reflectance

0,5
. blind to glass ; I
tsid .
outside distance 5 cm / —> inside

Figure 6.3: Side view of the enhanced shading window blindhwibrizontal slats showing slat
geometry as modelled in the adapted base-casergefta passive cooling.

Simulations indicate that the on/off controllednols in the cooling period in Istanbul
(cooling period see § 5.1.4) reduce the amountlafr sadiation entering the window
by 31% compared to the actual shading elementsrshowigure 4.11 and by 39%
compared to no external shading. Figure 6.4 indgdhe effectiveness of the
enhanced, slat-type shading devices in comparizdhet actual, horizontal shading
devices over the course of a typical summer angpa&dl winter design week
according to the ASHRAE IEWC weather data. The gmaitted solar radiation in

W/mz net floor area refers to the average valub@fvhole building.

50 actual shadir
S 45 typical summer wee
g 40 = ==-controlled blinds
‘g_“‘E 35 A typical summer wee
5= 30 {"\ "\ f; f actual shading
2 -i 25 [ | W "\‘\ typical winter week
E 5 ig Ol ."A - ] M ; -~ == controlled blinds
I R ";{ ,"‘\l‘ 2 ) 1N \ \ typical winter week
o 10 ©
R AV AV T AV AV I A )
SR/ \ U /W /L \ /R O/

0 24 48 72 96 12C 144 16€

Figure 6.4: Simulated effectiveness of the controlled blindmpared to the actual shading devices in
a typical summer and winter week period.

171



6.1.3Thermal mass activation

Three different levels of thermal mass are defif@dparametric modelling and a
reverse arrangement of the ceiling/floor constorctiThese arrangements represent
an actual as-built light-weight (suspended ceilirgmedium-weight (mass exposed
concrete ceiling), a reverse medium-weight (magsosad concrete floor), and a
heavy-weight (mass exposed concrete ceiling, sditd—lime partitions, and mass
activated load bearing wall) construction. The dietidayers of the elements and the
thermal properties of the building materials areegiin Table 6.1. The last four
columns in the table contain the tot@lj and areal diurnaj,) storage capacities of
the internal construction elements when the susfame exposed to a varying
temperature, excluding the surface resistance.effieetive capacities are calculated
according to the simplified calculation method iN SO 13786 [144], which is

done by assuming a sinusoidal temperature variatitina one day time period.

Table 6.1: Thermal properties of composition elements foe¢hdifferent levels of thermal mass

scenario Ai materials d  dr pi G Cnm Cnm Xm Am
index n in m? - inm in min kg/min J/kg-K in JJK in Wh/Kin kJ/m2-Kin Wh/m2-K
suspended floor 1,2,4 1.000carpet 0,006,006 200 1.300 1.560.000 433 2 0
1,2,4 1.000 plywood 0,030,030 544  1.210 19.747.2005.485 20 5
mass activated floor 3 1.00@¢oncrete 0,125,100 2.400 1.000 240.000.0086.667 240 67
suspended ceiling 1,3 1.0plsterboarf,013,013 900 1.000 11.250.0003.125 11 3
mass activated ceiling 2,4 1.00@oncrete 0,125,100 2.400 1.000 240.000.0086.667 240 67
suspended internal wall 12,3 477 oakwood 0000B3 704 1.630 4.881.062 1.356 7 2
mass activated wall 4 477 concrete 0@000 2.400 1.000 81.668.64@2.686 114 32
internal columns 1,2,3,4163 concrete 0,5@)071 2.400 1.000 27.709.5357.697 28 8
light internal partitions ~ 1,2,3,4460 plasterboa@013,013 900 1.000 5.179.500 1.439 5 1
heavy partitions 4 460 sand-linke1500,075 2000 1.000 69.060.0009.183 69 19
SUM n=1 (actualym=Cm/Ascor 72 20
SUM n=2 (ceiling activatedjm=Cm/Aoor 301 84
SUM n=3 (floor activated}m=Cm/Asioor 291 81
SUM n=4 (heavy)m=Cw/Asicor 473 133

Figure 6.5 shows the resulting diurnal heat storeaygacity for the three different
levels of thermal mass, and classifies them acogrdio their heaviness of
construction [145]. The medium level thermal mamsacity case with mass exposed
ceilings (index n=2) in the following is treated the adapted building design base-
case scenario (as mentioned in Table 6.3) with mamhyc heat capacity of
84 Wh/m2-K. The light-weight case (index n=1) reqmmets the actual as-built
scenario with a diurnal heat capacity per unitflacea of 20 Wh/m2-K. The mass
activated floor case (81 Wh/m2-K) and the heavygheicase with a dynamic heat
capacity of 133 Wh/m2-K serve as a scenario for detiled design parametric

analysis regarding thermal mass (see § 7.2.2.1).

172



160

heavy m partitions
140 int. wall
N -
& 120 m ceiling
< m floor
= 100 o
£ medium ° m columns
§ 80
<
& 60
1
£ 40
20
O T T T
n=1 n=2 n=3 n=4
light medium medium heavy

Figure 6.5: Effective heat capacity for a one day period (BE0113786 [144]; excluding surface
resistance) of building elements for four differtatels of thermal mass and classification [145].

6.2 Preliminary Design

The ‘HighVent’ design tool developed in § 3.2, hist section is applied, to ‘fast-
forward’ study the systems necessary, to passo@bdy the Kanyon tower. The high-
rise office case-study building is situated in éhmdifferent climates to size and
evaluate the functionality of a naturally ventikhtbuilding under various external
conditions. Optimization targets are to reach malisystem sizes with respect to the
comfort and flow path criteria developed. Resutes presented in detail. Examples

of the application for the Kanyon building are givaubsequently.

6.2.1.1Driving forces

The wind pressure coefficients of the Kanyon towmetuding the neighbouring and
potentially wind shielding buildings was testedwimd tunnel experiments. The lab
setup including a 1:300 sized model, and the detarkesults of theC, values
gathered may be found in Appendix A. Average wingspure coefficients measured
in the lab are 0,70 on the windwar@,() and -0,76 on the leeward facade {)
orientations. The resulting wind pressure diffeemntor the Kanyon building shape
depending on the meteorological wind velocity andthwthe roughness
characteristics of city centre terrain on the eopel of the 5 storey segments

base-case example shown in Figure 6.2, are as sindwgure 6.6.
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Figure 6.6: Total wind pressure difference across the flovhgdtom the inlet to the outlets
(for the exemplary 5 building segments with@, = 1,46 and in city terrain).

Resulting stack pressure differences dependentffametht exhaust chimney heights
and temperature differences are assumed equallfeegments and are shown in

Figure 6.7.
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Figure 6.7: Total stack pressure difference across the flothigpfom the inlet to the outlet
(for the 5 storeys of each building segment).

Steady state boundaries

The wind velocity design conditions chosen for timee climates considered are the
average wind velocities in the hottest 91 dayshefyear (see § 5.3.3), and the city
centre terrain roughness. According to the weatihes, the corresponding wind
velocities are 5,25 m/s in Istanbul (base-case as@@n 0,85 m/s in Turin and
2,11 m/s in Stuttgart. The local wind speed is tbaliculated according to the terrain
and the local height of the openings.
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For the minimum hygienic air change and for pass@eling in summer, CIBSE
[26] recommends a temperature difference of 3 Kebatween inside and outside.

Additional chimney heats gains (to cell B), usudillgm solar radiation but here
considered from data centres, lower the chimneyemsity, and therefore increase
the upward buoyant flow. An increase of 1 °C isuassd in the exhaust chimney due
to high heat load of the IT-systems generated enctbre of the case-study building
with approximately 10 kW per storey (see 8§ 4.2.3).

Additional chimney heats loss (from cell A), usyaliom mechanical cooling but
could also be considered from evaporation coolinglwe to underground ducts,
increases the chimney air density, and in turneases the upward buoyant flow due
to higher temperature differences. This temperadiiop is integrated into the tool,
but is not considered as a design option for theyida building. Therefore, the inlet

chimney has equal air properties as the external ai

Pressure differences on each storey

Figure 6.8 shows the total pressure drop from theigey inlet to the outlet (for the
whole flow path). In Turin the buoyant share is th@minating design pressure
difference, whereas in Istanbul the wind pressaréar more predominant due to

high wind velocities (see also § 5.3.3).

26
— \\ N\ AN
g 24 \ N N\
:| 22 \ \ \
% \ AN AN
= 20
o N
% 16 \\ \ \\
= <
£ 14 \\ \\ segment of base-
§ 12 \ \ case s rio
g) \s ‘\ b
E " \\ \\
» 8 N N\
3 6 N N\ Istanbul
2 4 NN N —Turin
3 \\\\ \\ = Stuttgart
= 2
S N N\ N
0

0 1 2 3 45 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
combined wind and buoyancy pressure differenceain P

Figure 6.8: Pressure drop across the flow paths from the guplgt to the exhaust outlet for each
storey of five segments with 5 storeys each, catedl according the unchangeing design boundary
conditions.
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6.2.1.2Electric airflow analogy model

The following exemplary input parameters are choganthe Kanyon building

application example. The wind pressure coefficiemése gathered in wind tunnel
experiments, and the discharge coefficients forrgsledged openings are from
literature according to § 2.2.3. The discharge foameht for the sub-slab distribution
system is a rough estimation dependent on theipah@iplementation, and needs

further investigation.

Table 6.2: Inputs made for the flow path sizing pre-desigthixed boundary conditions.

symbol unit Istanbul Turin Stuttgart
number of storeys per segment n - 5
storey height h m 3,50
ceiling height h m 2,90
office cell inlet height above floor level h m 0,00
office cell outlet height above floor level h m 2,66
intermediate floor height (between the segments) h m 2,50
meteorological summer design wind velocity Vmet M/S 5,24 0,85 2,11
site terrain for wind profile - - city centre
meteorological temperature (minor relevance)  Tg °C 25,00
office cell temp. above supply chimney temp. AT, °C + 3,00
supply chimney temp. below external temp. ATp  °C +0,00
exhaust chimney temp. above office celltemp. ATg °C + 1,00
internal overflow openings size factor K - 2
chimney external openings size factor k 1
wind pressure coefficients Co1 - 0,70 (windward)
Co,2 - -0,76 (leeward)
discharge coefficients Cy12 - 0,61 (external chimney openings)
Casz.. - 0,50 (sub-slab inlet distribution)
Caqa.. - 0,61 (overflows offices to core)
Cys.. - 0,61 (exhaust chimney inlets)

The following diagrams are obtained from the degim developed in § 3.2, and
show the major outputs for a one-storey cell mdthel 3¢ storey of the '8 building

segment) of the case-study building. The three -bases investigated here all
include uncontrolled natural ventilation, improvetading, and activated ceiling
mass. The design air change rate was adapted nsleps until the requirements
were fulfilled. So as not to oversize the systeme, $mallest design ACH value was

taken.
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Figure 6.9: Outputs for extreme summer
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Figure 6.10: Outputs for typical summer
conditions in Istanbul
sized for 13 ACH& Achi = 29,4 m2.
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Figure 6.11: Outputs for extreme summer
conditions in Turin
sized for 13 ACH& Achi = 93,4 m2.
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Figure 6.12: Outputs for typical summer
conditions in Turin
sized for 13 ACH& Achi = 93,4 m2,
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Figure 6.13: Outputs for extreme summer
conditions in Stuttgart
sized for 5 ACH& Achi = 23,3 m2,
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Figure 6.14: Outputs for typical summer
conditions in Stuttgart
sized for 5 ACH& A = 23,3 m2.

Istanbul is located in the hottest of the thremates considered, and hence requires
significant ventilation rates with a design valueabout 13 ACH to stay within the
desired comfort categories. Because of high avenagfeorological wind velocities

of about 5,2 m/s (see § 5.3.3), the ventilatiortesysaccording to this first design
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assessment can be sized adequately small in ieesiZe here first is expressed by
the needed internal chimney cross-sectional aré@eahird building segment, which
is about 29 m2? (details for all the five buildinggsnents are given in § 6.2.2). Even
the typical summer conditions are relatively cldsethe extreme and the daily
external temperature swing is small; the resuldécate that the size is sufficient to

stay below category Il comfort upper limit duringypical summer day.

Turin has a trickier climate in that it has an ewrtely hot summer period almost
without wind (average value of 0,9 m/s). This resuh a high ventilation demand
identical to the one for Istanbul, but mostly dnviey buoyancy forces. To achieve
the ventilative objectives, the system size needsethuge with an internal chimney
cross-section of about 93 m2, which is almost 10%he net floor area. As the
typical summer conditions are considerably loweteamperature than the extreme
conditions, the system seems to be a bit overdiaednost of the warm season.
Figure 6.15 and Figure 6.16 show the outputs vattuced natural ventilation system

sizes. This scenario will be further discussed 61382.
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Figure 6.15: Outputs for extreme summer Figure 6.16: Outputs for typical summer
conditions in Turin conditions in Turin
sized for 7 ACH& Achi = 50,0 m2. sized for 7 ACH& Achi = 50,0 m2.

Stuttgart is situated in the coldest summer climadgich results in a much smaller
ventilation demand of 5 ACH. Since even the avenagel velocity in the hottest
period of the year is less than half of that imhdtul, the ventilation system can be
sized the smallest. As the typical German summiaraté is much colder than the
extreme period, the second requirement can beydaffilled. Care must be taken
not to overcool in the morning hours, which is dssed in 8§ 3.3.2. In comparison,

the Stuttgart climate seems less critical.
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6.2.2 Case-study application

The approach developed is now virtually appliedliathe five adapted case-study
building segments at heights from 11to 111 m, icamsg the summer design
climates of Istanbul, Turin and Stuttgart (Kanyanlding introduced in § 4, and for

adaptations see § 6.1).

The size of the chimney here is assumed to be tine of the opening areas

connected to the chimney.

Figure 6.17:Plan view of one storey of Kanyon including antcainchimney (here with 50 m2 area).

179



Figure 6.18 gives an overview of the opening szadsulated in ‘Tool Step 1’ and

the design air change rate necessary calculat@aah Step 2'.
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Figure 6.18: Outputs of the flow path sizing pre-design witkefi boundary conditions for each
segment and the three climates considered.

Opening sizes in general get smaller at high bugdiegment levels because of the
wind profile. This circumstance is further assisteg the external temperature
variation with height - also influencing the inddbermal environment in a way it is

easier to cool the space with less incoming air.
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6.3 Detailed Design Development through Energy Simulatin

To assess the potential of controlled natural \erdin in high-rise office buildings,

an existing case-study building as described inp@&88 was taken and modelled
along with the passive approach design adaptatemsloped in Section 6.1 (for an
overview, see Table 6.3). The ‘HighVent designltootputs from § 6.2, which are
primarily the design parameters — the positionind sizing of openings in the flow
path, are ‘post-processed’ in this section as mgat detailed Building Energy
Performance Simulations (BEPS) including AirFlowtMerks (AFN). Moreover,

some parametric analyses are intended to show nfheemce of system sizing
parameters on the performance of the developedagiprand to support decision

making.

The calibration of the as-built simulation modelniscessary and crucial for the
accuracy and usability of the energy simulation etpdvhich is then adopted
towards the passive design approach. The curreitdiroy performance will be

compared to the passive approach developed inatiext of the design evaluation
Chapter 7.

6.3.1 Simulation setup

The following Table 6.3 summarises the thermal proes and operation of the
existing building (see also § 4), and highlighte #daptations made in the model
towards a passively operated or hybrid operateldiingi The two adapted base-case
scenarios are identical with the only differencenbethat one of them is purely
passive cooled and ventilated, whereas the otheroelled with a hybrid backup
system for summer temperature peaks. Hybrid systa@msmphasised by square
brackets within the right column of the adaptedrapph. The design adjustments of

the base-case scenarios are described in mor¢idebaictions 6.1 through 6.2.

181



Table 6.3: Brief overview of the simulation setup for thetag and the adapted scenarios.

as-built building | base-case adapted for passieérap

climate

Istanbul (ASHRAE IEWC 'typical' climate)

building

Kanyon high-rise office tower with 28 stgs and 118 m height

storeys modelled

25 office storeys from 11-111 ngltte

detailed assessment of tHésgment at 51-71 m height

storey geometry

gross internal area 1 150 m? /sfomey height
net usable area 1 010 m2 (850 m? offices and 166one? / 2,9 m ceiling height

external glazing

465 m?/storey LoE double glazingarm distributed to all orientations
~ 91,8% glazing ratio / U-value 1,4 W/m2-K / SHGC 444 visible transmittance 0,68

external wall 40 m2 metal panelled lightweight aimtwall with a U-value of 0,29 W/m2-K
foor / ceiling sealed double floor mass activated ceiling
construction carpet (0,006m) / plywood (0,030m) carpet (0,006m) / plywood (0,030m)

air space (0,156m) / concrete (0,125m)
airspace (0,770m) / plasterboard (0,013m)

air space (0,439m) / concrete (0,125m)

‘additional' thermal
mass

internal heavyweight but sealed partitions withaaga of 373m?2 (area for one side)
oak wood (0,013m) / air (0,025m) / concrete (0,40 (0,025m) / oak wood (0,013m)

ventilation system

mechanical ventilation natural ventilation
weekdays 2 ACH from 6-21h sized for passive cooling according to § 6.3.2
weekend 2 ACH from 8-18h controlled according to § 3.3.2
max. 4 ACH during economiser operatipn [14 I/s-person during hybrid operation]

infiltration 1,0 ACH at 50 Pa pressure differencénsen in- and outside {mvalue 1,0 H)
wind pressure coef, mean windwaglof 0,70 and mean leewa@} of -0,76
occupancy 62 people per storey during weekdaysh7-19

producing 108W heat per person and 0,000000038%+s€Q

internal equipment

12 W/mz during weekdays 7-19h
3 W/m2 during night from 19-7h and during weekend

external shading
devices

uncontrolled horizontally attached shadipngs setpoint controlled venetian blinds
mounted on southeast through southwgsfon/off setpoint 250 W/m? solar on facade)
fagcade orientations mounted on all fagade orientations

lighting system

installed power density is 8,8 Wimehe office space and 5,0 W/mz2 in the core space
18% luminous efficacy (fluorescent tube)
power density reduced by 2-stepped 500 lux setpiiinining in 80% of the office space
measured in the centre of the office zones duriegkdays from 7-19h
power density reduced to 0,44 W/mz in the officacgpand 1,25 W/m?2
at night from 19-7h and during weekend

IT-systems

10 kW per storey in the core | 10 kW perey in the exhaust chimney

heating system

central natural gas fired hot waoder with a efficiency of 0,8
local fan coil units and local baseboard heating and
preheated air from central air handling unit preheated air from sub floor distribution
air temperature setpoint operative temperature setpoint
weekday: 22°C+3°C (6-21h) / 18°C (21-6h) weekday: 21°C (6-21h) / 18°C (21-6h)
weekend: 22°C+3°C (8-18h) / 18°C (18-8h) weekend: 21°C (8-18h) / 18°C (18-8h)

cooling system

central water cooled (cooling tovedektric chiller with a COP of 3,2
local fan coil units and
cooled air from central air handling uni
air temperature setpoint
weekday: 24°C+3°C by occupants (6-21h)
weekend: 24°C+3°C by occupants (8-18h)

[cooled air from central air handling unit]
[operative setpoint temperature]
[weekday: 26°C (7-19h)]
[weekend: 26°C (8-18h)]
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To reduce the simulation effort to a feasible degomly one segment of the building
including five storeys and the chimney, is modelesdshown in Figure 6.19. Two
horizontal cuts decouple the building segment ftbmrest of the building and are
defined with adiabatic properties. The resultingnidation model consists of
27 zones, including 20 office zones (four per stpré core zones, one air supply
zone, and one air exhaust zone. The zones in tldelnaoe connected by conductive

and ventilative heat transfer.

o a e <
=t |

= :‘. i ‘ R & =
Figure 6.19: Geometrical representation of the simulation mdthétd building segment).

COorec zonc

Figure 6.20: Geometrical representation of the model zonesoaietitation.

