
Optimal combination of natural
and mechanical ventilation in ZEB
Laboratory
Based on simulations performed with CONTAM

June 2019

M
as

te
r's

 th
es

is

M
aster's thesis

Maren Elise Leinum

2019
M

aren Elise Leinum

NT
NU

N
or

w
eg

ia
n 

Un
iv

er
si

ty
 o

f
Sc

ie
nc

e 
an

d 
Te

ch
no

lo
gy

Fa
cu

lty
 o

f E
ng

in
ee

rin
g

De
pa

rt
m

en
t o

f E
ne

rg
y 

an
d 

Pr
oc

es
s 

En
gi

ne
er

in
g





Optimal combination of natural and
mechanical ventilation in ZEB Laboratory
Based on simulations performed with CONTAM

Maren Elise Leinum

Energy planning and environmental analysis, Master's Thesis
Submission date: June 2019
Supervisor: Hans Martin Mathisen

Norwegian University of Science and Technology
Department of Energy and Process Engineering





Acknowledgement

This Master’s Thesis is the �nished product from work completed in conjunction with the subjectTEP4935
Energy planning and environmental analysis, Master’s Thesisduring the spring of 2019. The thesis was
completed as the �nal assignment of the �ve years MSC ProgramEnergy and Environmental Engineer-
ing at the Department of Energy and Process Engineering, at the Norwegian University of Science and
Technology. This thesis is a continuation of the Project Thesis,Optimal use of natural ventilation in ZEB
Flexible Labcompleted during the fall of 2018.

I would like to thank my supervisor, Professor Hans Martin Mathisen, for his invaluable advice, support,
and assistance during the work with this thesis. I would further like to thank the team behind ZEB Lab-
oratory, allowing me insight into the planned structure and usage of the building. Also, I would like to
thank my family, friends, and co-students for encouraging words and support. Finally, I would like to
thank Linn Ebbestad and Berkay�Ozveri for help with proofreading this thesis.

Maren Elise Leinum
Department of Energy- and Process Engineering, NTNU, Trondheim, June 6th, 2019

i



ii



Abstract
The building sector is an energy-intensive sector, consuming over 40% of the total energy use in Norway.
Energy e�ciency improvement of the building sector is crucial to ful�lling the Norwegian obligations
to the UN.Zero Emission Building, ZEB, are constructed to achieve an on-site production of renewable
energy compensating any greenhouse gas emissions occurring throughout the lifespan of the building.

ZEB Laboratoryis a 2000 square meters o�ce and education building currently under construction lo-
cated in Trondheim, Norway. ZEB Laboratory strives to act as an example for future o�ce and educational
buildings aiming to achieve a level of ZEB. The object of this Master’s Thesis is to �nd the optimal use of
mechanical and natural ventilation in ZEB Laboratory regarding energy demand, without compromising
the indoor environment of the building.

An extensive literature review was performed. The de�nitions, recommendations, and requirements of a
good indoor environment in o�ces and educational building were reviewed. Further, the di�erent meth-
ods and strategies of ventilation were evaluated, in addition to a state of the art review of energy e�cient
ventilation strategies. There is a lack of literature regarding how well-functioning o�ce and educational
buildings only supplied with only natural ventilation are in colder climates, so studies performed in south-
ern regions were reviewed.

Provided information regarding ZEB Laboratory, including building structure, zonal division, external
openings, and planned available mechanical ventilation, has been reviewed. This information formed a
basis for the composition of a simulation model of ZEB Laboratory. A basic building model of the ZEB
Laboratory was created, including di�erent controllers of the natural and mechanical ventilation systems.
The basic building model was simulated in three di�erent ventilation modes: A) Clean natural mode,
B) Clean mechanical mode, and C) Hybrid mode, during three di�erent cases: Case 1) Winter, Case 2)
Transition, and Case 3) Summer. Some corrections of the modes were performed to minimize the energy
demand while not compromising the indoor environment.

The results from the simulations show that the largest amount of demanded energy is due to the heating
requirement of cold ambient air entering the building. Hence, the most energy e�cient ventilation mode
during the winter is a clean mechanical mode. During the transition season, a hybrid ventilation mode
is the most energy e�cient solution due to lower requirements of fan power. The building should be
implemented with passive cooling outside the occupied hours during the summer season. This will lead
to a satisfactory indoor environment when the building is supplemented with clean natural ventilation.
Further, the simulations show that a clean natural ventilation mode is substantial to ensure a good indoor
environment during the entire year.