For the simulation of the current as-built refeenmase, the ventilation rate is
defined outside the AFN in the ‘outdoor air desggpecification’ object. This object

is connected to the HVAC model, which supplies ingaand cooling in addition to

the outdoor air according to the setpoints defined.
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For the adapted models, various EMS ‘subroutingedb calculate a target air
change rate intended to provide good comfort amdqaality. Considering the
dynamic driving forces for natural ventilation, theenting availability’ schedules
and ‘opening factors’ are then controlled in a lpessible way to reach the target air
change rates with a maximum value of 15 ACH. In fleating period or during
hybrid cooling mechanical operation, the outdoafl@wv rate with 14 litres per
second per person is automatically calculated daogrto the occupation schedule

multiplied by the number of people per zone.

6.3.1.1HVAC systems

The building’s mechanical systems are simulatededbasn EnergyPlus HVAC-
template objects, which provide an easy startinigtpior users to develop inputs
with automatically generated node names. HVAC temesl are not handled by
EnergyPlus directly. Instead, they are pre-proakséy a program called
ExpandObjects [128]. There are two loops for pkouipment — a primary loop for
supply equipment such as boilers and chiller, asdcandary loop for heat rejection

equipment such as cooling towers.

In the context of this study, the ‘HVACTemplate:£0WAV:FanPowered’ simulates
a variable air volume HVAC configuration with a abant minimum outdoor airflow
rate during building occupation. The total pressinap for all fans (supply, exhaust,
and terminal unit) is approximated with 1 500 Pd arprimary supply air maximum

design airflow rate of about 4 ACH.

The chilled water loop is supplied by centrifugdlller with an assumed nominal
Coefficient of Performance (COP) of 3,2. The cors#es are water cooled, and work
in conjunction with two speed cooling towers. Thelled water loop pump control

type has intermittent operation.

The hot water loop is supplied by natural gas &teboilers with intermittent pump
control. The assumed boiler efficiency is 0,8.

The rated head of the primary water pumps for etiiland hot water is set to
500.000 Pa, which is equivalent to 50 rCHThe rated head for the cooling towers

secondary loop is set to an equivalent of 20 m.
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There are some distinctions made in the HVAC sitiariesetup between the as-built
and the adapted passive cooling scenarios (sed alde 6.3).

As-built scenario

When weather conditions are favourable, an ecoramgigle is used to increase the
amount of outside air introduced into the systeraftset mechanical cooling energy.
Local fan powered units include reheat. When hgasnrequired, the terminal unit
will activate the hot water reheat coils first, ahén increase the airflow. The design
outdoor air change rate during occupancy is 2 ACHe specific setpoint
temperature of a zone is controlled by the trad#lo approach using air
temperatures. The zones are controlled by sligtiffgrent setpoints to account for
the actual user behaviour and to create a figthetystems dominated by interzonal

air exchange.

Adapted scenarios

For the passive approach models developed, loogpdavered units do not include

reheat and are only used for cooling. Instead,aihés heated inside the naturally
ventilation sub-floor distribution system using thaseboard heating option. In

winter, no mechanical ventilation is applied to tmedel. The target outdoor air

change rate here is set to 14 I/person insteadA@12, which reduces the ventilation

rate due to a light occupation density. The speséitpoint temperature of the zones
is equally controlled by operative temperature ni@stat objects. For hybrid cooling

approach, the chilled water loop serves only duthmg cooling period (except for

data centres). Hybrid systems for cooling and meichhventilation are operated by

schedules dynamically overwritten by EMS routines.

Data centres

In contrast to the rest of the building, the coglof data centres is modelled by the
‘HVACTemplate:Zone:FanCoil’ object. Because of thigh heat gains of the IT-
systems, no heating system is needed.

According to the data gathered and discussed i2.8,4each of the 25 office storeys
on average has approximately 10 kW equipment loawh the IT-systems running
for 24 h a day throughout the year. As in the aafsthe original Kanyon building,
the data centres in the model are cooled by arperent air to air chilling system.
The chilled water loop here is supplied by air edoklectric reciprocating chiller.
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Again, the ‘nominal COP’ of the chiller is assumidbe consistent with the E+
default value of 3,2 W/W.

A resulting waste heat (‘chiller condenser heahdfer rate’) of approximately
12,5 kW per storey is rejected from the condengerthe adapted natural ventilation
scenarios, this waste heat is added to the dmreiexhaust chimneys, and is modelled
by using an internal ‘ElectricEquipment’ object.igtoad therefore further increases
the chimney effect of each building segment byimgishe air temperature. For the
as-built scenarios without natural ventilation aygmh, the condenser heat is ejected

directly to the environment.

6.3.1.2Construction elements

Two types of construction objects are used to $pdbe material parameters and

area of items within the space defined in § 4.2@2 &6.1.3.

Constructions, which are necessary geometricallye dirst defined as
‘BuildingSurface:Detailed’ objects. For this typ#ne outside boundary condition
depends on the actual surface type. Options useawside, another surface (the
backside of the construction towards another zorme),adiabatic properties.
EnergyPlus will apply the same conditions to eade ®f the construction (inside
and outside of the zone) so that there is no teatyer difference across the surface.
All heat transfer into the surface is a result bé tdynamic response of the
construction so that an adiabatic wall or floor s#ith store energy if the construction

materials are defined to include thermal mass.

Constructions that are important to heat transtdcutations but not necessarily
important geometrically, are then defined. TheseteiinalMass’ objects only

exchange energy with the zone in which they arerdesd. Concrete columns and
partitions within the space are modelled as inlenmass to provide good accuracy

and to speed up the EnergyPlus calculations.

6.3.1.3Airflow network

In this study, a complex AFN is used to simulate bailding segment. The model
consists of one air node for each zone linked bgnoms with additional

uncontrolled cracks. Internal cracks, doors anoiveségs allow zone air mixing. The
network is defined as a ‘multi-zone without distilon’ system, since the
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mechanical ventilation system, if applied, is assdrio be without leakage losses. It
can thus operate in ‘parallel’ with the AFN infdtron model. This reduces the code

and the simulation time.

Large external openings such as chimney inletscanieéts as well as the overflow
openings and the core to chimney exhausts areedkfis ‘detailed opening’ objects
with a constant discharge coefficient of 0,61. Thilso allows flow movement
simultaneously in two different directions depemdian stack effects and wind
conditions. Complex geometrical properties of hotioung windows for the internal
overflow openings with tilt angles cannot be erdarethis object directly. But with
application of the equations from § 2.2.3.1, thay be converted to rectangular, 2-
dimensional openings witAe and hert values as geometrical input in the ‘detailed

opening’ object.

For simplicity, the opening control zones are tlmitkeast office zones, and
openings in parallel are sized according to thefloetr area of the zone (see also
§6.3.2).

The sub-floor distribution system on the other hamdnodelled by ‘horizontal
opening’ objects to account for the inlets to tlfitcce zones at floor level. Here, a
constant discharge coefficient with a value of Oi$@ised as a guess, intended to

account for flow resistances higher than for theeptentilation system elements.

Wind pressure coefficients are set to be input esaldrom the wind tunnel
experiments (see Appendix A), and are in the AFRNCcstire associated with the
leakage components via an ‘array’ (definition o# @, values corresponding wind
directions) and external air nodes with local heidéfinition. At these nodes, the
local wind pressure calculations are set to beutaled depending on the roughness
characteristics of the surrounding terrain defimsd‘city’ in the ‘building’ object,
based on the ASHRAE power-law calculation [92] (akse § 3.2.1.1).

The infiltration which is due to the building’s atrghtness is realised by the
definition of a ‘crack’ object. This object requsra flow coefficient Cq in kg/s per

m at 1 Pa pressure difference) and a flow expoogft65, which is the E+ default
value. The flow coefficient in this work is a furat [128] of the expected
infiltration mass flow rate at 50 Pa pressure dédfee between inside and outside.

The expected infiltration flow rate is calculatedrh the net volume of a storey,

187



which is 2900 m3 multiplied by ansgvalue of one per hotir at 50 Pa between
inside and outside (blower-door measurement candiji The following power law
form is used, which gives infiltration airflow thugh the crack as a function of the

pressure difference across the crack:
Vinf = Cq ’ APO'GS * Pair (6.1)
with a mass flow coefficient, which for each storewpproximated according to:

1,0 3 kg

q= Apn - 50Pa065

k
= 0,07602?g @ 1Pa (6.2)

This total flow coefficient for one storey is thdrstributed to the four office zones

according to their net floor area.

The wind driven share of the pressure differencesacthe crack is calculated again
according to the averaged wind pressure coeffisiémt each zone orientation with
values from wind tunnel experiments (see Appendix ¥hich in the airflow

network are connected to the cracks in the ‘sutfalgect.

Table 6.4:Mean wind pressure coefficients as AFN input foatk’ infiltration calculations.

wind directionin °  SE office zone SW office zone N office zone E affione
0 -0,81 -0,85 0,63 -0,85
45 -0,80 -0,78 -0,43 0,62
90 -0,70 -0,87 -0,88 0,39
135 0,26 -0,97 -0,71 -0,74
180 0,11 -0,18 -0,78 -0,96
225 -1,10 0,65 -0,79 -0,76
270 -0,89 0,06 -0,28 -0,64
315. -0,72 -1,22 0,67 -0,85

6.3.1.4Model calibration and as-built assessment

The calibration of the as-built simulation modelniscessary and crucial for the
accuracy and usability of the energy simulation elodVithin the calibration

process, the results of the simulation are companghl the measured data. The
simulation is tuned in a realistic range until iesults closely match the measured
data, especially to reflect the real user behayieuwy., setpoint adaptations. The
results in Figure 6.21 show a reasonable agreeibmstmteen the metered and the

simulated energy consumption. As a limitation, ishbe stated that the metered

13 ARUP Kanyon office block mechanic installation oep 2003, Turkey
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energy consumption is from the year 2008, wherkassimulated values are for a
typical year and the results of one segment ardiphietl by a factor of five to
account for the consumption of the whole buildiRiggure 6.22 is intended to give an

insight into the current building’s energy consuioipt

MWh MWh

9007 —— Electricity 400 1 ——Equip.
388 1 metered 350 - e COONING
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600 - simulated 250 - e P LM PS
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Figure 6.21: Comparison of the monthly metered Figure 6.22: Monthly simulated electricity
(2008) and simulated energy consumption (typical consumption of the different consumers.
year) of the as-built scenario.

6.3.2 Final natural ventilation system sizing

The orifice dimensions from 8§ 6.2.2 can be resizetil certain comfort expectations
according to 8§ 3.3.3.2 are fulfilled by annual siation. For simplification in the
simulation model investigated, the opening areaeska the differently orientated
office zones on each storey (in parallel, see 8.22is distributed only according to
the net floor area and not according to the coatiegds. The target air change rate in
the controls however is not identical for all officones. The EMS subroutines
calculate this dynamic value according to the dperaemperature of each zone.
Depending on the cooling needs, the passive systergs opening sizes, shading
devices, and thermal mass) could also be sizedne mhetail for each zone, but due
to complexity of the optimization solution, this svaot implemented. Also, the size
of natural ventilation system here is expresse# bylthe cross-sectional area of the
internal chimney (see Figure 6.17) of th& Building segment. The natural
ventilation system size here is restricted to asi®ectional chimney area of 50 m2,
which is 5% of the net internal floor area of oneresy. More detailed sizes of the

openings in a flow path gathered from the desighdan be found in Figure 6.18.

189



6.3.2.1Natural ventilation potentials

For a detailed dynamic analysis of the flow pow@rfor natural ventilation systems,
the entire system including controls had to be &aed, since the ventilation is not
driven just by external conditions, but by an iatd#ion of internal and external
conditions, e.g., ambient and indoor temperatuasad, dynamic wind velocity (for
driving forces, see § 3.2.1.1). The ventilation tcoinstrategy for combined airflow
and thermal simulations was described in § 3.3iQurE 6.23 through Figure 6.25
show how the achievable mean monthly air changss rdépend on the climate and
season, and the chosen system size. In winterrahatentilation is mainly used to
limit the CQ levels.

Air change rates increase with higher passive ngaliemands in Istanbul and Turin
more than in Stuttgart. The target air change repeesents the amount of air the
EMS control aims to realise, whereas the reachedt@nge rate is the smaller
amount of ventilation appearing in the simulatiseq also Figure 3.38). The target
and the reached air change rates are in a dynapendence with each other. In an
ideal system, both lines for the target and thelred air change rate would be
identical. The longer the distance between eachkrpthe lesser the cooling needs

that can be satisfied by the system.
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..... A=20m2/ target ACI
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Figure 6.23: Ventilation potentials and control targets foatgul climate.

Because of strong wind forces in Istanbul, the Negidn potentials are high even
with a small system size. Because of the warm ¢8mthe control targets high
ventilation rates. Relatively small system sizesrr20 to 40 m2 already give good

response to fulfill the targets.
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Figure 6.24: Ventilation potentials and control targets for inwlimate.

In the relatively warm Turin summer climate, thengarelatively small system sizes
as in the case of Istanbul, would provide onlynaitied air change rate, not sufficient
for passive cooling. Due to the lack of wind, natwrentilation is mainly driven by

thermal forces, and the systems need to be sigggibi
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Figure 6.25: Ventilation potentials and control targets fort&tart climate.

In the colder climate of Stuttgart, the controbtis much smaller average air change
rates. For wind velocities in between those ofnista and Turin, the ventilation

system can be sized smaller, which is sufficienpfssive cooling.

Table 6.5 summarises the ventilation potentialseddmg on the climate and the
system size. Cross-sectional chimney area bigger B0 m2 is considered to be too

big, and simulation outputs are therefore writtegrey.
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Table 6.5: Simulated derivation between the EMS target aadhred ACH in the month with the
highest target ventilation rates depending on #teral ventilation system size.

Achi 10 m? 20 m? 30 m? 40 m? 60 m? 80 m? 100 m?2
Istanbul Target ACH 14,94 14,65 13,95 13,80 13,72

Reached ACH 511 7,43 11,64 12,38 12,76

derivation 65,7% 50,2% 18,3% 11,1% 7,2%
Turin Target ACH 14,73 14,34 13,79 13,44 12,94 12,66 12,52

Reached ACH 2,59 4,11 5,21 6,14 7,89 9,25 10,25

derivation 84,3% 73,0% 63,0% 54,3% 39,0% 27,0% 18,1%
Stuttgart Target ACH 12,10 9,69 8,78 8,40 8,10 8,02

Reached ACH 2,96 4,54 5,54 6,17 6,90 7,29

derivation 755% 53,1% 37,0%  26,5% 14,8% 9,2%

6.3.2.2Adaptive thermal comfort

Apart from the previously discussed air changestatéhich directly influence air
quality, thermal comfort according to § 3.3.3.2ai€rucial indicator for evaluating
the natural ventilation concepts. If not expliciitated in the result of this thesis, the
mean value for all office zones in the third stofeyddle) of the building segment
considered is reported.

Design tool sizing inputs and conceptual design

Figure 6.26 shows the detailed simulation outputanhual comfort distribution
during occupancy (3.108 hours per year) in Istardma Stuttgart for opening sizes
according to the ‘HighVent' design tool outputs. k& natural ventilation system
size is restricted to a cross-sectional chimnew afe50 m2, the size for Turin was
reduced according to the sizing limit shown in Feg6.17. Scenario (a) represents
the results of the adapted base-case scenari@$sive cooling operation according
to Table 6.3. The weighted average of all officemem stay below the 5% comfort
limit benchmark mentioned, except the southwesinfazones in Turin. Also the
southwest zones for the Istanbul scenario tenektslightly closer to the benchmark
due to higher solar heat gains entering these z&we=t thermal comfort is provided

by the east and north zones especially in Stuttgart
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(a) base-case scenario  (b) without improvedisgagc) without mass activation
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Figure 6.26: Floor area weighted average, zone minimum and geneémum adaptive annual
comfort criteria reached in respect to the thréeaties investigated for (a) the naturally ventitate
base-case scenario, (b) a scenario without theoveprshading, and (c) a scenario without the
thermal mass activation at the ceiling.

To separately investigate the conceptual passisig@daptations made in terms of
solar heat gain control (see 8§ 6.1.2) and thermassmheat sink activation (see
8 6.1.3), comfort simulations are repeated withtbase measures. Depending on the
measure and the climate, the comfort reached diffeiite significantly from the
passive base-case scenario investigated, and lcaitsno longer be maintained
according to the 5% benchmark. Especially for thenarios without improved
shading devices the comfort distribution also gtpndiffers depending on the
orientation of the office zones. For example, iranbul climate, category Il can be
maintained for 94% of the year in the north oridntenes but only for 88% in the
southwest oriented zones. Therefore, if the helanba of the building or part of the
building is changed by increasing heat gains, tilkopassive measures have to be
reconsidered, sized, and controlled accordinghge,elhybrid cooling becomes

unavoidable.

Parametric sizing assessment

For each of the three climates considered, theimassoling base-case scenario is
simulated with different chimney cross-section&aar (and associated opening areas
as described in § 6.2.2). Figure 6.27 providesatireual comfort simulation outputs
for this parametric analysis. Considering the 5%mchenark from EN 15251,
generally good agreement is found for all the desapl sizing suggestions. The
initial passive system sizes for Turin are congdeto be too huge for practical
implementation, and are therefore reduced to theman size of 50 m?, but still the

floor area weighted average stays within the 5%cherark limits (Table 6.6). For
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Istanbul and Stuttgart, the sizing values gathén@u the design tool can be directly

taken with good agreement.
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Figure 6.27: Natural ventilation system sizing sensitivity ars in respect to
the annual area weighted mean adaptive comforilmi§ion during occupancy (3.108 h/a).

If the 5% occurrence criterion of occupied hours year is not reached, a hybrid
cooling system is necessary (red area in Figur8)6\&ithin 5% and 3%, hybrid
cooling assistance is not mandatory — but is depinoh the comfort expectations of
the occupants (yellow area in Figure 6.28). Optinpassive cooling, while keeping
the system sizes appropriate, can be reached 8towccurrence and 50 m2 cross-
sectional chimney area (green area in Figure 62&).a building design without
proper passive cooling, the associated line indiagram would stay outside the
limits in the red zone. For example, this could descenario for Turin without
improved shading devices as shown in Figure 6.26Kbr Stuttgart, a building
design without a mass activation at the ceiling paovide reasonable results as
shown in Figure 6.26 (c).
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Figure 6.28: Natural ventilation system sizing sensitivity arss in respect to
the annual area weighted mean adaptive comforilaisibn during occupancy.

Table 6.6 summarises the results of parametricyaisalThe final sizes taken for the

design evaluation (8 7) in are marked in grey (l=s® scenarios).

Table 6.6: Floor area weighted average adaptive comfortra@iteached for the adapted base-case
scenario (a) during occupied hours depending omalgral ventilation system sizing.

Achi 5m2  10m? 15m2 20m2 23m229m?30m?240m?250m?2 60m? 80m? 93m? 100m?
Istanbul category IlI 30,8944,4% 7,2% 4,6% 3,1%3,1% 2,6% 2,4% 2,4% 2,4%
category IV 24,2%6,7% 2,0% 0,8% 0,3%0,3% 0,2% 0,1%0,1% 0,1%
sum 55,09%21,1% 9,1% 5,4% 3,5%3,4%2,7% 2,5% 2,5% 2,5%
Turin category I 34,1%19,7% 12,4% 9,4% 6,294,4% 3,6% 3,1%2,4% 2,1% 2,1%
category IV 28,0%13,5% 8,4% 5,7% 2,8%1,7% 1,2% 0,9% 0,5%0,4% 0,4%
sum 62,2%33,2% 20,8% 15,1% 9,1%6,1%4,8% 3,9% 2,9% 2,5% 2,5%
Stuttgart category lll 16,8%6,3% 2,6% 2,0% 1,8% 1,5%1,3% 1,2%1,2% 1,2%
category IV 10,7%2,2% 1,0% 0,7% 0,6% 0,6%0,6% 0,5% 0,5% 0,5%
sum 275%75% 3,6% 2,7% 2,4% 2,1%1,8% 1,7%1,7% 1,7%

6.4 Conclusions

For the Kanyon office-tower in the three climatemsidered, natural ventilation is
not a stand-alone solution for good summer comfoidtead, ventilative cooling
must be brought in with other measures to redue¢ ¢i&ins, and to use the building
as heat sink for night-time ventilation. Hence, tkanyon building was first
conceptually adapted to reduce penetration frombsgumeans of enhanced shading
elements, and the suspended ceiling’s mass wagtatti to let the cold night air

directly circulate around the structural concrétecusing on natural ventilation, a
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central void design allows cross-ventilation of teeupied space towards a central
chimney in the core, from where warm air rises uplwatowards a high level
exhaust. The building was also virtually cut int@dualar segments (5-storeys per
segment) to restrict the system dimensions (elgmrmey diameter) and the peak
pressure drops in winter (at high temperature iiffees). With a single chimney to
ventilate 25 floors, the size of the ventilatiorstgyn simply would be too big to be
realised in practice, but with isolated segmen#éghesegment can be treated as a
low-rise or medium-rise building. To guarantee ititended flow direction from the
perimeter towards the core, besides a commonly, lsedgard chimney exhaust, also
a commonly used windward supply inlet is modelledermediate ‘wind floors’
between the segments each have two wind adaptiegirays in windward (positive
wind pressure supply) and leeward (negative wirgggure exhaust) orientation. The
central chimney is therefore designed to servedtmupied space with fresh air

supply and exhaust.