However, it’s important to note that the simulations doesn’t simulate internal heat gains, heat transfer, or
the resulting temperature change. The simulation results may therefore deviate from the real resulting
energy demand and indoor environment.
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Sammendrag
Bygningssektoren er en energiintensiv sektor, med et forbruk p�a over 40% av det totale energiforbruket i
Norge. Energien forbrukes blant annet til oppvarming og nedkj�ling av bygninger. Et stort energiforbruk
skyldes derfor ventilasjon. Energie�ektivisering av bygningssektoren er avgj�rende for�a oppfylle de
norske forpliktelsene til FN.Nullutslippsbygninger, ZEB, blir konstruert med et m�al om�a kunne produsere
nok fornybar energi p�a stedet til�a kompensere for eventuelle klimagassutslipp som dannes under byggets
levetid.

ZEB Laboratoryer et 2000 kvadratmeters kontor- og utdannelsesbygg i Trondheim, Norge, som per dags
dato er under konstruksjon. M�alet med ZEB Laboratory er�a fungere som rollemodell for fremtidige
kontor- og utdannelsesbygg som �nsker�a oppn�a et niv�a av ZEB. Form�alet med denne masteroppgaven er�a
�nne den optimale bruken av mekanisk og naturlig ventilasjon i ZEB Laboratory i henhold til energibehov,
uten�a g�a p�a kompromiss med innemilj�et i bygningen.

Et omfattende litteraturstudie har blitt utf�rt. De�nisjoner, anbefalinger og krav til et godt innemilj� har
blitt gjennomg�att. Videre ble ulike metoder og strategier for ventilasjon vurdert, i tillegg til en gjennom-
gang av toppmoderne og energie�ektive ventilasjonsstrategier. Det er mangel p�a litteratur som omhan-
dler hvor velfungerende kontorer og utdanningsbygninger som kun suppleres med naturlig ventilasjon er
i kalde klima. Derfor ble studier gjennomf�rt i sydligere regioner analysert.

Informasjon om ZEB Laboratory har blitt gjennomg�att. Dette inkluderer blant annet bygningsstrukturen,
soneinndelingen, utvendige�apninger og planlagt mekanisk ventilasjon. Denne informasjonen ga grunnlag
for sammensettingen av en simuleringsmodell av ZEB Laboratory. En grunnleggende modell av ZEB
Laboratory med ulike regulatorer av det naturlige og mekaniske ventilasjonssystemet har blitt konstruert.
Modellen ble simulert i tre ulike ventilasjonsmoduser: A) Ren naturlig modus, B) Ren mekanisk modus
og C) Hybrid modus, og for tre ulike�arstider: 1) Vinter, 2) Overgang og 3) Sommer. Noen korrigeringer
av de ulike modusene ble gjort for�a minimere energibehovet uten�a forringe innemilj�et.

Simuleringsresultatene viser at det st�rste energibehovet skyldes oppvarmingen av kald, omgivende luft
som suppleres til bygningen. Derfor er den mest energie�ektive ventilasjonsmodusen om vinteren en ren
mekanisk modus. I overgangssesongen vil en hybrid ventilasjonsmodus v�re energi e�ektiv p�a grunn
av det lave energibruket til vifter. Bygningen b�r implementeres med passiv nedkj�ling om sommeren.
Dette vil f�re til et tilfredsstillende innemilj� n�ar bygningen suppleres med naturlig ventilasjon. Videre
viser simuleringene at en ren naturlig ventilasjonsmodus kan sikre et godt innemilj� gjennom hele�aret.

Det er i midlertidig viktig�a merke seg at simuleringene ikke tar hensyn til interne varmetilskudd, varme-
overf�ring eller den resulterende temperaturendringen. Dermed vil simuleringsresultatene avvike fra det
reelle energibehovet og innemilj�et.
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Chapter 1

Introduction

The energy demand of the Norwegian building sector varies and depends on the ambient conditions,
the state of the buildings, and the energy cost (Bratteb� et al. 2014). However, 40% of the total energy
use in Norway is consumed by the building sector and is utilized, among others, in heating, cooling
and ventilation (Holstad & B�eng 2013). The energy e�ciency of the building sector will be crucial to
decrease the energy demand and to ful�ll the Norwegian obligations to the UN (Dokka 2009).