The spread-sheet based ‘HighVent’' design tool weasldped to size the openings
of a flow path in § 3.2. Considering the concepyadapted Kanyon building
inclusive of enhanced sun shading elements and atéisated ceilings, uncontrolled
design air change rates necessary for passivengoaie estimated for each climate
considered (13 ACH for Istanbul and Turin / 5 ACét Stuttgart). The ventilation
systems are then sized dependent on this desigthairge rate and average local
wind velocities. Due to the lack of wind in Turitme initial system size is 3,2 times
bigger than in Istanbul. Due to the colder climiatestuttgart (where the design air
change rates are smaller) the system can be sizalest, even when average wind
velocities are relatively low. Depending on thegheiof the segment in the building,
the chimney cross sectional area requires abouartid®% of the total net floor area
in Istanbul, 3% and 2% in Stuttgart and 11% to A@ urin. The dimensioning for

Turin is considered as to be too big to be realisgatactice (5% maximum).

To assess the overall annual performance for afgpelimate, in a next step, the
Kanyon building was taken and modelled in EnerggPdlong with the passive
approach design adaptations developed. The ‘Higti\tesign tool outputs were
‘post-processed’ as inputs for detailed simulatimeéuding the mechanical systems
and the custom natural ventilation controls. Aiache rates increase with higher

passive cooling demands in Istanbul and Turin nibam in Stuttgart. Because of
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strong wind forces in Istanbul, the ventilation gudtals are high even with a small
system size. Because of the warm climate, the abtatrgets high ventilation rates.
Relatively small system sizes already give googaese to fulfil the targets. In the
warm Turin summer climate, the same system sizés @ case of Istanbul would
provide only a limited air change rate, not suéfidi for passive cooling. Due to the
lack of wind, the systems need to be sized biggethe colder climate of Stuttgart,
the control targets much smaller average air chaatgs. For wind velocities in

between those of Istanbul and Turin, the ventitaigstem can be sized smallest.

The annual comfort distribution according to the E3251 standard [55] was first
shown for opening sizes according to the desighdatputs. For Turin, the natural
ventilation system size was reduced accordingecthing limit. The results indicate
that for the passive cooling base-case scenarabsdimg improved shading devices
and thermal mass activation, the comfort benchmbakkey can be reached for all
zone orientations in all climates except in TurBy repeating the simulations
without improved shadings and/or without mass atiiw at the ceilings, the
influence of those measures could be investigagparately. Only in Stuttgart the
design was capable of staying within the comfogunreements with light accessible
thermal mass. For the final natural ventilationrglz the system was simulated in
different sizes. Considering the 5% comfort benatkmitom EN 15251 [55],
generally good agreement is found for the entirgghetool sizing suggestions. For
Istanbul and Stuttgart, the sizing values gathén@u the design tool can be directly
taken with good agreement.
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7. DESIGN EVALUATION

In this section, the fully mechanical as-built Kanybuilding operation is compared
with an operation based on the controlled passiethe hybrid cooling approach
developed. The following results refer to the adfiower case-study building from
8 4, adapted for passive summer operation accorttinjable 6.3, with natural
ventilation system dimensions from § 6.3.2. The toportant factors influencing
passive and hybrid cooling performance such asilaganh rates, controls, heat
gains, building mass, and climatic conditions arel@ated according to the general
approach developed in § 3.4. It is assumed thaeiimal comfort can be guaranteed
without air-conditioning, then significant cooliad ventilation energy conservation
can be achieved [64]. Design alternatives are lmralysed and discussed for
different climates. Performance indicators useéualuate the functionality are the
energy consumption compared to that of mechanmatitation and cooling systems,
and compliance with the thermal comfort limits; aidehal aspects are the ventilation

rates and the indoor air quality reached.

7.1 Weekly Profiles

Design week simulations with dynamic boundary ctads give insight into the
functioning of natural ventilation systems, and lagpful for the analysis of opening
controls. This section examines the performanckerdifices for design weeks. The
factors considered are the operative room temperaturelation to the limits of
comfort, the room and ambient air temperatures, Qe level, and the air change

rates.
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A good functioning is attested if the following pmance indicators are satisfied:
1) The operative zone temperature stays within thef@driimits category 2 [41];
2) The internal CO2-level stays below the IAQ limitdegory 2, which is 500 ppm

above the external level [41,55].

Multiple simulations were performed to access imfation for mechanical, passive,
and hybrid building operation scenarios (base-casenarios according to
Table 6.3). The focus is on passive control ovenfoot. Except for the three base-
case scenarios, all simulations are performed sutiiched-off heating and cooling
units. This section observes the effects of pamamethanges (e.g., natural
ventilation controls) on the internal comfort whichilises neither heating nor
cooling. The results show the performance for ceresentative office zone'{3

segment / '8 storey / southeast office zone). Except for theebease scenarios for

passive cooling, weekly profiles are evaluated doihyjstanbul.

7.1.1 Mechanical approach

The mechanical operation scenarios with actual isjadevices and thermal mass
distribution are intended to reflect the actuallding behaviour. They also indicate
the internal temperatures if the mechanical heatimd) cooling operation are set off.
The constant limits of comfort chosen from the E331 standard are for buildings
without natural ventilation and occupant adaptatand are therefore independent of

the external temperature.
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7.1.1.1As-built (base-case)

The first weekly profiles are simulated for thelaslt scenario and are intended to
reflect the actual building behaviour. The detait&ghulation setup is described in
§6.3.1.
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Figure 7.1: Design week simulation outputs of the as-builecaslistanbul.

The results show relatively constant room air terafees between 22 °C and 24 °C
throughout all the seasons (Figure 7.1 (a)-(d)e $mall fluctuation in temperature
is due to personal setpoint adaptation of the cmetgptogether with interzonal air
mixing due to open doors. The g@oncentration stays below 200 ppm above
external level, and can be classified as low inoet&nce with EN 13779 (IDA 1
<400 ppm above external level). Air change ratesvided by fan operation are
stable at the demand driven design value of 2ot sometimes exceed this value at
midday (Figure 7.1 (b)) or in the morning hoursg{ie 7.1 (c)) due to economiser

operation at low ambient temperatures.
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7.1.1.2Ventilation only

The second scenario is intended to show weeklyilpsobf comfort that could be
reached with only mechanical ventilation. The operais simulated without
mechanical heating and cooling. The ventilationtesys besides indoor air quality
control, includes an outdoor air differential econser with a maximum ventilation
rate of 4 ACH.
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Figure 7.2: Design week simulation outputs of mechanical Vatibin only case without heating and
cooling in Istanbul.

As there is no cooling system available, the resshiow a room air temperature that
is far above all the admissible comfort temperatuffeigure 7.2 (c)-(d)) for both
mechanically and naturally ventilated offices [4Lhe CQ concentration can again
be classified as low. In contrast, temperaturewiiter are too low without heating
(Figure 7.2 (a)), but in spring (Figure 7.2 (b)e thperation is possible only with
fanning.
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7.1.2 Passive approach

The free-running, passive cooling scenarios inclutle conceptual design
adaptations made for reducing solar gains and thlemass activation at the ceilings
(see § 6.1). Natural ventilation system sizes deémenthe climate and correspond to
the values gathered in § 6.3.2, which are simpljfexpressed by the cross-sectional
chimney area with values of 29 m? for Istanbul,n¥0for Turin and 23 m2 for
Stuttgart. To focus on the influence of ventilat@amtrols, simulations are conducted
in the free-running mode rather than the conditioneode. The limits of thermal
comfort chosen from EN 15251 [41] are for buildinggh natural ventilation and
occupant adaptation, and are therefore in dynamependence to the external

temperature whenever the adaptive approach iscabdi.

7.1.2.1Uncontrolled approach

The first scenario tested is the uncontrolled radtuentilation, which means that the
orifices are 100% open throughout.
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Figure 7.3: Design week simulation outputs of the base-caseast for passive cooling but with
uncontrolled ventilation and without heating iraisbul.

Uncontrolled ventilation often results in too lomdbor temperatures, especially in
the mornings. The air change rates are in a rapge about 25 # and may cause

discomfort by draughts, especially if the ambiestperature is low. The GO

203



concentrations are very low due to the increase@wahange with a maximum of

about 50 to 100 ppm above the ambient level.

7.1.2.2Controlled approach

Night-time ventilation
As a second natural ventilation scenario, the utmotbed night-time ventilation

(defined as: openings fully open during no occuganaad closed during occupancy)

is simulated.
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Figure 7.4: Simulation results of the base-case scenariodesige cooling but with night-time
ventilation only and without heating in Istanbul.

Here, the temperatures in summer (Figure 7.4 (g)&iet unacceptably high because
daily heat loads are not removed by ventilationgd @he thermal mass is not
sufficient. Due to the closed windows during ocaupatimes, unacceptably high
CO, concentrations are obtained (up to 2000 ppm albloseexternal levels). The
infiltration through the building envelope of appimately 0,1 it is simply not
enough.
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Daytime ventilation
Daytime ventilation is defined as the period in evhithe offices are occupied

(weekdays only). The openings are opened duringdéheat 100 % and closed at

night.
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Figure 7.5: Simulation results of the base-case scenariodssige cooling but with daytime
ventilation only and without heating in Istanbul.

The operative room temperatures are often out$idecomfort zone in accordance
with EN 15251. This is because at daytime they aways above the outdoor
temperature, and heat from the fabric is not rerdasenight, which demonstrates
the limits of natural daytime ventilation, espelgiat temperature peaks. In summer,
the pure daytime ventilation is only suitable fanlbing ventilation to supply fresh
air to the rooms. The GConcentrations are classified as low due to cootis air

exchange during the occupancy at values below p@0above the external level.
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Fixed temperature setpoint control
The next scenario examined is a temperature-céedrgtcenario with fixed setpoint
control. Here the ventilation openings are opendwrwthe room temperature is

higher than the ambient temperature and exceefg€.20
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Figure 7.6: Simulation results of the base-case scenariodssige cooling but with fixed-setpoint
ventilation and without heating in Istanbul.

A limitation for this simple setpoint control isahthere might also occur on/off
control in situations close to the 20 °C setpoemperature. This effect is even
stronger as shown in the hourly interpolated chaitte temperature limits (category
II) are far less exceeded than in the other twesdmefore. The CQOevels in the
warm season are constantly low but increase ircolee season. Results for a typical
winter week (Figure 7.6 (a)) show that the therg@hfort can almost be provided
without heating, if the air change rate is low.&inemperatures in the morning are
rarely too low (Figure 7.6 (b)-(c)), this contr@esns to be a feasible choice for the
design weeks here, but is dependent on the clirttegeseason, the construction, and

the ventilation potential of the design.
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Adaptive temperature amplifier control (base-case @ntrols)

To overcome the above limitations and dependenthiesfinal controls for passive
cooling are now based on adaptive comfort temperdienchmarks. The aimed air
change rate is dependent on the internal and exttermperatures (definitions given
in Section 3.3.2). As this is the final control &pg in the passive cooling models, all

the three climates are evaluated.

For all the three climates, this control is mordust in terms of adapting the
required flow rates for passive cooling withoutguent high adjustments. In winter
(Figure 7.7 (a)), the CQconcentrations consistently stay below 300 ppnmvalibe

external level.
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Figure 7.7: Simulation results of the base-case scenariodssige cooling with adaptive temperature
amplifier control but without heating in Istanbul.

The time dependent limits for night-time and dagiwentilation ensure that the
upper and the lower comfort limits in Istanbul arearely exceeded
(Figure 7.7 (b)-(d)). Due to consistent high tenaperes in summer
(Figure 7.7 (c)-(d)), the air change rates aimedthry control are mostly high.
Because of strong winds, these targets can ofteredehed especially in extreme

summer conditions. This indicates that the flowhpdimensions are sufficient. In
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typical winter (Figure 7.7 (a)) the operative temgbere during occupancy falls only

slightly below the comfort limit, which results &relatively small heating demand.
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Figure 7.8: Simulation results of the base-case scenariodssige cooling with adaptive temperature
amplifier control but without heating in Turin.

For the Turin climate, similar results were fournxtept for the extreme summer
design week (Figure 7.8 (d)). Due to the absenagid, air change rates aimed by
the controls to effective cool the building canrme satisfied by the natural
ventilation system. In this relatively short peridde upper comfort boundaries are
strongly exceeded (degree hours) than in Istanbal.provide comfort, further
passive cooling design adaptations or a hybridiegatoncept might be necessary.
In typical winter (Figure 7.8 (a)), the indoor teengtures reached without heating
are slightly lower than in Istanbul, which indicet@ somewhat higher heating
demand.
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Figure 7.9: Simulation results of the base-case scenariodesige cooling with adaptive temperature
amplifier control but without heating in Stuttgart.

The colder climate of Stuttgart seems best suibegéssive cooling. Even smaller
air change rates provided by the natural ventitatigstem are suitable for effectively
cooling the building except for some summer daythwiigh peak temperatures
(Figure 7.9 (c)-(d)). During such days, indoor temgtures can stay below the
external level because of high temperature diffegenbetween day and night. In
typical winter (Figure 7.9 (a)), internal temperat reached are lower than in
Istanbul and Turin, which indicates the highestingademand for Stuttgart.

7.1.2.3Conceptual design adaptations

In the previous figures, the influence of conceptdasign adaptations made
according to 8 6.1 was not shown. Neverthelesg Worth pointing out that the
enhanced solar shading elements as well as theseamncrete ceiling were found
to have great influence on the extreme summer desigeks’ peak operative
temperatures reached. Table 7.1 summarises thésetitns. The measures are

found to have the largest impact for the southweses in all the climates.
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Table 7.1: Extreme summer operative temperature reductiotelsjgn adaptations according to § 6.1.

adaptive shading devices

mass activated ceiling

bawation of both

E SE SW E SE SW N E SE SW N
Istanbul  -0,73 -0,60 -1,83 | -0,35  -0,42 -0,43 -0,46 -0,43 -0,95 -0,92 -2,54 -0,72
Turin -1,31 -1,01 -2,38 -1,07 -0,78 -0,84 -1,01 -0,82 -1,55 -1,36 -3,22 -1,64
Stuttgart  -1,89 -2,35 -455 -1,40 -1,38 -1,56 -2,02 -1,45 -2,35 -2,82/-6,01 -2,26

Especially in Stuttgart, internal temperatures exeeeme without enhanced solar

shading. For all orientations in all the climatagyositive effect was found for both

the measures with a peak temperature reductionnmami of 1 °C approximately,

and a maximum of 6 °C approximately, dependinghendimate and the orientation

of the zone in the model.
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Figure 7.10: Extreme summer design week simulation resultshfersouthwest zones indicating the
effectiveness of the passive cooling conceptuabdesdaptations from § 6.1.

7.1.3 Hybrid approach

The mixed-mode ventilation and cooling scenarioso ainclude the conceptual
design adaptations made in 8§ 6.1. The natural leéinth system sizes are equal to
those of the passive cooling concept. Fans arelangked than in the as-built

approach as no economiser operation is needed.
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The base-case hybrid operation is controlled ierg gimple way:

1) If the internal operative temperature exceeds 261 i€chanical ventilation and
cooling replace passive ventilation until the ehdacupancy.

2) If internal relative humidity exceeds 60%, natuvahtilation is reduced to a
level only to provide fresh air for the occupantdtilurelative humidity again
falls below 55% or the operative temperature exs&&d°C.

To focus on the influence of hybrid controls, thesign week simulation outputs
shown in Figure 7.11 are simulated in the condd@tbmode. There are ongoing
discussions in research and standard-making contiesiibout the applicability of
adaptive comfort approach for hybrid operated huogd that utilise a combination of
natural ventilation and mechanical cooling [64].eThmits of thermal comfort

plotted here are those for buildings with natueaitiation.
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Figure 7.11: Design week simulation outputs of the base-caseas® for hybrid cooling and
ventilation in Istanbul.

Hybrid operation can exploit the benefits of eachdm For example, in spring
(Figure 7.11 (b)), natural ventilation with moskbyv ventilation rates is sufficient to
provide both thermal comfort and good indoor airalgy. In summer

(Figure 7.11 (c)-(d)), natural ventilation is mgs#luited for night cooling, but also

contributes to reduce the period of mechanical ap®r in the morning hours. In
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contrast, passive humidity control extends the tioiemechanical operation by
minimising the natural ventilation rates even ibliog is needed. In Istanbul extreme
summer conditions (Figure 7.11 (d)), passive cagptian only be provided when the
building is not occupied. Cooling the building stiwre at night with natural
ventilation contributes to the reduction of mecleahicooling loads. The GQevels
stay low in both modes. In winter (Figure 7.11 (@reheated fresh air is provided

naturally and without heat recovery systems.

7.2 Annual Assessment

The dynamic annual simulation gives insight intee tbverall functionality of
controlled natural ventilation throughout the yebudicators used to evaluate the
functionality are the relative energy consumptioconfpared to that of mechanical
ventilation and cooling), and the compliance wikiertnal comfort limits for the

users.

By dynamic computer simulations it is possible #icalate the space temperatures,
the ventilation rates, and the €@oncentrations. The temperature distribution

among the 4 categories are then calculated.
The parameters investigated are:

» cooling and ventilation strategy (full mechanidalbrid, passive)
» climate (Stuttgart/Germany, Turin/Italy and Istaliburkey)

e zone orientation (east, southeast, southwest, north

* equipment load density of the office

« effectiveness of external solar shading devices

* levels of thermal mass (light, medium, heavy)

* convective heat transfer

» size of the ventilation system (see § 6.3.2)

The evaluation of the as-built operated case-studlgling with mechanical cooling

and ventilation considers only the energy consuomptivhich can be compared with
the consumption of controlled natural ventilation arder to evaluate the energy
conservation. An evaluation of the thermal cométl indoor air quality is assumed
unnecessary because of a fixed mean room air tesoperand an outside airflow

rate control.
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7.2.1 Ventilation rates

The two main functions of ventilation concepts @yehe provision of good indoor
air quality, and (ii) the improvement of thermalntiort in summer by increased
daytime airspeed and high night ventilation rafidse monthly average air change

rates are dependent on the following parameters:

* minimum ventilation rate to guarantee indoor aialgy

e maximum ventilation rate to avoid draughts

» external dry-bulb temperature

« internal dry-bulb or operative temperature (and taitynfor hybrid operation)
e optimum comfort temperature during occupancy

e driving forces (e.g. fan, wind, buoyancy pressure)

» flow path resistance (e.g. ducts, openings)

For mechanically ventilated buildings, the air ap@nrates reached are mostly
dependent on the minimum amount of fresh air necgskr indoor air quality
control. If economiser operation is included, threoant of external air can rise,
whenever external conditions are suitable, espgcial spring and autumn. The
suitability of the climate for the use of economisentilation for cooling also
depends on the energy saved for mechanical codMagimum air change rates are

restricted due to relative small system sizes (HAC

For naturally ventilated buildings the air changterreached in the heating period, as
in the case of mechanically ventilated buildings, mostly dependent on the
minimum amount of fresh air necessary for indoorgaiality control. However, the
scenario is different in the cooling period: veatitn rates for passive cooling no
longer depend on the energy saved for mechanioalingg In summer, the air
change rates increase with higher passive cookmgatids, and are only restricted to
avoid draughts (e.g., papers flying). Natural Matibn systems are sized much
bigger (10-15 ACH).

Considering hybrid ventilation, at least in thisdst, natural ventilation is intended
for indoor air quality control, but also acts adig sized economiser with high
ventilation rates and without electricity demand fan operation. To reduce the
indoor peak temperatures in the hot season whempasgsive cooling is not possible,

mechanical fanning always acts together with meichaooling and only operates
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during the building occupation. Maximum mechanit@de outdoor air change rates
are restricted only to small system sizes desigried fresh air supply
(14 I'st-persort).

For a dynamic analysis of the ventilation rates, ¢ntire system including controls
must be simulated. Figure 7.12 shows how the aabievair change rates are
dependent on the climate, the type of the ventilationcept, the system sizes, and

the control strategy (for natural ventilation, $c.3.2).
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Figure 7.12: Simulated controlled air change rates (monthlyragyes) over the course of an year.

The seasonal variation of the air change rate wasd to be highest for the natural
ventilation cases and smallest for the full mectanventilation. In Istanbul winter,
both the as-built (2°H and the adapted HVAC (14&f-persont) scenarios have
higher ventilation rates than the naturally vetgith and the hybrid ventilated
scenarios because of increased economiser opedi®no the absence of proper
shading devices. In summer, the natural ventilasiorthange rates increase more in
Istanbul than in Turin and Stuttgart. In Turin cta, the biggest sized natural
ventilation system provides only a limited air cbarrate due to relative low wind
velocities. In contrast, the ventilation rates tot&art are smaller mostly because of
lower passive cooling demands. Hybrid operatiofedsffrom passive operation only
in the hot season, most distinctive in Istanbulerehthe natural ventilation share is
mostly due to night ventilation. In Stuttgart, tgorid operation mechanical share is

very limited due to few hot days in summer.
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7.2.2 Thermal comfort

In this work, the acceptable temperature for theinadly ventilated design scenarios
were calculated following the adaptive comfort lisnidefined in the European
standard EN 15251 [41]. In the standard, operatiovre temperatures are used,
which are the arithmetic mean of the zone meareaiperature and the zone mean
radiant temperature. The operative temperaturdlosved to increase in naturally
ventilated, non air-conditioned buildings with ngi ambient air temperatures
according to § 2.6.3. The theory suggests thatomutdonnections and control over
their local environment allows occupants to adaptatwider range of thermal
conditions than is generally considered comfortablee meaning of the different
categories is also explained in § 2.6.3. The anadaptive thermal comfort limits as
well as the simulations are calculated with the R3ME IWEC [141] ‘typical’
climate data for the three reference locationstanbul in western Turkey, Turin in
northern Italy and Stuttgart in southern Germamg (85.1.4). Operative temperature
levels over 30 € are allowed for very hot ambient air summer cbods (e.g., see

Istanbul in Figure 5.8).

The mechanical reference systems with active cgofind ventilation (fans) are
mainly used to determine the annual energy consernvaf the passive and hybrid

approaches.

The more sophisticated weighted temperature exoestod includes additional
parameters such as air velocity, internal vapoesgure, metabolism, and clothing
resistance [62]. As these values are difficult tataon (especially the local air
velocity), in this work the operative temperatureess method plotted as ‘exceeding
frequency’ and ‘heat map’ charts is consideredvatuation baseline for the passive

cooling approach developed.

The internal relative humidity is also plotted a&xceeding frequency’ chart for
passive and mixed-mode operations (the fully meichhoperation will not exceed).
Finally ‘psychrometric’ charts are intended to gimsight into the humidity versus
temperature relationship for all the scenariosuditlg the fully mechanical-operated

reference case.
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7.2.2.1Exceeding frequencies

The temperature excess method cumulates the hatlwrsoom temperatures above a
given setpoint and compares them with the limituadues, for example 5% of all
office hours. In designing system options, therttedrcomfort analysis may indicate
that a system performs very well, except for a tmahge of time, perhaps
coinciding with an annual extreme weather evergnfall percentage of hours out of
the acceptability range may be permissible, butighbe discussed. Recommended
criteria for acceptable deviations in comfort, istrgated by whole year computer
simulations, are given in the EN 15251 standard.[Atcording to annex G, the
indoor environment of the building meets the cid@f a specific category when the
rooms representing 95% of the occupied space damnoie than 3% (or 5%) outside

the limits of the specified category (see § 6.3.2.2

Figure 7.13 considers the annual exceedance onlgdcupied hours. The average
distribution in the different categories is weightey the floor area of the different
office spaces in the building. The minimum and nraxn values represent the
single office zone (space zoning see Figure 6.2 whe fewest and the most

exceedance, respectively.
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Figure 7.13: Comfort analysis for the passive cooling appradadiifferent climates according to
EN 15251 [41] comfort categories during occupancy.

For the passive cooling base-case scenario sindugta Istanbul climatic data, the
frequency of exceedance in all office zones staevb the 5% benchmark with an
average of 3,5% (referred to 3 084 occupancy hparsyear). The zone operative
temperature exceeds the EN 15251 adaptive comdwegory Il for 97 hours, and
that of category Il for 10 hours. With a value Wweéen 3% and 5%, further design
adaptations or a hybrid cooling concept are reddenbut not mandatory. Turin
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climate with low winds is the most critical. One tbke four zones even exceeds the
5% benchmark by 1,1%. Therefore, further passivsigde adaptations (e.g., a
smaller glazing ratio or more accessible thermashar a hybrid cooling concept is
recommended here. Stuttgart climate is less criboa the average frequency of
exceedance stays well below 3%. Only the southnest very slightly exceeds with
a value of 3,1%. The base-case passive coolingappmworks well in the climate of

Stuttgart, and no further design adaptations oridydmoling are necessary.

Relative humidity

To extend the picture on comfort beyond the adeptemfort criteria of the
EN 15251 standard, the internal relative humidi#yailso plotted as ‘exceeding
frequency’. As regards the relative humidity, théanslard only provides
recommended design criteria for the humidity inugsed spaces if humidification or
dehumidification systems are installed. These \walaee taken into consideration
here. Figure 7.14 shows the simulation output fasspve and mixed-mode
operations. Since the relative humidity does noange significantly for the

differently orientated zones, there is no distmctmade.
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Figure 7.14: Comfort analysis for the passive and hybrid caplpproch in different climates
according to the internal relative humidity levelrithg occupancy.

In Istanbul and Turin, the passive cooling basecssenario suffers from high
humidity values mostly in the range between 600% 7Humidity values above 80%
are only reached for 3 hours in Istanbul. In catirthe humidity levels reached in
Stuttgart are very low. That the humidity valueseine comfort expectations must
be discussed and ultimately accepted by all theegrstakeholders; else, a hybrid
approach might be a good alternative.
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Sensitivity analysis

Sensitivity analysis is fundamental for the modeVe&lopment and is used in this
thesis to ensure a correct use of the models, agettinsights about the subject of
interest. It is also a technique for systematicelgnging parameters in the model to
determine how the input variation affects the ottgbereby indicating how the
model behaves in response to changes in its infpussuseful in supporting decision
making in terms of general design alternatives aptimization of the control
strategy, and also increases the understandingh®fsiystem. In this section,
deviations from the passive cooling base-case siceaee analysed. Subsequently,
the base-cases for controlled natural ventilatrenaodified to show the influence of
individual parameters (shading, internal heat gaimsrmal mass, climate data, etc.)

on the system functionality.

The influence of natural ventilation system sidewvf path dimensions) was already

discussed in § 6.3.2, and is not repeated here.

To have a higher contribution of thermal mass foody thermal comfort, the
designer must take a closer look at the diurnahci#yp of the mass as a heat sink,
and also on the achievable heat exchange. Difféesets of thermal mass (diurnal
capacity) were defined for parametric modellinghe conceptual case-study design

adaptations in Section § 6.1.3.

Figure 7.16 graphs the annual comfort simulationpots for this parametric

analysis, again in accordance to the benchmarka #d 15251 [41]. Accessible

thermal mass is crucial for all the simulated sdesa Considering the convective
heat transfer according to EN 13791, a mass expumattete floor in comparison to
a mass activated ceiling results in slightly betesults. A heavyweight construction
for all the climates results in good thermal corhtelow the 3% excess frequency
benchmark.
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Figure 7.15: Thermalmass distribution scenarios sensitivatyalysis w.r.t. the annual area weighted
average adaptive comfort distribution during oceugya

The heat exchange rate of the mass with the swthegnair is defined with

Convective Heat Transfer Coefficient (CHTC) depegdon the orientation of the

mass, the local flow speed, the surface roughessthe temperature differences. In

the base-case scenarios, the convective heat draissidynamically simulated in
accordance to EN 13791 (see § 3.3.1.5). The effedifferent, unchanging CHTCs,
equally distributed to all internal surfaces, oerthal comfort reached is shown in
Figure 7.16. The CHTCs from EN 13791 give resuldseto a fixed value of above
CHTC =2 W/m2-K. If the CHTC could be enhanced kesidn measures, e.g., by
better distribution of cool air flowing along thialss, the comfort can be enhanced.
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Figure 7.16: Thermal mass convective heat transfer sensitasiglysis w.r.t. the annual area
weighted average adaptive comfort distribution migioccupancy.
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Preventive techniques are crucial for passive ngoéind aim to provide protection
and/or prevention of external and internal heahgarl his parametric analysis shows
the effect of such techniques, and therefore inedgcahe permissible heat gains.

Table 7.2 gives the simulated solar gain scenarios.

Table 7.2: Parametric solar gain reduction scenarios fothbemal comfort evaluation.

scenario index n external shading on facade fagladimg ratio
1 no shading devices ~91,8%
2 actual shading devices ~91,8%
3 adaptive venetian blinds ~91,8%
4 adaptive venetian blinds ~ 45,9%

Figure 7.17 shows the outputs of the thermal cohdealuation. It indicates that
enhancing the actual external solar shading dewandgor reducing the glazing ratio
has great impact on the thermal comfort criteriawiver, the designer needs to be
aware of the reduced daylight entering the offioees and the visual aspects. The
actual shading devices together with the highlggthfacade system are not a good

choice for passive cooling.
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Figure 7.17:Protection of external heat gaissnsitivityanalysis w.r.t. the annual area weighted
average adaptive comfort distribution during oceugya

To assess the influence of internal equipment lobmls in the office space are
reduced and increased from 5 W to 30 W per netr fioea. Equipment loads are
defined excluding lighting loads and from 7 am-7 f@uaring occupancy). At night,

25% of the daytime values are scheduled in thelatiouns. The equipment loads in
the core area are not part of the analysis andciagtant with base-case value of
12 W/m? during occupancy, and 3 W/m? whenever thédding is unoccupied.

Figure 7.18 shows that the functionality of thegnas cooling approach developed is
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very sensitive to heat gains, especially in themerclimate of Istanbul and Turin,
where internal equipment loads above 12 W/m? ategemmmended. If equipment
loads above are unavoidable, other passive copiamgmeters (e.g., thermal mass,
sun protection, and air change rates) should bensédered for enhancement; else

hybrid cooling is the best choice.
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Figure 7.18: Prevention of equipment heat gasensitivityanalysis w.r.t. the annual area weighted
average adaptive comfort distribution during ocawgya

7.2.2.2Heat maps

One effective graphical option utilised to demaoaigtiithermal comfort results, uses a
heat map of interior conditions, and is shown igufeé 7.19 through Figure 7.22.
This illustrates thermal comfort performance foemvhour of every day of the year
with a thermal comfort colour code to represenasnghen conditions are within the
thermal comfort criteria, and when they are maiiynar greatly outside these
bounds. The colour code reports the operative tesiyre comfort category defined
according to the adaptive comfort boundaries fdunmadly ventilated buildings from
the European Standard EN 15251 [41]. Hours when ataptive temperature
approach is not applicable or whenever the officmes are assumed to be
unoccupied are not considered (white coloured areas

For Istanbul, all office thermal zones are chosemrdéview to also show the effect of

different zone orientations (for space zoning, Sigeare 6.20).
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Figure 7.19:Heat maps of comfort hours for the passive codbiage-case scenario when adaptive
comfort criteria from EN 15251 is applicable inasbul.

In the morning hours for all the orientations, tgerative temperature very seldom
falls below comfort category Il. The controls dot nend to overcool the building.
Nevertheless, a predictive control including theathier forecast, besides preventing
overcooling, could also optimise the effect of rtighntilation, especially in rapidly

changing seasons or climates (see also weeklyigsafi § 7.1.2.2).

The overheating hours in Istanbul are widely sprsadughout most of the cooling
period and for all orientations that take placéhim afternoon. Comfort category lll is
far less exceeded than category Il (see also TaBle It is also observable that the
different zones similarly often exceed comfort gatg Il. This is because the heat
gains (with setpoint controlled external blinds alh orientations) and also the
thermal mass are relatively equally distributed agall the zones. Therefore, the
simple flow path dimensioning only in linear dependy to the zone net floor area
(and the volume) does work well here. If the zodifer significantly, a different

passive approach or system sizing has to be caedidier each zone.
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Figure 7.20 and Figure 7.21 show the comfort diatron for the reference southeast
zone located in Turin and Stuttgart. Except thevflsath dimensions, all the basic

parameters (base-case scenarios) are equal toithissanbul.
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Figure 7.20:Heat map of comfort hours for the passive codiiage-case scenario when adaptive
comfort criteria from EN 15251 is applicable in irur
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For both passive cases in Turin and in Stuttgadraooling in the morning hours is
not a problem. In Turin, the period in which heaerheating occurs is compact
and intense (end of July till mid-August). In cast, the overheating periods in
Stuttgart are much shorter but more widely distaldu This is because of the rapidly

changing external temperatures in this climate.
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Figure 7.21:Heat map of comfort hours for the passive codtiage-case scenario when adaptive
comfort criteria from EN 15251 is applicable in §gart.

category Il

Table 7.3 summarises the hourly heat map valuethopassive cooling base-case

scenarios in all the three climates on annual basis

Table 7.3:Passive cooling base-case comfort hours belowabode category Il when the adaptive
temperature approach is applicable [41] for 4 effzone orientations and in 3 climates.

Istanbul Turin Stuttgart
E SE SW N E SE SW N E SE SW N
E category IV 52 60 192 8,7 |27,0 35288 29,3 16,2 19,7 27,5 16,3
g category Il 65,7 74,2 99,0 102,5|66,8 73,8 83,0 69,8 31,7 36,3 39,8 32,0
32 category lll 05 02 03 03|25 27 37 10[03 05 08 02
S category IV 00 00 00 00 00 00 00 0O 00 000 00

Finally in Figure 7.22, the simulation output isglayed for the naturally ventilated
scenario in Istanbul, but without the enhancedrdudat gain reduction (with actual

shading devices) and without the thermal mass aaiv at the ceiling (sealed
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concrete). As a design scenario not suitable fogplementation, the heat map
indicates excessive overheating in the afternopneasl over the whole cooling

season.
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Figure 7.22:Heat map of comfort hours for an inappropriatespascooling scenario with the actual
as-built shading devices and without thermal massation at the ceiling when adaptive comfort
criteria from EN 15251 is applicable in Istanbul.

7.2.2.3Psychrometrics

Historically, thermal comfort in buildings has bemntrolled by simple internal dry-
bulb temperature settings. For more sophisticatgddnergy building systems that
make use of alternative systems such as naturdilat@n, a more complete
understanding of human comfort is recommended &@ih llesign and control, to

determine whether local humidity effects requiresal consideration.

Even in this study, design evaluation is mostlyeoda®n the adaptive comfort
standard EN 15251 [41]. There are other importartables not included in the
standard. Besides the operative temperature (catibimn of the air and radiant
temperatures), included are the humidity level,ainevelocity, the activity level, and
the clothing thermal resistance. Psychrometric tshahow temperature versus
humidity, and can be used to express human theronadort.

This evaluation provides a comparative visualisatiof the different building

operation strategies including the design adaptatiand the climates simulated.
Comfort boundaries are not shown here, but areribescin § 3.2.2.3 or in the
ASHRAE Standard 55 [63] (based on PMV instead efatlaptive approach).

Figure 7.23 shows the hourly simulation outputshef office space psychrometrics
(dry-bulb temperature versus humidity) during oa@ngy for Istanbul. The display
format is intended to contrast the functionalitytioé different approaches with the
controls incorporated. The as-built scenario Figu&8 (a) was simulated with full
mechanical cooling and ventilation and with fixag-8ulb temperature setpoints of
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22/24 °C. The hybrid strategy (Figure 7.23 (b)) viret simulated with an operative
cooling setpoint of 26 °C. If hybrid cooling is otle air change rate is reduced to
only account for fresh air supply. In the secontirid/scenario (Figure 7.23 (d)), the
final hybrid cooling control including the passiveimidity control is introduced
(base-case controls of the hybrid approach). Nawanatilation during occupancy is
now also reduced to a level only sufficient forsfieair supply (IAQ) if the internal
relative humidity exceeds a level of 60%, and eobdragain if the humidity level is
below 55%. Finally the result for the free runninggssive cooling approach
(Figure 7.23 (c)) is shown where the internal cbads are only controlled by the
amount of natural ventilation. In the charts, ot internal conditions of the

southeast zone are shown.

go/kg 100% go/kg 100%
30 90% 30 90%
100kl/kg 100kJ/kg -
4 80% A 80%
25 90kiike_ 23 90klike_, e
P S 70% g S 70%
& |50 2 70k /kg 60%
60) 50% 60 50%
15 e 15 =
40% w 40%
int: B 5. .
10 1 430% 10 4 ’.rllﬁg,,‘? - 1 30%
—120% T | ——20%
: : . L s e |
10% N _—110%
air temperature __Joper ative temperature }
0 setpoints 0 | setpoint: mech. cooling on
20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 °C 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 °C
(a) as-built (b) hybrid approach without humidigntrol
kg 100% glkg 100%
30 90% 30 90%
100k)/kg -
4 80% 80%
25 Yokirke_» 25
g 70% 70%
80kJ/ke ;_
- 60% 20 60%
50% 60 ) 50%
2 15
40% 40%
430% 10 14— - 309
—120% . T —120%
10% — % g u L 0%
‘ operative temperature - —____|
0 I 'setpoint: nj}a(':h. cooling on

T T T T 1 T T —r=1 T T T T N 0 . . : . | | .
20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 °C 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 36
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Figure 7.23: Simulation results of the office space psychrormgtluring occupancy and in the
cooling period for Istanbul climate.

As expected, the air temperature versus humidgpetsion is the smallest for full
mechanical air-conditioning (Figure 7.23 (a)). Hgbr operation

(Figure 7.23 (b) and (d)) gives the opportunityéduce the peak temperature while
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exploiting the advantages of natural ventilatioremsver feasible. The introduction
of passive humidity control (Figure 7.23 (d)) slighenhances the air temperature
during passive cooling operation, and drasticadiguces the peak humidity levels,
but is not suitable to control humidity to a speecifevel at any situation. Free
running passive cooling operation (Figure 7.23 @y by far the widest spread
scatter values, and a psychrometric chart aloneatdully indicate the functionality
of the approach. But it is worth mentioning that tielative humidity in Istanbul is
quite often between 60% and 70% at air temperatgtseen 25 °C and 30 °C. The
statistical relative humidity dispersion of thefdient scenarios was also analysed in
Figure 7.14.

Figure 7.24 and Figure 7.25 indicate the functivypadf the hybrid and passive

cooling approach as simulated in the climate oimand Stuttgart.
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Figure 7.24: Simulation results of the office space psychromgtluring occupancy and in the
cooling period for Turin climate.
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Figure 7.25: Simulation results of the office space psychromgtluring occupancy and in the
cooling period for Stuttgart climate.
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While passive cooling in Turin (Figure 7.24 (a))tire hot periods (>25 °C internal
air temperature) creates high internal humiditptighout (>50% relative humidity),
in Stuttgart the hot period is much shorter (lesater points) in combination with

lower humidity (mostly <50%).