A transition towards energy e�cient buildings is one of the most pro�table measures with the aim to de-
crease the emissions of greenhouse gasses (Jacobsen & Andresen 2018).Zero Emission Buildings, ZEB,
has the overall goal of producing renewable energy on-site to compensate for emissions of greenhouse
gasses during the lifetime of the building (Fufa et al. 2016). A development towards energy e�cient build-
ings, such as ZEB, can include an energy e�ciency potential of 10.0 TWh, which reduces the emissions
of greenhouse gas equivalents by six million tonnes (Dokka 2009).

1.1 Background and motivation

SINTEF is one of Europe’s leading research institutes in the �eld of technology, science, and social
studies (Gj�rv Bech et al. 2018). SINTEF Byggforsk is the research institute of sustainable development
of buildings, infrastructure, and mobility (Gj�rv Bech et al. 2018). SINTEF has a close collaboration with
NTNU resulting in, among others,The Research Centre on Zero Emission BuildingsandZEB Laboratory
(Jacobsen & Andresen 2018).

ZEB Laboratory is an o�ce and education building under construction located at Gl�shaugen Campus,
Trondheim (SINTEF 2017b). The building will achieve the level of ZEB-COM, act as aliving laboratory
and will hopefully result in a national resource for further research (Jacobsen & Andresen 2018).

ZEB Laboratory has the aim of achieving a level of ZEB-COM (SINTEF 2017a). Hence, on-site pro-
duction of renewable energy must compensate for greenhouse gas emissions from the construction and
transportation of the materials, the construction of the building, the operational energy demand, and the
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CHAPTER 1. INTRODUCTION

deconstructing and disposal of the building (Fufa et al. 2016). By acting as a exible living laboratory
ZEB Laboratory will be well suited for development of international industry, in addition to acting as a
national resource developing technology suitable for Zero Emission Buildings (SINTEF 2017a). ZEB
Laboratory will be occupied by o�ce workers and students, while di�erent actions concerning e�cient
energy use and the indoor climate are performed.

ZEB Laboratory will be a central part of new research ofZero Emission Neighborhoods, ZEN, and will
hopefully produce innovative solutions in terms of energy e�ciency that can be transferred to other build-
ings (SINTEF 2017a). ZEB Laboratory will be co-funded by SINTEF, NTNU and Norsk Forskingsr�ad.
SINTEF and NTNU will fund the building to achieve the level of ZEB, while Norsk Forskningsr�ad will
fund the building to act as a living laboratory (Jacobsen & Andresen 2018).

The Project Thesis,Optimal use of natural ventilation in ZEB Flexible Lab, was completed during the
fall of 2018. Note that ZEB Flexible Lab is the former name of ZEB Laboratory. This thesis contains
some information on ventilation strategies and mathematical models of natural ventilation. Further, the
thesis concerns the cause and the performance of natural ventilation in a very simpli�ed, one zone, ZEB
Laboratory in non-transient ambient surroundings. This completed Project Thesis forms an important
basis for further study, and hence some background for this Master’s Thesis.

1.2 Problem description

The objective of this Master’s Thesis is to study how to combine natural and mechanical ventilation
in ZEB Laboratory in an optimal way concerning energy use and indoor climate. Methods of natural,
mechanical, and hybrid building ventilation are to be explained, in addition to an emphasis on energy-
e�cient solutions for ventilation and cooling of o�ce and educational buildings. Simulations will be
performed to compare di�erent ventilation systems and evaluating the resulting indoor climate of the
building. The di�erent ventilation systems combine natural, mechanical, and hybrid ventilation managed
by various control strategies. The resulting energy use of the ventilation systems will be calculated and
compared.

1.3 Approach

Knowledge must be obtained to reach the objective of this thesis through a carefully conducted literature
review. This includes a review of the de�nitions of a good indoor environment, the requirements of a good
indoor environment in o�ces and education buildings, in addition to the possible consequences of a poor
indoor climate. The literature mainly concerns di�erent ventilation strategies. Natural, mechanical and
hybrid ventilation will be reviewed carefully. This includes di�erent methods of air supply, air distribu-
tion, ventilation control, with a focus on mathematical models of natural ventilation. Such literature will
mainly be based on Norwegian standards, such as NS15251:2007, NS7730:2005 and TEK17, in addition
to books, reports, theses, and articles available from search engines as Oria and Google Scholar.
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The literature review will include a presentation of state of the art solutions regarding energy e�cient
building ventilation, emphasizing cooling and controllers of Zero Emission Buildings. The articles are
mainly from 2015 to date. Newer Annexes from theEnergy Conservation in Buildings and Community
Systems, EBC Annexes, will be reviewed. In addition, a smaller case study of an o�ce building under
construction located in Oslo, Norway, implemented with completely natural ventilation will be performed.

The literature presented in Chapter 2, and 3.1 to 3.4 are to some degree based on literature and knowledge
obtained during the work with the previous completed Project Thesis,Optimal use of natural ventilation
in ZEB Flexible Lab. It’s important to obtain a large amount of information regarding the building, so
future simulations and the following results are realistic and close to life like. The reviewed informa-
tion regarding ZEB Laboratory will be based on information presented by SINTEF, NTNU and LINK
Arkitektur from 2016 to 2019, and are project descriptions, visions, and architectural drawings.

A building model based on ZEB Laboratory will be created in the simulation tool CONTAM. Di�erent
systems of ventilation will be implemented in the building model, leading to three main models -Model A
a building with only natural ventilation,Model Ba building with only mechanical ventilation, andModel
C a building with hybrid ventilation. Although the ventilation systems are di�erent in each of the three
main models, the other variables of the building will remain constant. This includes building structure,
zonal division, occupants,CO2 generation, and possible ventilation controllers. The ambient conditions
of ZEB Laboratory are assumed to be transient, varying with the season. Three di�erent seasons will be
implemented in CONTAM and will be referred to as the di�erent cases of simulation.Case 1concerns the
winter season,Case 2concerns the transition season between winter and summer, andCase 3concerns
the summer season.

The simulation tool CONTAM provides the possibility to simulate transient air ows through a building
model. Each of the presented models will be simulated according to each of the three seasons. The
resulting air ows will be analyzed, according to air change rate, age of air, and neutral levels. The indoor
environment will be evaluated based on the resultingCO2 levels of the building. Further, a simple energy
calculation with regards to the demanded heating energy and required fan power will be performed.

1.4 The structure of this Master’s Thesis

This Master’s Thesis will �rstly present important �nds from the literature review. This includes the
requirements and importance of a satisfactory indoor climate, di�erent ventilation strategies and systems
with associated mathematical models, and a state of the art review. This literature will act as the foundation
for the future evaluation of the results. Further, information regarding ZEB Laboratory relevant to the
ventilation possibilities will be presented. This includes the building structure, zonal division, occupant
load, and predetermined ventilation strategies.

Secondly, the simulations performed and the structure of the simulated models will be described in de-
tail. This includes information regarding the chosen simulation tool, the structure of the models, and
the ambient weather �les. The building models are based on the presented information regarding ZEB
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Laboratory.

Thirdly, important results from the simulations will be presented and discussed. This includes presenta-
tion and comparisons of the simulation results. The results will be evaluated based on the requirements
and demands of a good indoor environment. The simulated building models and cases will be further
discussed regards to the chosen simulation tool and the constructed structure of the models.

Furthermore, a conclusion regarding the most suitable ventilation system for the winter season, transition
season, and summer season will be presented. Some possibilities of further work will be presented at the
end of this thesis.

1.5 Priorities and limitations

This Master’s Thesis will present and compare di�erent ventilation strategies with associated control sys-
tems implemented in ZEB Laboratory. The ventilation system will only include two di�erent proportional
controllers and a scheduled control.

Simpli�ed ventilation systems are to be simulated in CONTAM. The building structure, zonal division,
external openings, occupancy and pollution load of ZEB Laboratory are to be simpli�ed. Only a given
number of di�erent control systems will be simulated. The resulting air ows,CO2 levels, and energy
demand from the completed simulations will be compared with the objective of achieving an optimal
combination of natural and mechanical ventilation in ZEB Laboratory.
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Chapter 2

Indoor environment in o�ce and
education buildings

According to WHOindoor environmentis de�ned as the thermal, atmospheric, acoustic, actinic, mechan-
ical, aesthetic and psycho-social environment (Novakovic et al. 1996). Hence, the indoor environment
a�ects all occupants during the entire time while present in a building.