7.2.3 Energy consumption

The model of the Kanyon office tower (according 8al) is utilised as fully
mechanical operated reference case with activeingp@ind ventilation (fans). To
determine the associated annual energy conservdtoncontrolled natural
ventilation in moderate European climate, the passaind the hybrid cooling
concepts are compared to this as-built benchmankaso.

Energy efficiency is achieved by means of passoadiicg, natural ventilation and by
optimal control during winter operation. The follmg results refer to the parameter
changes from the as-built scenario towards theithyéand the passive base-cases
defined in Table 6.3.

In addition to the simulation of the site energynd@d in § 7.2.3.1, the total Primary

Energy Input (PEI) and Global Warming Potential (B/Walues representing the

annual building operation are calculated in 8§ 72&hd § 7.2.3.3. Again, the actual

as-built Kanyon tower operation is compared toedldht adapted design scenarios in
different climates. The environmental impacts amkwated using the values from

the Global Emissions Model for Integrated Syste®ENIIS) [138] database, hosted

by the International Institute for Sustainabilitp@lysis and Strategy (IINAS).

7.2.3.1Site energy input

The site energy is the amount of natural gas aectradity consumed by the building
as reflected in the utility bills. Figure 7.26 sheowhe simulated site energy
consumption of the actual Kanyon building base-caséel for a typical year. The

metered energy consumption was given in § 6.3.1.4.
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Figure 7.26: Simulated energy consumption of the as-built Kamlgoilding base-case.

Subsequently, in addition to the as-built caseyfEg .27 (a)), a case without manual
setpoint adaptation (see 8§ 4.2.4) and less frestupply (14 I/s-p instead of 2 ACH)
Is simulated (Figure 7.27 (b)). This is done to dastrate the insufficiency of actual
controls and the related energy saving potentidl. efectrical equipment loads
including the data centres and their air-conditigniare assumed to be stable
throughout all the simulated scenarios. The elg@tgrconsumption for lighting, in all
climates, slightly rises because of the redesignsbading elements
(Figure 7.27 (c) (d)). Figure 7.27 plots the sinbedbannual electricity consumption
of the twelve cases analysed.
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Figure 7.27: Simulated electricity consumption of the mechalhjcand passively cooled base-case
scenarios.

Comparing the results of the hybrid (Figure 7.27 @nd the passively cooled
(Figure 7.27 (d)) cases with those of the mechédgicaperated case
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(Figure 7.27 (a)-(b)), energy conservation is fouttd be significant. In the
considered and applicable cases with enhancednektshading devices and mass
activated ceilings, the electricity savings, depegadn the climate, are in the range
between 51 to 72 kWh/m?2 per year for hybrid opergtiand 56 to 91 kWh/mper

year for passive operation.

Included in the savings is a malfunction, which waicated for the actual building
controls. HVAC systems are fighting each other byting between heating and
cooling, which especially increases the naturalgasumption. With fixed heating
and cooling setpoints, an increased dead band@2126 °C instead of 22 £3 °C /
24 +3 °C) along with reduced fresh air supply (E4dnd person instead of 2 ACH),

the electricity consumption can be reduced by 1A1t&\Wh/m?2 per year.
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Figure 7.28: Simulated natural-gas consumption of the mech#yiaad passively cooled base-case
scenarios.

The results of natural gas consumption mostly isw@iche malfunction of the actual
controls, and the climate the building is situated66 to 75 kWh/m? net floor area).
Nevertheless, small energy savings could be acthide reduction of fresh air

supply during occupancy. Also, a small differendegas consumption between
hybrid and passive cooling is achieved due to dbffe system sizes (e.g., pumps,
boilers).

7.2.3.2Primary energy input

The amount of energy resources required to proidesnergy supply is defined as
the PEI. This value refers to raw energy supplpimed without any conversion or
transformation processes from a life-cycle perspectA primary energy source
refers to the energy forms required by the energpyos to generate the supply of

energy carriers used in building operation, suchklestrical energy. To calculate the
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PEI, the simulation outputs from 8§ 7.2.3 are pastpssed by multiplying the end
energy usage with the PEI conversation values gadhéor the three locations

considered (see Table 7.4).

Table 7.4:Primary energy input of electricity and naturas gakWh primary energy per kWh end
energy usage according to GEMIS database [138].

electricity generation (mix 2010) natural gas
in KWh/kWh in KWh/kWh
Turkey 2,15 1,18
Italy 2,24 1,12
Germany 2,71 1,11

The primary energy input for the whole buildinglgtanbul can be reduced by about
5900 MWh per year by a hybrid cooling, and 6 90&/Mper year by applying a
passive cooling approach (see Figure 7.29). Thia reduction of approximately

34% and 40%, respectively.
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Figure 7.29: Comparative whole building annyalimary energy input analysis.

Focusing on the simulated HVAC system loads in Fgr.30, which are directly
influenced not only by the free-running passiverapph developed but also by the

setpoint adjustments, the primary energy inpuédsiced by up to 97% in Istanbul.
as-built adapted HVAC hybrid approach sgige approac

< 8.000 ® heating (natural gas)
=

E 7.000 2 cooling (electricity)
‘= 6.000

é_ 5.000 m pumps (electricity)
5 4.000 fans (electricity)
(&)

& 3.000

Py

g 2.000

E

S 1.000

Istanbul
Turin
Stuttgar
Istanbul
Turin
Stuttgar
Istanbul
Turin
Stuttgar
Istanbul
Turin
Stuttgar

Figure 7.30: Comparative only HVAC system annual primary enargut analysis.
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7.2.3.3Global warming potential

GWP is a measurement that accounts for the relativeate effects of greenhouse
gases. Carbon dioxide (G the most important greenhouse gas, is used as a
reference parameter with a set GWP value of 1. T® equivalent (C@e)
describes how much a greenhouse gas contributee greenhouse effect. The value
depends on the gas heat absorption propertieshengdersistence of the gas in the
atmosphere. This equivalent amount of2Q®kg per kWh is calculated for different
energy sources, and is dependent on a life cydesament of each energy source
incorporated. Table 7.5 summarises the electrgéyeration mix for Turkey, Italy,

and Germany including renewable and conventionatgnsources [146].

Table 7.5: Electricity generation mix in 2010 according to @IS database [138].

supplier Turkey Italy Germany
coal 19,4% 16,3% 19,0%
brown coal 30,0% - 23,4%
heavy ol 1,5% 5,6% 1,3%
palm oil - - 0,2%
natural gas 22,6% 55,2% 13,5%
furnace gas - 1,4% 2,7%
biogas - - 1,9%
sewage gas - - 0,2%
landfill gas - - 0,2%
waste - 3,9% 1,5%
nuclear - - 22,7%
wood waste - - 2,2%
geothermic - 2,1% 0,0%
photovoltaic - 0,6% 1,9%
wind - 2,0% 5,9%
water 25,6% 12,8% 3,3%
biomass 0,8% - -

Table 7.6 gives an overview of the resulting lifele emissions of natural gas and

the electricity supply mix for these countries iR [138].

Table 7.6: Global warming potential (GWP) of electricity maxd natural gas in kg G® per kWh
end energy usage in 2010 according to GEMIS datald&8].

electricity generation natural gas
in kg/kWh in kg/kWh
Turkey 0,586 0,199
Italy 0,506 0,199
Germany 0,588 0,201

For the calculation of environmental benefits obhg and passive cooling, the
simulation outputs from 8§ 7.2.3 are post-procedsgdnultiplying the end energy
usage with the GWP conversation values in kg-(C@er kWh energy supply,
gathered for the three locations considered (sé¢eTa4). The C@equivalent for
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the whole building in Istanbul can be reduced bguall 400 tonnes by a hybrid
cooling approach, and 1 700 tonnes per year byyayph passive cooling approach
(see Figure 7.31), which is a reduction of apprataty 31% and 37%, respectively.
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Figure 7.31: Comparative whole building annual global warmirggmtial analysis

Focusing on the simulated HVAC system loads, whiehdirectly influenced by the
free running passive approach developed and bygdtpmint temperature adjustment,

the global warming potential is reduced by up t&odi Istanbul (see Figure 7.30).
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Figure 7.32: Comparative only HVAC system annual global warnjiogential analysis
7.3 Conclusions

Thermal comfort

Thermal comfort plays a major role in evaluating fanction of controlled naturally
ventilated, passively cooled offices. Comfort wasibally evaluated with the annual
excess frequency (in hours) of the comfort critedaring office occupation
according to EN 15251 [41]. As expected for the spas cooling approach
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developed, the upper comfort limit (category Il)usually exceeded in the hottest
months — July and August. Depending on the desighcéimatic case investigated,
the comfort limit is exceeded more or less. A dbgbow the comfort criteria will

very rarely take place throughout the year, sileedpening controls prevent it, and

the heating system is correspondingly controllethenheating season.

In the base-case for Istanbul, the comfort rangexceeded by an average of 3,5%.
With a value between 3% and 5%, further design tadiaps or hybrid cooling are
reasonable but not mandatory. Turin climate with Weinds is the most critical. The
southwest oriented office zone even exceeds theXx¥ss frequency benchmark by
1,1%. To satisfy high comfort expectations, furtpassive design adaptations (e.qg.,
smaller glazing areas, lower internal heat gainsnore accessible thermal mass) or
a hybrid cooling concept is necessary here. Stittdienate is less critical and the
average frequency of exceedance stays well belown®%y the southwest zone very
slightly exceeds with a value of 3,1%. It can badoded that the base-case passive
cooling approach works well in the climate of Sgatt and no further design
adaptations or hybrid cooling is necessary. Imistdvand Turin, the passive cooling
base-case scenario also suffers from humidity watnestly in the range 60 to 70%
at air temperatures between 25 °C and 30 °C. Haymdilues above 80% are only
reached for 3 hours in Istanbul. In contrast, tbheidity levels reached in Stuttgart
are low. That the humidity values meet the coméxpectations must be discussed
and ultimately accepted by all the project stakeééwd, else a hybrid operation
approach might be a good alternative.

The thermal comfort simulations can be summariscléows:

* With proper design, the use of controlled naturahtifation shows a good
functionality, and the comfort limits of the EN 1BP category Il are rarely
exceeded.

* Night ventilation, especially in combination withhaavy building construction,
along with a medium heavy construction compliesnificantly with the
adaptive temperature limits.

* The reduction of internal (equipment) and extetredt sources (solar radiation)
is of crucial importance. This can be achieveduglothe use of external sun
protection and adaptive light dimming. For the sasemputed, equipment loads
(without lighting) should not be higher than 10\/48m2.

233



» Care must be taken to establish adequate ventilaites. They are highly
dependent on the natural ventilation design. Inraem the natural ventilation
air change rates increase more in Istanbul (morathéyrage of 11 ACH) than in
Turin (monthly average of 7 ACH) and Stuttgart (riy average of 5 ACH).
In Turin climate, the biggest sized natural vetitka system provides only a
limited air change rate due to relative low windoegies. In contrast, the
ventilation rates in Stuttgart are smaller mostgcduse of the lower passive
cooling demands. Hybrid operation differs from pas®peration only in the hot
season, most distinctive in Istanbul. In Istanlibk natural ventilation share
mostly results by night ventilation. In Stuttgahe hybrid operation mechanical
share is very limited due to few hot days in summer

» Different climatic conditions for the cases consaiEhave a great influence, but
may be compensated by passive design adaptations.

» The orientation of a room affects its functionalifyroper external shading

devices must be applied.

Energy conservation

Apart from thermal comfort, energy conservationyplgdhe next major role in
evaluating the function of controlled naturally tieated offices. Energy
conservation of purely passively cooled and vetstilaoffice spaces is significant.
Due to passive cooling and ventilation with corledlnatural ventilation, there is no
energy consumption for cooling and ventilation.tthe considered applicable cases
with enhanced shading devices and with mass aetivegilings, depending on the
climate, the electricity savings are in a rangevieen 51 to 72 kWh/m?2 per year for
hybrid operation and 56 to 91 kWH/per year for passive operation. The hybrid
strategies were found to be capable of exploitihegltiggest share of passive cooling
energy conservation by providing a maximum opeeatiamperature limit of 26 °C.

Included in the savings above is a malfunction,clwhias indicated for the actual
building controls. HVAC systems are fighting eacthes by shuttling between
heating and cooling, which especially increasesonbt the natural gas consumption
but also the electricity consumption. With fixecdaheg and cooling setpoints and an
increased dead band (21 °C / 26 °C instead of 2Z+3 24 +3 °C) along with
reduced fresh air supply (14 I/s and person insté&IACH during occupation), the
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electricity consumption can be reduced by 11 t&\&h/m?-a, and the natural-gas
consumption by 66 to 75 kWh/mz-a.

Without this malfunctioning, low heating loads rikg8 to 22 W/mz2-a) due to high-
quality building facade system with low U-valuesigh solar transmittance,

relatively high internal heat gains, and good huagcdair tightness.
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8. CONCLUSIONS

8.1 Introduction

The core premise of the thesis is that it is pdsgdpodesign and construct sustainable
buildings through the appropriate application ofgee technologies. The existing
barriers for practically implementing passive tedgies in high-rise buildings can
be lowered by creating a quantifiable frameworkt thecounts for all the relevant
input parameters in the design process. Towards éhd, the thesis sets out to
explore the concept of natural ventilation in higge office buildings, focusing on
passive cooling in summer. A methodology has bemreldped for planning the
natural ventilation scheme with different analysisls and case-study integration. A

sequential progression of the thesis work is réakgted in this section.

Before natural ventilation can be widely adoptec gessive cooling and ventilation
strategy, the underlying phenomena governing thes fbatterns and temperature
distribution had be understood, and design conaegesled to be developed for the
building type concerned. Accordingly, a literatuiservey was conducted. It was
concluded that the preliminary evaluation tools amstruments for effective vent
sizing were available only for a few building anentilation designs, and were not
suitable for complex flow path design. There wadefnitive need for investigating
the ventilation strategy and the size of elememislved in the flow path design. It
was found that the passive cooling approach canmet only on intense natural
ventilation but also on the reduction of heat gaamsl on night cold storage systems.
The EN 15251 standard was found to best cover ¢efart criteria for naturally

ventilated buildings, and is especially suitablevithole year computer simulations.

The method was developed in three steps, including

() the conceptual design considerations with foaaghe architectural consequences
on the building type of concern,

(ii) the original development of a preliminary dgsitool based on electrical circuit

analogies for sizing the natural ventilation systand
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(i) a more detailed design development based omual building energy

performance simulations including custom ventilatoontrol.

The applicability of the methodological approactswi@monstrated and evaluated by
virtually adapting the existing state-of-the artnigan office-tower that has high

comfort expectations and high energy consuming en@chl systems.

e Through virtual monitoring, modelling, and simutatj the methodology was
able to predict the temperature distribution amflaav patterns in the prototype
of a naturally ventilated office-tower building.

* The results indicate that properly designed androtbed natural ventilation
shows a good functionality, and the adaptive cotnifarits of the EN 15251
category Il are rarely exceeded.

» Comparisons were made between the resulting pesforen of passive, hybrid,
and active operation.

» Significant reduction in the energy consumption d¢an noticed due to the
proposed approach. The impact of different climatmditions was brought
forward through comparative performance assesswofeatcase-study building
in three different climate locations, thus suppatithe ambitious goals the

European Union has set in the Energy Performan8eiiddings Directive.

8.2 Summary and Conclusions from the Design Approach

Step 1 of the Design Approach

In the first step of the design methodology, a gaineoncept was developed for
passive cooling of the office tower building tygehe research question concerning
the effective passive cooling design approach mdud on the architectural
consequences of passive cooling with intense nawarailation. The findings are
based on the investigations made for the specifidding type considered,
supplemented with findings from the investigation the Kanyon case-study

building in Chapter 4, and climate assessment iap@ir 5.

During the conceptualdesign process for wide-shaped office towers, sdver
difficulties emerged. Design solutions addressimgsé challenges are summarised
and discussed in Table 7.1 below. Bearing in mihtha mentioned considerations,

the virtually adapted Kanyon building was desigaedordingly.
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Table 7.1:Design difficulties identified for passive cooliagd the conceptual design adaptations
proposed.

design challenges

conceptual design solutions

natural ventilation system

building width
For effective ventilation, the room depth in ¢
of singlesided ventilation should not be hig|
than 2,5times the room height and in case
cross ventilation 5 times the room height.

building height

With a single chimney to ventilate an off
tower, the size ofhie ventilation system wou
be either too big to be realised or the resist
of the flow path would be too high to reach
ventilation ratesdesired. Also the buoya
pressure drops across the envelope (e.
ground level), would be unacceptably M
especially in winter with high temperatu
differences.

wind pressure distribution

The wind pressure is not uniformly distribu
at the differently orientated facade orientati
Thus, if the inlet openings are distribut
directly in the &cade, wind pressure is posit
at the windward side only. At all the otl
orientations, the resulting wind pressure
negative and therefore counteracting
intended flow direction from the perime
towards the core.

central chimney ventilation
A void design is suitable for wideubding
shapes, as the occupied space is cvessitatec
from all orientations towards a central chimr
from where the warm air rises towards
exhaust.

segmentation
The building is horizontally cut into fewtorey
modular segments to restrict the sys
dimensions and peak pressure differences. A
with isolated segments, each segment can then
be treated as a medium-rise building.

g

opposed ventilative inlé (+) and outlet (-)

f€d guarantee the intended flowettion and t
maximise the wind pressure difference,
leeward chimney exhaust and windward suj
inlet is recommended. Intermediate ‘w
floors’ between the segments each have
wind adapting openings in windward
leeward orientation. The centr@himneys serv

the occupied space as fresh air supply (via sub-
slab distribution) and exhaust.

C

other passive systems

solar heat gains

A curtain wall envelope often is highly glaz
Measures to reduce the solar heat transnué
such as LowE glazing and shading devices
usually inefficient to reduce the ovel
transmitted solar gains to practical sup
passive cooling. Thus, the building tendg
overheat.

thermal mass
By assuming a sinusoide@mperature variatic
with a one day time period, suspended ceili
floors and walls end up in a lighteight
building construction. These arrangements
inefficient to provide a heat sink for nigtitre
ventilation.

improved external shading

Setpoint controlled exterior window blinc
which are slat-typéhorizontal shading devic
are capable ofeducing the amount of over
solar radiation entering the building in -
cooling season. Thus, there iefficient
protection from overheating.

structural mass activation
By exposing the structural massofcrete) o
the building, nightime ventilation can be us
to cool the thermal mass. With activa
concrete ceilings, the sum of all arrangem
represents a  mediumeight  building
construction.

malfunctions

actual control
In Kanyon building, heating and cooli
systems operate simultaneously by shut|
between heating and cooling, thus creating
energy demand. This is due to the ma
setpoint adaptation in the rooms and due to
solar heat gains on one side of theldiog in
combination with open doors and low intel
insolation. Also, the aiconditioning syster
ventilates fresh air at a rate above the minir

efficient operation
Due to passive cooling and ventilation w
controlled naturabentilation, there is no ener
consumption for cooling and ventilation. W
fixed setpoints along with adaptive comi
expectations and with reduced fresh air sug
the energy consumption can be reduced. 1
energy conservation is significant. Hibr
strategies aréound to be capable of exploitil
the biggest share of passive cooling en

requirement according to the initial design.

conservation.
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Step 2 of the Design Approach

In the second step of the passive cooling desigmoagh, the ‘HighVent’ planning
tool was introduced with the aim to determine tksign air change rate and system
sizes necessary for climate specific, pre-procegsadive cooling summer design
days. The tool is intended to replace trial-anaeevaluation of “what-if” options in

building design.

» Simple electrical circuit analogies, for both vé&tton and thermal models, are
found to be suitable in supporting the passiveesggtlanning with emphasis on
natural ventilation systems.

* The correctness of the results is proved by a coatipa validation against the
EnergyPlus building energy simulation program, whigs found to be in good
agreement.