In the following subsections the thermal and atmospheric environment will be discussed including di�er-
ent regulations and requirements regarding the indoor environment. The e�ects of a poor indoor climate
on occupants will also be presented.

2.1 Thermal environment

Novakovic et al. de�nes thermal comfort as aa state of mind where we express full satisfaction with the
thermal environment(Novakovic et al. 1996). Hence, the preferred thermal environment is subjective
and occupants present in a building will experience a di�erent level of thermal comfort.

The level of thermal comfort depends on activity level, clothing and residence time, as well as the dry
bulb temperature of the air, thermal radiation, air humidity, and air velocity (Novakovic et al. 1996).

2.1.1 Activity level

The heat production of an occupant highly depends on their activity level. An occupant will produce a
lower level of heat and have a lower metabolism when sedentary than while running. While sedentary the
occupant will produce a lower level of excess heat that the body must remove through the skin and the
respiratory system. The heat production of an occupant can be evaluated by the unitmet. 1 met is equal
to 58 W

m2 , which equals the heat generation of a sedentary person. (Novakovic et al. 1996)
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The di�erent activity levels with corresponding values of metabolism are presented in Table 2.1.

Table: 2.1Activity level and corresponding metabolism (Novakovic et al. 1996).

Activity level Metabolism [met]
Sleeping 0.80
Sedentary, relaxed 1.00
Standing, relaxed 1.20
Sedentary (o�ce, school, lab) 1.10-1.50
Moderate activity 2.00-2.80
Medium activity 2.80-3.50
Walk (2 km

h ) 1.90
Walk (5 km

h ) 3.40
Run (9 km

h ) 7.50
Run (15km

h ) 9.50
Maximum performance 13.40
Top-class sport 15.0

As presented in Table 2.1 the metabolism of an occupant present in an o�ce and educational building
will most likely be in the range of 1.10 to 1.50 met.

2.1.2 Clothing

The level of thermal comfort experienced by an occupant is a�ected by clothing. Some garments have a
larger thermal resistance and insulation than other garments. The level of insulation can be described by
the unitclo. 1 clo equals 0.115m

2K
W (Novakovic et al. 1996). Table 2.2 presents di�erent clothing with

the associated levels of insulation.

Table: 2.2Clothing and corresponding insulation (Novakovic et al. 1996).

Clothing Insulation [clo]
Shorts, underwear, t-shirts, light socks, sandals0.30
Light dress with sleeves, underwear 0.45
Light pants, short sleeve shirt, underwear, shoes0.50
Skirt, short sleeve shirt, underwear, sandals 0.60
Skirt, sweater, shirt, underwear, stockings 0.90
Jacket, pants, shirt, underwear, shoes 1.00
Coat, jacket, west, pants, shirt, underwear, shoes1.50

From Table 2.2 it’s reasonable to assume that occupants of an o�ce and educational building will wear
clothes with an insulation level in the range from 0.50 to 1.0 during the entire year.
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2.1.3 Thermal neutrality

Thermal neutralityimplies that an occupant doesn’t have any desire for a higher or lower surrounding
temperature level, and can serve as a measure of the thermal comfort (Novakovic et al. 1996).

The psycho-physical index ofPredicted Mean Vote, or PMV, is a seven-point scale used to determine how
occupants range their thermal comfort. The scale ranges from +3 to -3, where the index +3 represents
hot surroundings, and -3 represents cold surroundings. The index of 0 represents thermal neutrality.
Novakovic et al. (1996)

The PMV index can further be used to predict the percentage of dissatis�ed occupants present. This is
referred to as the PPD index and depends on the PMV index according to Eq. (2.1) (Novakovic et al.
1996).

P P D = 100 � 95 � (� 0:03353� P MV 4 � 0:2179� P MV 2) (2.1)

The acceptable levels of the PMV and PPD depend on whichbuilding categorythe building belongs to.
The di�erent building categories are described in Table 2.3 (Standard Norge 2007).

Table: 2.3Description of building categories (Standard Norge 2007).

Category Explanation
I High expectation level. Recommended i rooms where the occupants are very

sensitive and vulnerable.
II Normal expectation level. Should be used in new and rehabilitated buildings.
III Acceptable, moderate expectation level. Can be used in exciting buildings.

Based on the description in Table 2.3, ZEB Laboratory is categorized as a building in category II. For a
building in category II, the level of PPD should be below 10% with an average PMV index in the range
of -0.5 to 0.5 (Standard Norge 2007).

2.1.4 Temperature

The surrounding air temperature a�ects the thermal comfort of an occupant. When there are no signi�-
cant sources of heat radiation, the air temperature is equal the operative temperatureTO . The operative
temperature is dependent of the dry bulb temperature,TD , and the mean radiation temperature,TR . As-
suming that the average radiation temperature is below 50.0° C and that the internal air velocity is less
than 0.40m

s the operative temperature can be estimated using Eq. (2.2) (Novakovic et al. 1996).

TO =
1
2

(TD + TR ) (2.2)
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Recommended levels of air temperature in classrooms, o�ce spaces and other rooms that often are present
in o�ce and educational buildings are stated inNS 15251:2007, and presented in Table 2.4.

Table: 2.4Recommended air temperature levels for buildings in category II (Standard Norge 2007).

Cubicle Open o�ce Auditorium Cafe Classroom
Min. temperature while
heating [° C]

20.0 20.0 20.0 20.0 20.0

Max. temperature while
cooling [° C]

26.0 26.0 26.0 26.0 26.0

Further,Byggteknisk forskriftproposes recommended values of the operative temperature based on the
activity level, as presented in Table 2.5 (TEK17 2017).

Table: 2.5Recommended temperature levels (TEK17 2017).

Activity level Light work Medium work Hard work
Operative temperature [° C] 19.0-26.0 16.0-26.0 10.0-26.0

Based on the accepted indoor air temperature according to NS 15251:2007 and TEK17, an indoor tem-
perature of 23.0° C is recommended for o�ce and educational buildings.

2.1.5 Air velocity

The velocity of air inside an occupied zone can a�ect the level of thermal comfort. The air in motion can
cause the sensation ofdraught. Draught is de�ned as unwanted local convective cooling by Novakovic et
al. (Novakovic et al. 1996).

The air velocity inside a category II building should not exceed 0.190m
s during the winter and 0.160ms

during the summer (Standard Norge 2005). Higher levels of air velocities can lead to an increased risk of
experienced draught and therefore a larger level of PPD.

Occupants may still experience some draught even if the air velocity is within the given criteria. This
because the recommended values are based on laminar air ows. In a ventilated room the air ows will
often be turbulent. Thus, draught can be experienced at lower velocities (Novakovic et al. 1996).

2.1.6 Relative humidity

The level of thermal comfort can be a�ected by the humidity of the air (Becher et al. 2016). The relative
humidity can be expressed as the ratio of the partial pressure and the saturation pressure of the water
vapor. The ratio of the actual amount of water and saturated water in the air also expresses the relative
humidity. These relations are presented in Eq. (2.3) (Novakovic et al. 1996).
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CHAPTER 2. INDOOR ENVIRONMENT IN OFFICE AND EDUCATION BUILDINGS

RH =
P

Psat
=

x
xsat

(2.3)

Based on studies regarding thermal comfort, given a satisfying indoor temperature, it’s found that varia-
tions of the relative humidity in the range from 20 to 70% will not a�ect the perceived indoor air quality
(Asphaug et al. 2015). However, a very low or very high level of relative humidity should be avoided. A
level of RH lower than 20% can lead to dry mucous membranes. A too high level of relative humidity
can, among others, cause a bad odor and growth of mold (Becher et al. 2016).

2.2 Atmospheric environment

The atmospheric indoor environment is an indicator of the indoor air quality. The level of comfort and
the risk of respiratory diseases are a�ected by the atmospheric environment (Jerk� et al. 2006).

2.2.1 CO2 levels

The level ofCO2 in a room is a suitable indicator of the indoor air quality. The level can indicate how
many occupants that are present in a room, how long they have been present, as well as the air change
rate of the room (Jerk� et al. 2006).