* As it is concluded that the classic design day tmw$ for mechanical plant
sizing are too strict for passive cooling systersigle and do not reflect the
adaptive comfort approach, meaningful design bogndanditions have been
provided by the original development of Summer Waedan Days profiles.
The approach organises average temperature, hymrdidiation, and wind
information for extreme hot and typical summer pési

* Openings can be sized automatically by the inveodeer method including an
optimization process or by user-specificationsiné @nd position. The method
proposes correction factors for the terrain, amdfkbor height. Default pressure
coefficients and flow resistances can be edited. the Kanyon building,
pressure coefficients are from wind tunnel measergm

» The program first calculates the flow-path designd given airflow rate with
unchanging boundary conditions. These values frioenfirst module are then
provided to the thermal module, which calculates dignamic thermal comfort.
The procedure is then repeated till the system ®&zsufficient for passive
cooling.

 The building can be described by design optionshsas air tightness,
orientation, solar control, glazing ratio, thermass, site location, and internal
heat gains. Dynamic design day simulations inclgdime thermal model are
carried out for a single zone model. They allow ittact assessment of the

chosen ventilation strategy and size on the thebmlhviour of the building.
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* The tool outputs include advice if certain adaptivermal comfort criteria can
be reached for a summer design day: in case oéxtreme summer day it is

category Il and in case of the typical summer thegylevel is category Il.

Step 3 of the Design Approach

In the third step of the passive cooling approacvetbpment, the annual
performance of the adapted Kanyon building was ¢tantly modelled with
EnergyPlus building energy performance simulatiomduding airflow networks.
This includes the ‘HighVent’ tool preliminary velaiiion design outputs, further
‘post-processed’ as model inputs, the conceptuaptations made for improved
shading and thermal mass activation, and the rengpifeatures of the as-built
Kanyon building in accordance with the data prodidey the management as
discussed in Chapter 4. It allows the users tooperfsensitivity analysis for the
investigation of the impact of specific parametéree custom ventilation control
was programmed with the Energy Management SystemlSJE feature in
EnergyPlus. The control dynamically targets to eehi(i) good indoor air quality
according to EN 13779, and (ii) stay within adaptiomfort limits according to
EN 15251.

 The mean monthly air change rates reached are depeon the climate and
season, and on the chosen system size. Accordiaiglgxchange rates increase
with higher passive cooling demands in Istanbul dndin more than in
Stuttgart.

* The target air change rate represents the amouait tdie EMS control aims to
realise, whereas the reached air change rate snhéer amount of ventilation
appearing in the simulation.

e Annual thermal comfort is the most crucial indigafor evaluating passive
cooling concepts, and is therefore proposed f@l filecision making.

* During winter, the EN 15251 standard is mostly applicable and mechanical
heating is intended to raise the temperatures addixed temperature limit.

* The results of annual comfort distribution indicéitat for the passive cooling
base-case scenarios, the comfort benchmarks caredmhed for all zone
orientations in all climates with excess frequesdetween 5% and 2%.

» Considering the 5% exceedence benchmark from ES1,58enerally good

agreement is found for the entire design tool gizanggestions.
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e The natural ventilation system size gathered fréma HighVent’ tool was
reduced to the sizing limit in cases where thaahgize is considered to be too
huge for practical implementation.

» As the volume of a building is an expensive reseutice designer needs to do a
weighting between the expected adaptive comfort thedsize of the natural
ventilation system. The system can be resized bydwcting a sensitivity
analysis to study the relative impact of the desiparacteristics. If a hybrid
approach is applied, the mechanical system installand energy consumption
are also the required parameters to be taken ontsideration.

8.3 Summary and Conclusions from the Design Evaluation

The passive cooling design approach developedh®rkianyon office tower was
further evaluated in Chapter 7. The level of fumtitng was attested by the usage of
performance indicators to classify building enepgrformance simulation outputs
according to categories from European standardsher benchmarks as applicable.

e Control over the openings is found to be crucial & the cases; otherwise
ventilation rates can get too high, and the offi;ems tend to cool down way
too much even in summer conditions. As expectedtter controlled passive
cooling operation, the upper comfort limit (categdh) is usually exceeded in
the hottest months — July and August.

* A drop below the comfort criteria will very rarefgke place throughout the year,
since the opening controls prevent this from hapggrand the heating system
is correspondingly controlled in the heating season

* With comparative design week simulations, it is whothat the ‘adaptive
temperature amplifier’ control algorithm developaesl more robust than
simplistic controls in terms of adapting the regdirflow rates for passive
cooling without overcooling and frequent high atjosnts.

* For all the simulated controlled cases, high indaiwrquality is achieved in
accordance to EN 13779, with €@vels less than 400 ppm above the level of
outdoor air. This is due to mechanical and natwettilation system sizes
sufficient enough to provide the required outdoorflaw rates, defined with at

least 14 litres per second and person.
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The comfort criteria for passive cooling design hasn mainly benchmarked by
the excess frequency during office annual occupatiovhich adaptive comfort
category Il (normal level of expectation) could tEached according to the
EN 15251 standard.

It is concluded that in the climate of Stuttgam, farther design adaptations or
hybrid cooling is necessary. In Istanbul, with arerage excess frequency
between 3% and 5%, further design adaptations loridhgooling are reasonable
but not mandatory. However, to satisfy the coméxpectations in Turin, there
Is a necessity for further passive design adaptsitto a hybrid cooling concept.
Sensitivity analysis shows that if the glazing avethe equipment heat gains are
reduced to half or a heavyweight building constarcis realised, the average
excess frequency in Turin can be reduced to a \@lev 3%.

That the humidity values meet the comfort expeatetimust be discussed and
ultimately accepted by all the project stakeholdeise a hybrid operation
approach might be a good alternative.

Apart from thermal comfort, energy conservationypléghe next major role in
evaluating the function of controlled naturally ti&ated offices.

To systematically study the possible energy coragEmnw while maintaining thermal

comfort, identical buildings with different variant(passive/hybrid/active) were

compared by simulation for different climates (fdial/Turin/Stuttgart). The energy

consumption was benchmarked against the as-beitiasos.

The primary energy input for the Kanyon office-towmiilding is reduced by
approximately 30% to 40% for passive operation lan@8% to 34% for hybrid
operation. For passive cooling including controlletural ventilation, there is
no energy consumption for cooling and ventilati@amd pump operation is
limited to heating season. This verifies the ihitesssumption that energy
conservation of purely passively cooled and vestila office spaces is
significant, especially when compared to highlyrggeconsuming state-of-the-
art office towers.

The hybrid strategies are found to be capable pfoging the biggest share of
passive cooling and ventilation energy conservabigrproviding a maximum

operative temperature limit of 26 °C.
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The reduction in annual global warming potentiatcamts for approximately
1 200 tonnes Cg&equivalents in Stuttgart, 1 300 tonnes @Quivalents in Turin

and 1 700 tonnes G@quivalents in Istanbul.

8.4 Limitations and ldeas for Future Work

The following is a list of further research ideagddke forward the work done in this

thesis:

Tool capabilities and integration: The ‘HighVent' design tool could be
extended for different building types and ventdati strategies. As a
computerised searching tool for passive coolingitogation”, it focuses on the
architectural aspects of flow path design. The tmmlld be directly coupled to
the simulation engine of EnergyPlus, which woulddrads an extended
multivariate and multicriteria “optimisation” indaing a large amount of
modules. This along with a sophisticated graphiaaér interface would
contribute to overcome the spreadsheet based fiomta of automated
optimisation along with trial-and-error evaluatiom building energy
performance simulation.

Simulation: Further research is needed to fully validate the®ppsed
methodology in the thesis. Energy savings by natumatilation can mostly only
be evaluated when simulation tools are used, asidemwtical buildings with
different ventilation and climatisation strategiese rarely available for
monitoring. The savings on mechanical ventilatiogating, and cooling energy
can be determined by comparing natural ventilagtoategies (while maintaining
thermal comfort) with an identical office buildinfpr which mechanical
ventilation is used. Building energy performanaaidation is typically used to
compare design alternatives, rather than to préaécactual energy performance
of buildings. Limitations apply to almost every dable program of this kind
today, and hence it is necessary to understancc hasiciples of energy
simulation.

Weather data: Typical year weather data has been usually predes®m
measurements at the airports years ago, and isimioér adapted to account for
the local microclimate or climate change, e.g., lieat island effect, the local

terrain wind flow, or the rising temperatures daglobal warming.
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Manual control: Individual control should be maintained even i€d@n conflict
with guaranteeing a specific level of indoor thelrmamfort or air quality, as
users are more tolerant with respect to thermahatk if controlled by
themselves with rapid feedback. Automatic contsohécessary to reset manual
controls, especially in rooms occupied by sevemdpte. To integrate manual
ventilation controls into the model, and also fealrworld application, further
investigation is needed on the user behaviour Aadcontrol options together
with the mechanisms of different strategies algmpsued by automatic controls.
Individual controls should be outlined in a wayttlsaeasy to understand.
Comfort assessmentAccording to the Fanger's approach, six primagtdies
affecting thermal sensation are either environmestgersonal parameters: air
temperature, mean radiant temperature, air velobiynidity, metabolic rate,
and clothing. The EN 15251 standard mainly employethis thesis accounts
for personal adaptation in naturally ventilateddings by extending the thermal
comfort limits depending on external conditionst 8a not include the effect of
humidity and air velocity. On the other hand, thesmwidely used thermal
comfort standards (e.g., ISO 7730) account forat@ipants of air-conditioned
buildings including the effect of humidity, but kamarrow thermal limits. These
rigid limits do not account for the effects of egtsion, personal control, and
psychological adaptation. They discourage the @isatrally ventilated passive
buildings, where occupants have more relaxed eapens and can tolerate a
wider temperature swing. Considering buildings iarmv and humid climate,
adaptive comfort criteria inclusive of humidity andpplicable to plot
psychrometric charts in the context of building rgryeperformance simulation
needs further investigation. As the BEPS modelsutaie the volume flow
rather than the air velocities, simple rule of thuear velocity models based on
room geometry, air change rates, and orifice dino@sscould be applied to

complement the scenario.
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* Flow path resistance:The discharge coefficients for sharp edged openarg
taken from the literature. Especially for compléxaged sub-slab distribution
and chimney systems, the coefficients are basedrongh estimation. In reality,
these coefficients are dependent on the practioplementation, and further
investigation is mandated. The flow path resistarioe the proposed ventilation
strategy should be experimentally determined byeiragas concentration
measurements where accessible. Where configuratawas not accessible,
detailed CFD simulations or measurements with redwscaled models could be
employed.

* Acoustic separation: As a limitation, the possibilities for acousticpaeation
from the office areas towards the core area asgdively low since the internal
openings are big in size.

* Risk of draughts: With insufficient and poorly positioned openingatural
ventilation systems run the risk of causing drasghtwinter. To avoid this risk,
the incoming fresh air could be pre-heated in tige, €entral intake or sub-slab
air distribution system.

» Convective heat transfer:One parameter mainly affecting the performance of
natural night-time ventilation is the heat transtr the internal surfaces.
Algorithms based on air change rate or supplyeanpterature are developed for
mechanical systems only, and therefore cannot ed with natural ventilation.
The surface convective heat transfer for naturalgntilated buildings is
typically highly simplified. Simulations in this d¢isis have been carried out by
using heat transfer coefficients for cases withomethanical cooling according
to the EN ISO 13791 standard. Increased convectarbe expected due to high
airflow rates and the possibility of a cold air feiwing along a case specific
surface, but the magnitude and location of thefeeisfare hard to predict with a
well-mixed zone air assumption. Thus, they areinciuded in actual models.
When simulating a building with night ventilatiothis becomes increasingly
problematic because convective cooling is a mapmameter and therefore a

high priority research topic for the future.
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» Policy implication: Energy efficiency in the building sector is oneté key
objectives to meet the ambitious 2020 objectiveghef European policies to
address the challenges of energy security and winchange. Ventilative
cooling however is poorly rewarded in regulationsmost EU countries. To
push forward the development, it is essential W@ gjuidelines for integration of
ventilative cooling in design development and epgrgrformance calculation
methods and regulations (e.g., DIRECTIVE 2010/3)/ERblicy makers and
standard bodies should take steps together witimthlementation of the EPBD

recast to accelerate the uptake of this technology.

8.5 Conclusion

The results of this research work are intendedelp the building planner in better
understanding and implementing passive cooling areas It is envisioned that the
recommendations put forward in this thesis will witrute to the furthering of much

needed sustainable building practices.
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Nomenclature

C : coefficient dimensionless

p . pressure Pa

v : velocity m st

p - density kg e

Subscripts

p . pressure

w - wind

z : local height from start height

© : free stream region without any disturbance

A.1 Introduction

A wind tunnel is a tool used in aerodynamic redealtcis used to study the effects
of air moving past solid objects. Measurementsadten carried out to study the

pressure distribution at certain points of struesur

In building science, wind tunnel tests are a rééiahethod (e.g., [1]) for estimating
wind pressure coefficients of complex buildings.nd/pressure coefficients are non-
dimensional and therefore can be used in the dedigatural ventilation systems for

any wind speed.

The relationship between the dimensionless coefficiand the measured
dimensional numbers without simulating the atmosphboundary layer (wind

profile depending on the terrain roughness) singp[2]:

Cp=— (A1)



Tests were carried out for the Kanyon building miedewith a scale of 1:300 at 98
points of the building fagade structure. The pordsrespond to fourteen nodes on
each storey, one node for each facade orientatind, on seven different storey
levels. Besides the Kanyon building, adjacent kgd were also modelled to
include their possible local shielding effect. Timeasurements were repeated for

eight wind directions.

The aim of the experiment is to pre-proc€sdata as an input for the developed
‘HighVent’ design tool and for dynamic AFN simulais with EnergyPlus. As

stated before, the atmospheric boundary layeratafig the terrain roughness is not
simulated in the wind tunnel tests, but is addethan subsequent analysis tools. In
those tools, the local pressure is dependent owitinet speed at local height and may

be estimated by:

Pw = 0,5- Pair * vzz (A-Z)
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A.2 Lab Setup

The wind tunnel studies were realised in the PlaysiEnvironment Control
Laboratory of the architectural faculty at the mdtal Technical University under
supervision of Prof. Vildan Ok. The laboratory isrther supported by the

mechanical engineering faculty.

A.2.1 Wind tunnel unit

The wind tunnel is an open (without return duct)b sonic (low speed), suction
tunnel with a closed test section. This so calldEjffel type has a total length of
12,55 m.

Figure A.1: Wind tunnel  Figure A.2: View from the wind Figure A.3: Wind tunnel air
air inlet. tunnel inside outlet and fan.
(from narrowing square down).

The incoming air is introduced in the tunnel byasgke bell shaped opening with
dimensions of 2,50 - 2,50 - 0,30 m, followed by lewf shaping module with
dimensions of 2,00 - 2,00 - 0,92 m. An adaptor W80 m in length connects this
inlet part to the observation module by a narronsogiare from 2,00 - 2,00 m to
1,05 - 1,05 m in section.

The test section has dimensions of 1,00 - 1,000 18, The side parts are made of

acrylic glass and the horizontal surfaces of fibagd.

The diffuser part behind the test section is 5,9 rtength, passing the air stream
from the observation room in square section torautar section with 1,64 m in
diameter. At the very end of the tunnel, a fantiached with a blade radius of

0,52 m. The axial fan’s maximum power is 4 kW wathotor speed of 2 905 rpm.
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The placement of the wind tunnel in the laboratsrghown in plan and in section in

Figure A.4 and Figure A.5.
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Figure A.5: 1.T.U. Arch. Fac. Phy. Env. Cont. Lab. wind tunnelit layout in section.
A.2.2 Measuring Instruments

The different instruments used for the measuremargsdescribed in detail below.

Figure A.6 gives an overview of the measuremerntt uni

Total or stagnation

pressure Static pressure
Kanyon
tower
Pitotrtube v Fan
. R — ep—— . L P
Wind-direction - Wind-direction A
| . .
| . .
| . .
| . .
| . .
1
Dﬂ@ \

Windspeed
control unit

15 pressure
measurment tubes

ScaniValve

Valves contol unit

Diaphragm

<
€

Analog / digital
converter Demodulator

Figure A.6: Schematic measuring station layout (not true &edc
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Pitot-tube

A Pitot-tube is a pressure measuremi@strument used
measure fluid pressure and flow velocity. The bdaitot-
tube simply consists of a tube poirgidirectly into the flui

flow. As this tube contains air, a pressure cameasured :

the moving air is brought to rest. This pressurethe
stagnation pressure of the air, also known tlas tota Figure A.7: Pitot-Tube.

pressure.

The measured stagnation pressure cannot of itealisbd to determine the dynamic
pressure. But since Bernoulli's equation statesstiigastagnation pressure is the sum
of static pressure and the dynamic pressure, timardic pressure can simply be

derived by the difference between the stagnatiesqure and the static pressure.
Diaphragm

The diaphragm pressure gauge uses the elastic ntfon of a diaphragm

(membrane) to measure the difference between amownk pressure and a reference

pressure.
Diaphragm ¢ Pext
\ W PExt-Pref
Wbt
Diaphragm
T Pref
Figure A.8: Diaphragm. Figure A.9: Typical diaphragm pressure gauge.

A typical diaphragm pressure gauge contains a ¢aygBuided by a diaphragm, as
shown in Figure A.9. One side of the diaphragm peroto the external targeted
pressure and the other side is connected to a knef@rence pressure. The pressure

difference mechanically deflects the diaphragm.
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Demodulator

Demodulation is the act of extracting the orig
information-bearing signal from a modulatedrrier |
wave. The demodulator is an electronic circisiéd t

recover the information content from the modul

carrier wave.

Wind speed control unit

The wind speed control system is designed to ct
the wind speed in the wind tunnel. In this projexdk,
tests are carried out keeping constant wind tt
speed. As recommended from the stadiisc
concerning the Reynolds Numbges good value fc
the measurements is 40% of the fan power, w

corresponds to 6,6 m/s.
Figure A.11: Fan Control-Unit.

Valve control unit

This rather old control unit opensetii6 valves in tr
ScaniValv one by one in an interval of 5 or
seconds. 10 seconds was used in the experim
order to provide enough time to average the pre

datafor 5 seconds and also to manually control

software in synchronic. Figure A.12: Valves control unit.

Analogue / digital converter

This converts the analogue electronic signal from

demodulator output to a digital signal for the carey

input. oo e [

Figure A.13: Valves control unit.
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ScaniValve

This tube pressure input control unit opens oneot
the 16 input tubes coming from withithe winc
tunnel. This makes it possible to measure the pres §

in a row one by one. The opened tube pressure t }}

Is sent to the diaphragr@®ne of the 16 pressure inp
is the total pressure measured by the Pitot-tulejsa
used for thecalibration of the diaphragm. The val

are controlled by the valve control unit. Figure A.14: ScaniValve.

Computer

The PC acts as a digital interface for data cabecand for data post processing, e.g.
in ‘Matlab’ or ‘MS Excel'. Consequently, the computis the last unit in the

breadboard construction used for data processidgnaaging.

A.3 Kanyon Model

The model was built in a scale of 1:300. For thedefiilng of the site including the
tower, original ‘AutoCAD’ drawings were used. Theighbouring buildings were
approximately modelled according to informationnfroGoogle Maps’ and from

photos.

Figure A.16: Constructing the Kanyon site model on a turntaibdge.
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During the measurement the model was turned ins#&3s according to the wind
directions north, northeast, east, southeast, seatlthwest, west and northwest.

N=0°

NW =315° NE = 45°

W =270°

SW =225° SE = 135°

S =180°

Figure A.17: Kanyon floor plan and facade orientations pertajrib the measured wind directions.
A.4 Results

The resulting wind pressure coefficient data gatieirom the measurements is
shown in the figures below. The coloured valuescete the wind direction, as
positive values are measured at the windward sidenagative values at the leeward
side and the side faces. The values of the hidglmst measured (at 117 m) are not
coloured as they are of unpredictable nature, rposbably due to the heliport

modelled on the roof and local turbulences.

2 & N
inm N3 N2 N1 wind direction "@c‘?’@(@“ s
b h= o ?fm Ny
3 north =0 o (\}
117 091[-0,17|-0,44| N ), » 9
50y ) s Y ,Q»b quk
105 007 20, 7 se3 se2 sE1 R
89 0,13 0 d
3 [ .0,04|-0,65( -0,08| <
69 0,06 >
o
44 0,16 .
o
36 0,18 y
29 0,30

Figure A.18: Pressure coefficients measured at 0° (north) direttion.
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69
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29

117 east =90

. . . 2 o Qf\
inm N-3 N2 N1 o wind direction s e -
< G205

105
89

69
44

36
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A
N-3 N-2 N-1 wind direction %‘6@@&'\0‘\

inm S;,, _
117 southeast = 135

105
89

69
44

36

29

Figure A.21: Pressure coefficients measured at 135° (southeasd)direction.
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7 3 N
- N-3 N-2 N-1 wind direction %c‘%@i@‘\ s
& south = 180 '

legenc

wind direction
southwest = 225

inm
117

105
89

69
44

36
29

Figure A.23: Pressure coefficients measured at 225° (southwésd) direction.

legenc
z X . . ‘&66. o A7
inm N3 N2 N1 o wind direction ’i‘f*q&%x@ ) A
L”g west = 270 N g NS
117 | 0,17(-0,01| 0,47 $ o s
105 |-0,37|-0,28|-0,04 oS X A
g N SE-3 SE-2 SE-1 9T 08 Cp>0,0
89 |-0,35|-0,38( 0,13 9,204 oY
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Figure A.24: Pressure coefficients measured at 270° (west) diirgdttion.
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wind direction
northwest = 315

inm
117

105
89

69
44

36
29

Figure A.25: Pressure coefficients measured at 315° (northweést) direction.

A.5 Discussion

As predicted, the wind striking the building indaca positive pressure on the
windward face, and negative pressures on opposicesfand in the wake region of
the side faces.

AverageC, value for the windward facing fagade orientatien®,70, and -0,76 for
the opposite leeward facing facade orientatione &herage here refers to mean
value over the height of the building (29-105 m)tbé two fagade orientations
closest facing the wind direction and the countérpen the leeward side,
respectively. Dependent on the wind direction, éf@svalues fluctuate from 0,49 to
0,89 and from -0,60 to -0,82, respectively.

The negative values @ in the wake region of the side faces are even rawth
average values over height from -0,92 to -1,76eddmg on the wind direction.

Except in the region close to the roof, thg values measured are relatively
consistent over the height of the building, at tedsheights from above 29 m up to
105 m. Surrounding buildings therefore seem to haueor shielding influence on
the wind pressure distribution.

As a limitation, it should be mentioned that thegsure distribution close to the roof
and the ground would need further investigatioroider to see if it is of special
interest. This study did not further investigate tloof and ground regions of the
building, as they are not of special interest fbe thatural ventilation design
developed.
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The derived pressure coefficients are further @sethput for the ‘HighVent’ design
tool developed and for the dynamic AFN-simulationth EnergyPlus.
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APPENDIX B: ‘HighVent’ Tool Detailed Calculations
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Nomenclature

A - area m?

C : specific heat capacity J R

C : thermal capacity JK

d : thickness m

F : thermal radiation view factor -

h - heat transfer coefficient WHAK?

H : enthalpy J kgt

HR : humidity ratio kg water per kg air
K : thermal conductivity W m K1

) : mass flow kg st

q - heat flux J m?

q : heat flux rate W m?

Q - heat transfer rate At = J/60s

R : thermal resistance m2 WK
SHGC : solar heat gain coefficient dimensionless
t > actual timestep -

t-1 . previous timestep -

T : temperature °C

u : U-value of a construction W m2K?

Vv : volume m3

Vv : velocity m s?

\Y; : volume flow m3 st

v} - absorptivity dimensionless
€ . emissivity dimensionless
o : Stefan-Boltzmann constant, which equals to 5,67 1Qv m? K*

p : density kg m3



T : time constant S

T - window solar transmittance at normal incidence disnenless
Subscripts

% : faction

C . convection

chi : exhaust chimney

cell : zone modelled in the tool

dif . diffuse radiation share

dir . direct radiation share

ext . external

fab : fabric = all internal mass objects
[ : thermal mass layer number placeholder
in . Internal air

int > internal gains

m : additional thermal mass

mr : mean radiant

r : radiation

S : surface

se : surface external

Si : surface internal

sol : solar

Y, : ventilation

wi : winter

win : window

su : summer
z - local height from start height
T : window transmitted radiation
0 : facing surfaces

— : radiation emitted or reflected
— : radiation absorbed

S : radiative heat exchange

B.1 Introduction

Appendix B gives supplementary information abow tHighVent’ tool underlying
dynamic calculation method, which is not fully cos@ in the preliminary design
tool development Section § 6.2. It provides pretsated solar transmitted heat gains
for different shading configurations according td6.8.2, which are used as
scheduled input for the tool. The building condtiut library provides lumped

capacity model constructions with different levefsnass according to 8§ 6.1.3.
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B.2 Internal Air Model

The dynamic internal air temperature calculated by:

Qc,int(t' 1) + Qc,fab(t' 1) + Qv(t' 1) ]

Y oo B

Tin(t) = Tin(t' 1+

where (t-1) indicates the value from the previoumestep At=60s). The

volumetric heat capacity of the cell’s air is cd&tad by:

Cin(t) = Veen * pin(V) * Cair (B-Z)

The chimney air temperature is optionally increasgtieat gains from IT or solar.

The density of the internal moist air is calculasaailar to the method described in
§ 3.2.1.1. For simplicity of the model, it is assdnthat the humidity ratio of the
external air (scheduled design day input) is etu#the humidity ratio of the internal

air (only sensible internal heat gains).

1,195

kg/m3 . == Pext,z
1,190 "N

1,185 \
/' Y

1,180 = AN

\\
1,175 -

/

1,170 // 7
1,165
1,160
1,155

= Pin

/ Pehi
P
rd

\

\

|
T
O N <« © ® O &N < © © o o < hour
- 4 —H 4 <4 N N «

Figure B.1: Typical external, internal and chimney moist ansities.

The total convective heat gain rate from all in&isources to the cell air is:

Qc,int(t) = Qc,peop(t) + Qc,light(t) + Qc,equip(t) (83)

The convective heat transfer rate from all inteswafaces (termed fabric) to the cell

air is:

Qc,fab (t) = Qc,si,wall (t) + Qc,si,win (t) + Qc,floor (t) + Qc,ceil(t) + Qc,ml (t) + Qc,mz (t) (B4)
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Figure B-2: Typical heat flux balance of the cell air per ret office floor area (850 m?).

As a measure of the total energy, the enthalpyides the sensible heat of the dry air
and the latent heat of the evaporated water [1]:

Hair = Cajr " Tair + HR - (va * Tair + Hwe) (B-5)

The specific heat capacity of aicaf) at constant pressure is assumed with
1 006 J kg K%, the specific heat of water vapoukw() at constant pressure with
1 840 J kgt K%, and the evaporation heat of water) with 2 502 000 J K§[1].

The external air enthalpy is calculated at locaglheof the cell (centroid):
_ . : . J
Heyt,(©) = 1006 [kg—K] Textz(t) + HR(Y) (1840 [kg : K] Text,z(t) + 2502000 [ng (B.6)

Assuming that all internal heat gains are from s@@sheat, the enthalpy of the

internal air is:

H;p (t) = 1006 [kg]—K] - Tin(t) + HR(L) - (1840 [kg]—K] “Tin (£) + 2502000 [k]—g]) (B.7)
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Figure B-3: Enthalpy of the external, internal, and moist(&i+ validation case).

B.3 Heat Transfer Models

B.3.1 Convection
Internal

Internal convection occurs at all construction (h&d capacity model) surfaces
facing the internal air. Assuming that the celltsof and ceiling are both internal and
the temperature on each storey is equal, there @&rrtemperature difference across
the construction, which therefore can be treateateasbatic. All heat transfer into the
surface is a result of the dynamic response ofcthestruction, and therefore this
adiabatic construction can still store or releasergy. All internal convective heat

exchange is dynamically computed by constant cdivesheat transfer coefficients:
Qc,si(t) = hc,si ' (Tin(t' 1) - Tsi(t' 1)) 'Asi At (B-S)

External

The external convection is realised again by tlassital formulation for convective
heat transfer, but includes a dynamically calcalateterior surface convective film

coefficient:

Qc,se(t) = hc,se(t' 1) ' (Text,z(t' 1) - Tse(t' 1)) " Age " At (B,9)

The convective film coefficient depends on the mi@sair temperature and on the
wind velocity. It is calculated according to the Me Window Thermal Test
(MoWITT) method [2] for smooth surfaces. The orglimodel has been modified

according to Bootent al.[3] so that it is sensitive to the local wind sgeghich
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varies with the height. For simplicity half of tf@cade area is treated as windward
side, and the other half as leeward side, resuitirguniform average heat exchange

over the overall facade surface:

N
j (0:84 (| Text(® — T. se(t)|)§> + (3,26 - 1,089)2

2

hc,se (t) = +

(B.10)

\/ (0,84 (| Texe2(® = Tse(t)|)%> + (3,55 - 11,0617)2

* 2

B.3.2 Thermal radiation

According to ASHREA [4], it is reasonable to assufoe a ‘grey body’ that

emissivity and absorptivity are equal, and are tors over wavelength
(0O <a=e<1). The heat transferred is equal to the ramhiagntering minus the
radiation leaving surface. The grey body equationtivo parallel surfaces is the

governing equation, which can be expressed as:
Qs,l:s,z =&r0- (Ts,14_Ts,24) “Ag At (B.11)

Most building materials (including glazing) havehiemissivity of the order of 0,9.
Highly reflective materials such as polished metase emissivity of the order of
0,1. A typical value for the absorptivity of cleglass is 0,84 [3].

Internal

Assuming that all the walls forming the enclosuaednthe same emissivity, the grey

body equation governing the internal radiative le@hange between the surfaces is:
QsiSm (t) =&0- (Too (t' 1)4 - Tsi(t' 1)4) ' Asi At (B.l2)

where one surface is at the surface temperatutgeafonstruction and the other is at
the mean radiant temperature of all other surrovhdiurfaces. The mean radiant
temperature of the half sphere facing the constmcurface is the weighted mean
radiant temperature of the surrounding elementg dapendent on their areas. For

simplicity, view factors representing the orierda8 and reflectance are not
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included. Only the surfaces of the inner side ef ¢éxternal walls and windows are
modelled as not facing each other. Typically, treeghted mean radiant temperature

of the half sphere surrounding the inner side efdkternal wall is:

Tinr () — Aoy wanl * Tsiwan () — Ao win * Tsiwin ()
1- A%,wall - A%,win

Toossiwan(t) = (B.13)

The equations for the other surrounding surfacesaaalogous, but are not shown

here.
External

The external thermal radiation exchange includieny factors is a simple standard
formulation essentially identical to the ones sétl in EnergyPlus [5] and TARP [6].
The external surfaces exchange heat to the skwithand the ground [6,7], though
the ground is assumed to be at the same tempeedule ambient air [5]. A rough
approximation made for simplicity is that the slkeynperature is assumed to be the
ambient air temperature minus 12 °C. The total fieatat the exterior surface (e.qg.,
window, wall) is the total absorbed thermal radiatirom the sky, the air, and the

ground, minus the thermal radiation emitted:
Qsesoo(t) = (Gsecoo(t) = Gsenen (D)) * Ase * At (B.14)
with the absorbed long wave radiation also depeinaiethe surface properties:
Gsecoo(®) = tse * 0 (Foky * (Texe(t-1) — 12 [KD)* + Farmy * Texe(t- D* + Fana - Texe (- D*) - (B.15)
and the emitted long wave radiation:
Gsesoo(t) = o " 0+ Teo(t-1)* (B.16)

The view factors are dependent on the tilt anglthefsurface [3]. For the facade the
view factors are 0,500 facing the ground, 0,14éht atmosphere and 0,354 to the
sky:

Qsecsoo(t) = €50 " 0+ (0,354 * (Texe(t- 1) — 12[°C])* + 0,646 - Teye (t- 1)* — Too (t- 1)) - A - At (B.17)

The thermal radiation long wave transmittance afidews is assumed to be zero,

and therefore windows can be treated like opaguls.wa
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B.3.3 Solar radiation
Internal

The ‘pre-processed’ total transmitted solar radiaijsee 8 B.4) is further processed
for the distribution of heat flux to all the intednsurfaces. Incoming hourly

transmitted radiation values are first interpolategending on the timestep, and then
further split into diffuse and direct beams accogdio the shading devices selected
(see 8§ B.4). Internal fabrics absorb and refleet itcoming beam, depending on

their surface properties.

All entering direct beam is initially added to tHeor construction’s surface only
dependent on the floor’s reflectance, which isghare not absorbed. The reflected
beam is treated as diffuse radiation incident orthe other surfaces including the

window glazing.

The direct solar heat flux absorbed by the floor is

Qr,dir,ﬂoor = Ufloor " Qt,dir (B-18)

The direct solar heat flux reflected by the floadabsorbed by the other surfaces is
dependent on their absorptivity weighted area. dtal absorption weighted area

facing the reflected direct radiation by the flsorface is:
A00<—dir,ﬂoor = Qceil Aceil + Hsiwall * Awall + *siwin Awin +2- O Am (B-lg)

For example, the reflected direct solar heat flogaabed by the ceiling is:

. Aceil * A il .
Q‘t,dir,ceil === (1 - aﬂoor) ) Q‘t,dir (B-ZO)

Am(—dir,ﬂoor

The equations for the other floor facing surfaces analogous, but are not shown
here.

The diffuse beam is distributed to all the intersaffaces facing the windows,
depending on their area and absorptivity. Thereiseflection modelled back to the

inner faces of windows or walls.
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The total absorption/reflectance weighted areantathe windows for the calculation
of the diffuse solar beam distribution is:

Am(—dif,win = (aﬂoor + aceil) “Afjgor + Uy "2 Ay (B-Zl)

The diffuse solar heat flux absorbed by the intemandow-facing surfaces is again
dependent on their absorptivity weighted area.example, for the ceiling:

Aceil " Aceil

Qv difceil = - Qu dif (B.22)

Acodifwin
The equations for the other window facing surfaaes again analogous, but not

shown here.
External

Solar radiation absorbed by the external envelgpeackcalculated from the ‘pre-
processed’ transmitted solar (see § B.4) accortiinghe simple window indices
method definition in EnergyPlus [8]. This dependemngas chosen due to the
predominant impact of the transmitted solar enecgypared to the radiation
absorbed on the exterior envelope, assuming tlhaedlfacades with relatively low
U-values have good thermal insulation.

Simple window indices are converted into an eqenakingle layer window. The
technical procedure to determine the absorbed saldiation by the windows is
separated into four steps, where the first threpssiare taken from the original
method by Arastelet al. [8], and the last step is newly developed to adbpt

method for the approach of this tool.

Step 1. For windows with U-values smaller than 588 film coefficients in winter

are:
. _ 1 B.23
SWINWE ™ 0,359073 - In(Uyyin) + 6,949915 o)
1
(B.24)

R . L=
SEWILWET0,025342 - Uiy + 29,163853
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The window inner resistance is:

1
=77 Rsi,win,wi - Rse,win,wi (B.25)

Rwin U
win

Step 2: For windows with U-values smaller than & with a SHGC bigger than

0,15, the solar transmittance at normal inciderazcel®e approximated by:
7 = 0,085775 - SHGC? + 0,963954 - SHGC — 0,084958 (B.26)

Step 3: For windows with U-values smaller than tBg film coefficients in summer

are:

Rsiwinsu =

1 (B.27)
7 199,8208128 - (SHGC — 1)® — 90,639733 - (SHGC — 7)? + 19,737055 - (SHGC — 1) + 6,766575

1
R . =
sewin,su 5:763355 ' (T - Rsi,win,su) + 20'541528

(B.28)

The inward flowing fraction of the absorbed sokdiation is:

R i + 0,5 - Ry;
Qo winin = se,win,su win (B.29)

Rse,win,su + Rwin + Rsi,win,su

The total solar radiation absorptivity of the wimgat normal incidence is:

SHGC — 1
Apyiy = —————— (B.30)
Oop,win,in
Step 4: A factor of 1,2 roughly transforms the daguransmittance value to the
solar transmittance at normal incidence. The faetas gathered from E+ test

simulations for the Kanyon building during summer.

For simplicity in the model, half of the absorbealas radiation is absorbed at the

external pane and the other half at the internaépd the double glazing:

Qsol,se,win = Qsol,si,win =0,5- 12 Q‘[ (B.31)
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Table B-1: Simple glazing model parameters for the KanyorBL.deuble glazing.

inputs interim result
Uuwin 1,400 W/mz-K  Rin 0,539 m2-K/W
SHGC 0,444 - T 0,360 -

Owin 0,190 -

The solar radiation absorbed by external wallsalswated as a direct function of the
E+ pre-processed window transmitted solar radiafldve surface mean outside face
incident solar radiation absorbed is the transuhielar radiation multiplied by a

factor to convert the transmitted radiation to ltotadiation on the surface, further

multiplied by the wall's absorption coefficient:

. _ Qr Awall
Qsol,se,wall =T A " Awall (B.32)
-— win

1,2

B.3.4 Internal gains

Internal heat gains are based on hourly value sdbée@nd are not interpolated. The

total convective internal heat gains are:

Qint,c = Qpeop,c + Qlight,c + Qequip,c (8-33)

The total radiative internal heat gains are:

Qint,r = Qpeop,r + Qlight,r + Qequip,r (B-34)

The total absorption/reflection weighted area fog talculation of the internal heat

gains beam distribution is:
A00<—int,r = (afloor + aceil) 'Afloor + 2y A+ Qwan * Awan + Qwin * Awin (835)

The heat flux absorbed by the internal surfacesagain dependent on their

absorptivity weighted area. For example, for thiérge

Aeil " Aceil -
ceil ceil . Qint,r (B.36)

Qint,r,ceil =
Acm—int,r

The equations for the other surfaces are agairogoas$, but not shown here.
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People

People’s heat gain rates for office work are pteasel08 W persoh The radiant
fraction is assumed to be 50%, which again is thel&ault value. General densities
of people densities in offices per m2/workstatiamtading to ASHRAE may be
found in § 4.2.3.

Lights

Heat gain rates from the lights are scheduled galné/N/mz2 net floor area. They
values may be pre-processed by E+, if dimmers péeal in the case studied. The

radiant fraction assumed is 37%, which is the Baulevalue.
Equipment

Heat gain rates from the equipment are again sébegdwalues in W/m2 net floor

area. The radiant fraction assumed is 20%, whielnag the E+ default value.

B.3.5 Thermal mass

In general and in rectangular coordinates, tempe¥at a function of space and
time: T =f(x,y,z,t). In a Lumped Capacitance Model LCM (alsmped system
analysis), it is assumed that the temperature yatiare is uniform within the body

and therefore discretised in spaces f(t).

A thermal body has the properties mass, volumesileand the initial temperature
Tini which in the model is the temperature from theviogs timestep. The body
object is exposed to the outside temperalwedy the total film resistance to the
outside, which depending on the type of heat teans the convective resistance
Rc=1/h. or the radiative resistand&=1/h. plus the internal resistance from the

surface to the heat capacity of the body.

T. R T

el
|

Figure B-4: Basic RC Lumped Capacitance Model.

The temperature of a solid body with capacity &sation of time is:

dT T —T, (B.37)




After separation of the variables and derivation:

In (M) ___t (B.38)
Tini — T/  C-R '
Ty — To t
O ©_ex (B.39)
Tini - Too

With the time constant (see below):
T=R-C (B.40)

The basic lumped equation for the temperature sdla with the initial condition

temperature becomes:

T(t) = et (T(t-1) = Tw) + Ty (B.41)

The LCM was utilised for the prediction of thernbahaviour in various studies like
[9-14], but a full set of the formulae could not fmund by the author, and is
therefore given in in the following section for thienple LCM applied in the tool.

The LCM outlined for the design tool is capable@fresenting a five layered LCM
construction as shown in Figure 3.26. This simgdifmodel is chosen due to its low
computational effort and stability, which is themes especially suited for a dynamic
spread sheet application. Because of the simpldgaoach, the tool must be used
with care if there are several heavyweight layersone construction, since the
number of layers (in terms of heat capacity) isrigted to five and at least one layer
represents the surface layer on each face. Thendmtmass layer can be further
subdivided into sub-layers in order to guaranteeataertain extent that the
temperatures inside these sub-layers do not vgnjfisiantly in space. Therefore, it
is recommended only to use constructions with anoois thermal mass distribution
(or to extend the model if necessary). In the foifay, the index i indicates the layers
of the LCM from 1 to 5. ‘Pre-processed examples rmafal multi-layered
constructions converted into five-layered LCMs mag found in the building

constructions library § B.5.

The time constant is a measure of the time needed by a slab of themmass to
react to a change in the input. The lower the tomestant, the faster the heating or
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cooling of a solid. Two time constants are caladafor each side of the LCM-layer
with the resistance multiplied by the capacitance:

Ti,l = Ri,l - Ci (842)
Ti,2 = Ri,Z - Cl' (843)

where the resistances on each side of the LCM4agegvacity are calculated by:

_ki-d; N ki—1-diq

Rip=— > (B.44)
ki d: kios-d:
Ri'z — 1,2 1 + l+12 i+1 (845)
and the heat capacities of the LCM-layers are tatied by:
Ci=pi ¢ d; (B.46)

A lumped capacitance model is valid for Biot-Nungenuch smaller than 1. The
Biot number Bi is an index of the ratio of the hahsfer resistances that indicates if
the thermal resistance of the fluid interface ededbat thermal resistance within the
body or material. If Bi is much smaller than 1 [jierature often smaller than 0,1),

then the temperatures inside a body will not vaggiicantly in space.

Thermal loads are raising or lowering the thernzgdacitance of an LCM layer from
both sides. Therefore, the temperature shift fehdanestep with a certain interval

(here 60s) is calculated from one side and supetpbg the other side:

At At

T© = e (B D =T, E D)+ Ty (6D + ¢ 5 (G D Ty (D) + T D -1 (BA7)

where index i indicates the position of the threeer LCM layers from 2 to 4. The

calculations are based on adjacent temperaturestfre previous timestep.

For building internal constructions, the extern@lNl layers are calculated from the
inner side of the body and the sum of internal fleaes incident:

Qsi‘:.oo(t) + Qint,r,si(t) + Qt,dir,si(t) + Qt,dif,si (t)+Qc,si(t) (848)

At
T,(0) = e mz- (Ty(t-1) — T,(t- 1)) + To(t-1) + C A

Qsi‘:oo ®+ Qint,r,si ®+ QT,dir,si ®+ QT,dif,Si(t)+QC,Si (t (849)

At
Ts(t) =e 1 (T5(t-1) — T,(t- 1)) + T,(t- 1) + A
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From the solid side, the change in temperaturalsutated depending on the inner
temperature, the conductivity, and capacity of hbdy like described before. Heat

exchange from the exposed side is from convecthradiation (see Figure 3.27).

The building internal surface temperatures areutaied from the closest inner mass
temperature and the adjacent air temperature \aarghistors in series electrical
analogy R is half the resistance of the first LCM sub-layer:

Ty(t-1) — Tip(t-1) _ kq-dy

Tsi,l(t):Tl(t'l)_ kl dl 1 2 (B.50)
2 tn.
Ts(t-1) — Ty (t-1) ks-d
Tas(®) = Ts(t-1) = = —=g—"—" =5 (B.51)
e St

For building external constructions, the extern&M. layer (i=1) temperature is
calculated from the inner side of the body and shen of external heat fluxes

incident:

At
1) = e B - (Ty (1) = Ty(e- 1) + Ty e 1) + 2222 +£S°‘Afe(t)+QC s® (B52)

The building external surface temperatures areutatied from the closest inner mass

temperature (here for the LCM layers i=1) and tti@@ent air temperature:

Tyt —1) = Tin(t-1) ky-d
Too(®) = Ty(t- D)~ ———F — =5 (B.53)
12 1+h
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Figure B.5: Typical temperature distribution of an lightweigimsulated external wall.

286



35

33 °c eoeee Tsi,floor
31 - = Tsi,ceil
29 X0 Tin
- E=T N ..‘\ — T,
27 o '/ %o — T2
25 Pe——t®ees T,
23 T,
21 —Ts
19
17
15

O N < © ©® O N <
e N o o g 8 3 3 3 & & hour

Figure B.6: Typical temperature distribution of an internaldi/ceiling LCM construction including
12,5 cm concrete as the ceiling layer and a suggkcarpet/plywood tile as the floor layer.

The average internal mean radiant temperatureeointiernal space is a measure of
the combined effects of temperatures of all thermdl surfaces. It is calculated
assuming that the occupant is in the centre ofc#iewith no weighting for any

particular surface:

T (D=

_ Tsi,wall(t) 'Awall + Tsi,win (t) 'Awin + (Tﬂoor(t) + Tceil(t)) 'Aﬂoor + (Tsi,ml(t) + Tsi,mz (t)) ' Am (854)
Awan + Awin + 2+ Afgor + 2+ Ay

B.3.6 Natural ventilation

Heat gains and losses due to ventilation per tiepeate a function of the mass flow
rate multiplied by the enthalpy difference betwdlea external and the internal air.
The mass flow rate per timestep is the volume flate multiplied the mean air

density between inside and outside:
Qv(®) = (O] (Hext2(®) — Hin(1)) (B.55)

pext,z (t) + Pin (t)

- (B.56)

m(t) = V(t) -

Heat losses occur if the external temperaturewgtdhan the internal temperature.
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B.4 Transmitted Solar Heat

Pre-processed transmitted solar radiation valdesised as design tool input, were
simulated by E+ BEPS. The simulation setup was mplei one zone model
(Figure B.8) using the E+ design day object inahgdthe sun path along with the

scheduled SWMD solar radiation profiles from § 3.3.

Figure B.8: EnergyPlus simulation model for gathering the $raitted solar radiation of one storey
of the Kanyon building with the as-built externhbsling and the glazing ratio of ~ 91 % (~ SE view).

Nine cases were investigated and results are showrFigure B.9 through
Figure B.11. E+ simulations have to be repeated dach case. However the

transmitted solar gains for each case are in lidependence to the overall glazing

ratio.
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Figure B.9: Hourly SWMD (a) total transmitted solar radiatifmn Kanyon building without externi
shading devices per m? net office floor area andh@ direct beam solar radiation share.
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Figure B.10: Hourly SWMD (a) total transmitted solar gains Kanyon building with the actual
shading devices per m? net office floor area andh@ direct beam solar radiation share.
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Figure B.11: Hourly SWMD (a) total transmitted solar gains Kanyon building with adaptive
blinds per m2 net office floor area and (b) thesdirbeam solar radiation share.
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Simulations showed that for the Kanyon case-studiding, about 10-35% of the
daily mean incoming radiation is direct beam depampdn the external shading
device. The more effective the shading devices time, more they block direct
radiation entering the windows. For simplicity, thraction of transmitted direct
beam solar from the total transmitted solar radiathosen for the tool calculations
is independent on time: 30% for windows withouteewmal shades, 20% for buildings

with external overhangs, and 10% for buildings waillaptive setpoint controlled
blinds.

B.5 Building Constructions Library
B.5.1 Floor/ ceiling

Table B.2: Material properties of the floor / ceiling congttion layers.

casé dinm pinkg/m® cinJkg-K kin Wm-K Rinm2-K/W Cin J/K-m?

carpet 1/2 0,0060 288 1390 0,06 0,100 2.402
plywood 1/2 0,0300 544 1210 0,12 0,250 19.747
airspace 1/2 0,1700 - - - 0,180 -
concrete 1/2/3  0,1250 1920 840 1,10 0,114 201.600
airspace 1/3 0,9900 - - - 0,180 -
plasterboard 1/3 0,0125 800 1090 0,58 0,022 10.900

1 case 1: actual floor / ceiling
case 2: mass activated ceiling
case 3: mass activated floor
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Table B.3: LCM properties of the floor / ceiling constructioalculated.

layer

actual floor / ceiling

mass activated ceiling

mastvated floor

11
1
1.2
2,1
2
2,2
3,1
3
3,2
4,1
4
4,2
5,1
5
5,2

22 149

67 200

67 200

67 200

10900

0,225

0,324

0,038

0,038

0,210

0,011

7176
21773

2 544
2544

2 544
2544

14112
2 289

22 149

50 400

50 400

50 400

50 400

0,175

0,374

0,028

0,028

0,028

0,014

8 284
18 850

1432
1432
1432
1432,

1432
1432

50 400

50 400

50 400

50 400

10900

0,014

0,028

0,028

0,028

0,205

0,011

i CinJ/m2-K Rinm2-K/W zins CinJ/m2-K Rin m2-K/W rins CinJm2-K Rin m2-K/W rins

1411
1411

1411
1411

1411
1411

10332
2235

B.5.2 External wall

Table B.4: Material properties of the wall construction lagier

casé dinm pinkg/m3 cpin J/kg-K kin W/im-K Rin mz-K/W Cin J/K-m?

metal 1 0,0020 7824 500 45,280 0,000 7824
xps extruded polystyrene 1 0,0200 35 1400 0,034 0,588 980
wall air space 1 0,1000 - - - 0,150 -

mw stone wool rolls 1 0,000 30 840 0,040 2,500 2520
metal 1 0,0010 7824 500 45,280 0,000 3912

1 case 1: actual lightweight wall

Table B.5: LCM properties of the wall construction calculated

layer actual lightweight wall

i CinJm2-K Rin m%-K/W rins

11 0,000022

1 1 7824 |

1,2 4 225

2,1 0,540 630!

2 1 1167 |

2,2 1259

31! L0798 o5g

3 1167 5

3,2 1259

4,1 1,079 1259

4 1167 i

4,2 630!

51 | 0540 212

5 3912 !

52 0,000011
B.5.3 Internal partitions

Table B.6: Material properties of the partition constructlagers.
casé dinm pinkg/m® cinJkg-K kin W/m-K Rin m2-K/W Cin J/K-m2

oak wood 1 0,013 1630 608 0,150 0,087 12 884
wall air space 1 0,025 - - - 0,150 -
concrete reinforced 1/2 0,400 1920 840 1,100 0,364 645120
wall air space 1 0,025 - - - 0,150 -
oak wood 1 0,013 1630 608 0,150 0,087 12 884

1 case 1: actual partitions
case 2: mass activated partitions
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Table B.7: LCM properties of the internal partition constioos calculated.

layer actual partitions mass activated partitions

i CinJim2-K Rinm2K/W zins CinJm2K Rinm2-K/W zins
1,1 0,043 i 0,036 '
1 12884 | 129024 :
1,2 3273, 9384
21 0254 54620 0073 9384
2 1215040 1129 024 ;
22 26 020 9 384
31 0121 56 020 0073 9384
3 1 215040 © 129024 ;
32 26 020 9384
41 0121 26 020 0,073 9384
4 1 215040 1129 024 i
42 54 620 9384
51 | 0213 3273 0.073 9384
5 1 30336 1129 024 !
52 0,043 5 0,036

2901



References Appendix B

[1] EngineeringToolBox (n.d.). Enthalpy of Moist and Humid Air. Retred April,
2013, fromhttp://www.engineeringtoolbox.com/enthalpy-moist-ai 683.html

[2] Yazdanian, M., & Klems, J. H. (1993).Measurement of the exterior convective
film coefficient for windows in low-rise buildinggdSHRAE Transactions (Vol. 100-
1, pp. 19). Atlanta, USA: American Society of Hagti Refrigerating and Air-
Conditioning Engineers. Retrieved frditip://btech.Ibl.gov/

[3] Booten, C., Kruis, N., & Christensen, C(2012).Identifying and Resolving Issues
in EnergyPlus and DOE-2 Window Heat Transfer Caltiohs (Vol. BE120104,
pp. 50). Denver, USA: National Renewable Energydratory. Retrieved from
http://www.osti.gov/

(4] ASHRAE. (2009).Handbook of Fundamentalatlanta, USA: American Society of
Heating, Refrigerating and Air-Conditioning Engiree

[5] EnergyPlus (Version 8.1). (2013Engineering Referenc@he Reference to
EnergyPlus Calculations (pp. 1399). Washington DEA:
U. S. Department of Energy. Retrieved frottp://appsl.eere.energy.gov/

[6] Walton, G. N. (1983).TARP Reference manudlhermal analysis research program
(Vol. NBSIR, 83-2655, pp. 277). Washington DC, USAS. Dept. of Commerce,
National Bureau of Standards.

[7] Pedersen, C. O, Fisher, D. E., & Liesen, R. §1997). Development of a Heat
Balance Procedure for Calculating Cooling LoadSHRAE Transactions, 1(83,
459-468. doi: 10.2172/975375

[8] Arasteh, D., Kohler, C., & Griffith, B. (2009).Modeling Windows in Energy Plus
with Simple Performance Indicgd/ol. LBNL-2804E, pp. 28). USA: Berkeley Lab.
Retrieved fromhttp://www.osti.gov/

[9] Ramallo-Gonzalez, A. P., Eames, M. E., & Coley, [A. (2013). Lumped
parameter models for building thermal modelling: éalytic approach to
simplifying complex multi-layered constructiori&nergy and Buildings, §0), 174-
184. doi: 10.1016/j.enbuild.2013.01.014

[10] Kontoleon, K. J., & Bikas, D. K. (2002). Modeling the influence of glazed
openings percentage and type of glazing on thenthlezone behavioEnergy and
Buildings, 344), 389-399. doi: 10.1016/S0378-7788(01)00125-6

[11] Kontoleon, K. J., & Eumorfopoulou, E. A. (2008). The influence of wall
orientation and exterior surface solar absorptigitytime lag and decrement factor
in the Greek regiorRenewable Energy, 88, 1652-1664. doi:
10.1016/j.renene.2007.09.008

[12] Gustafsson, J., Delsing, J., & Deventer, J. ¥2008, April). Thermodynamic
Simulation of a Detached House with District HegtBBubcentralPaper presented
at the SysCon - IEEE International Systems Conte&rellontreal, Canada. Paper
retrieved fromhttp://ieeexplore.ieee.org/

[13] Fraisse, G., Viardot, C., Lafabrie, O., & Achard, G (2002). Development of a
simplified and accurate building model based ontatmal analogyEnergy and
Buildings, 3410), 1017-1031. doi: 10.1016/S0378-7788(02)00019-1

[14] Feustel, H. E.(1995).Simplified numerical description of latent storage
characteristics for phase change wallboafdol. LBL-36933, pp. 15). USA:
Lawrence Berkeley Laboratory. Retrieved frottp://www.osti.gov/

292



CURRICULUM VITAE

Name Surname ‘Tobias Schulze

Date and Place of Birth :03.08.1978, Munich, Germany

E-Mail . schulze-tobias@gmx.de

EDUCATION:
e 1999-2004Diplom-Ingenieur (FH) German university degree in engineering
(4 years), Renewable Energy Programme, Univerditdpplied Sciences for

Engineering and Economics Berlin, Germany

PROFESSIONAL EXPERIENCE:

e 2013-2015Research AssociatéKonLuft’” enhancing the energy efficiency of
buildings through automatic natural ventilation, o8gored by the Energy
Optimised Construction (EnOB) Research Initiativie tbe German Federal
Ministry of Economics and Technology, Centre for stainable Energy
Technology (zafh.net), University of Applied SciescStuttgart, Germany

e« 2012-2013 Research Assistant‘Plus-Energie-Schule’ study on an energy-
efficient school building in Reutershagen in Rokidgponsored by the Energy-
Oriented Improvement of the Building Fabric (EnSRe&search Initiative of the
German Federal Ministry of Economic Affairs and Eye (BMWi)
University of Applied Sciences, Stuttgart, Germany

e 2012 Research AssociatdDevelopment and implementation of a tool for the
dimensioning of controlled natural ventilation, Bash project of the
University of Applied Sciences Stuttgart in coopera with the German
Electrical and Electronic Manufacturers' Associat{@VEi)

e 2011 Research Associate’Pro Fensterliftung’ study on controlled natural
ventilation by using motorized windows, Researcbjgut of the University of
Applied Sciences Stuttgart in cooperation with tBerman Electrical and
Electronic Manufacturers' Association (ZVEi)

e 2008-2010 Marie-Curie Actions Research Fellowship ‘CITYNET Ph.D.
Program on Sustainable Energy Management, FoungédebEuropean Union,
Project partners: University College Dublin, DeMont University, Opole
Technical University, Istanbul Technical Universitgtrathclyde University,
Polytechnic University of Turin, Rovira i Virgili biversity

293



2006-2008Project Manager Concept Development for web-based simulation
tools and technical advisor of the management @botine gGmbH, non-profit
consulting company responsible for the ‘Climate kKSeBrotection’ campaign
funded by the Federal Ministry for the Environment,
SEnerCon GmbH, consulting company, Berlin, Germany

2005-2006Trainee SEnerCon GmbH, consulting company, Berlin, Germany
2005 Internship co2online gGmbH, non-profit consulting company, IBer
Germany

2002-2003Internship Abroad Altertec S.A., consultancy for renewable energy
systems, Managua, Nicaragua

PUBLICATIONS, PRESENTATIONS AND PATENTS ON THE THES IS:

Schulze, T, Eicker, U. & Yilmaz, Z. (2013). A Simplified Caltation
Methodology for Controlled Natural Ventilation. Rappresented at Climamed
2013, Istanbul, Turkey

Schulze, T.(2010). Natural Ventilation Design and Hybrid Cagl Presented at
the POLYCITY Closing Conference and CITYNET WorkphoStuttgart,
Germany

Schulze, T.& Yilmaz, Z. (2010). Modeling Energy Efficient Dga of a
Naturally Ventilated Office Tower in Mild Climate dihg EnergyPlus. Paper
presented at the IAQVEC 2010, Syracuse, USA

Schulze, T.(2010). et al.: Building Energy Efficient Citie$V-Interview, In
EuroNews, Sci-tech Magazine

OTHER PUBLICATIONS, PRESENTATIONS AND PATENTS:

Erhart, T., Gdarlich, D.,Schulze, T. & Eicker, U. (2015). Experimental
Validation of Basic Natural Ventilation Air Flow @Qailations for Different Flow
Paths and Window Configurations. Paper presentéaeainternational Building
Physics Conference, Turin, Italy

Schulze, T.(2014). Passive Solar, Natural Ventilation and liddying of
Buildings, 2b Natural Ventilation. In Eicker U. (&, Energy Efficient
Buildings with Solar and Geothermal Resources (Pp-96). UK: Wiley.
ISBN: 978-1-118-35224-3

Schulze, T, & Eicker, U. (2013). Methodik zur vereinfachtererBchnung
kontrollierter naturlicher Luftung [A Methodologwif the Simplified Calculation
of Controlled Natural VentilationBauphysik [Building PhysicsB5(2), 99-106
Schulze, T, & Eicker, U. (2013). Controlled Natural Ventilati for Energy
Efficient Buildings. Energy and Buildings, %6), 221-232.
doi: 10.1016/j.enbuild.2012.07.044

Schulze, T.& Eicker, U. (2013). Erweiterung der Luftungskopte nach DIN
1946-6 zur vereinfachten Berechnung naturlicherstegtiiftung [Extension of
the ventilation concepts according to DIN 1946-6tfee simplified calculation
of natural window ventilation]. Paper presented tla¢ Bauphysikertreffen
[building physicist conference], Stuttgart, Germany

294



e Schulze, T. & Eicker, U. (2012). Kontrollierte natirliche Liafdg flr
energieeffiziente Gebaude [Controlled Natural Matitn for Energy Efficient
Buildings]. In Péschk, J. (Eds.), EnergieeffizienzGebauden, Jahrbuch 2012,
Innovative Technik fir mehr Energieeffizienz [Engrgfficiency in buildings,
Yearbook 2012, Innovative technology for increasedergy efficiency]
(pp. 235-250). Germany: VME Verlag und MediensesvicEnergie.
ISBN: 978-3-936062-08-3

e Schulze, T, Atmaca, M. & Yilmaz, Z. (2010). Effect of OfficBeower Integrated
Multifunctional PV Systems on Total Greenhouse Gamiissions and
Economical Quantifying in Turkey. Paper presentedCBma 2010, Antalya,
Turkey

295