The level ofCO2 in a building should not exceed the outdoorCO2 level by more than 500 ppm Standard
Norge (2007). The level ofCO2 in Norway is often found to be in the range of 400 ppm to 450 ppm
(Hol�s & Mysen 2016). The level ofCO2 in an o�ce and educational building should therefore not
exceed 900 ppm.

2.2.2 Outdoor pollution

Outdoor pollution can a�ect indoor air quality through ventilation. Hence, the level of indoor air quality
highly depends on the level of outdoor air quality and ambient pollution levels (TEK17 2017).

Table 2.6 de�nes the health risk of exposure to di�erent amounts ofP M10 andNO2 for a given time
period (Milj�verndepartementet 2012).
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Table: 2.6Criteria for air quality zone division (Milj�verndepartementet 2012).

Green Zone Yellow Zone Red Zone
P M10 < 35:0 �g

m3 7
days per year

35.0-50.0�g
m3 7 days per

year
> 50:0 �g

m3 7 days per year

NO2 < 40:0 �g
m3 win-

ter mean
40.0 �g

m3 winter mean > 40:0 �g
m3 annual mean

Health
risk

People with severe res-
piratory and cardiovascu-
lar disease do have an in-
creased risk of worsening
of the disease.
Healthy people will prob-
ably not have any health
e�ects.

Persons with respiratory
and cardiovascular dis-
ease have an increased
risk of health e�ects.
Among these, children
with respiratory and
elderly patients with
respiratory and car-
diac disorders are most
vulnerable.

Any air intake for ventilation should be placed at an external zone characterized as agreen zone. This is
to prevent any transfer of ambient contaminants into a building. No air intakes should therefore be placed
close to parking lots or close to smoking areas.

At Elgseter gate in Trondheim, in 2017, the average levels ofP M10 andNO2 were12:0 �g
m3 and29:0 �g

m3 ,
respectively. These levels both rate in thegreen zone(Luftkvalitet.info 2017). Air intakes can be freely
placed in Trondheim. However, high pollution areas like parking lots and smoking areas must be taken
into consideration.

Air ow rate

According to the Norwegian standard,Indoor climate for dimension and evaluation of energy use for
a building including indoor air quality, thermal environment, lighting, and acoustics, there are several
factors that a�ect how ventilation can provide a satisfactory indoor environment (Standard Norge 2007).

For a category II building, the recommended values of ventilation, presented in Table 2.7, must be com-
piled at least 95% of the occupied time (Standard Norge 2007). The criteria of category II buildings are
given in Table 2.8. Both of these tables present values that must be obtained in ZEB Laboratory.
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Table: 2.7Recommended values for category II buildings (Standard Norge 2007).

Variables Recommended values
Air ow persons 7.00 L

s�persons
Air ow materials 0.350 L

s�m2

CO2 level above outdoor level 500 ppm
Air exchange amount 0.420 L

s�m2

Exhaust air kitchen 20.0 L
s

Exhaust air bathroom 15.0 L
s

Exhaust air toilette 10.0 L
s

Table: 2.8Criteria for air quality (Standard Norge 2007) in rooms common in o�ces and education buildings.

Cubicle Open o�ce Auditorium Cafe Classroom
Area per
person
[ m2

person ]

20.0 15.0 0.750 1.50 2.00

Supply air
occupants
[ L

s�m2 ]

0.700 0.500 10.5 4.90 3.50

Supply air
material
[ L

s�m2 ]

0.300 0.300 0.300 0.300 0.300

Supply air
total [ L

s�m2 ]
1.00 0.800 10.8 5.20 3.80

2.3 Possible consequences of poor indoor environment

A poor indoor environment can entail poor consequences for the occupants, both regarding health and
productivity. Studies show that there is a relation between reduced productivity, the health of students,
and the lack of indoor air quality in educational buildings (Zhang et al. 2011).

Thermal comfort is an important factor a�ecting the productivity of occupants. Studies show that a
1.00° C increase of the temperature, when the temperature is in the range from 25.0 to 30.0° C, decreases
the productivity of the occupants by 2% (Al Horr et al. 2016).

The relative humidity of the indoor air can a�ect the indoor environment poorly. Dry and cool air will be
perceived as higher quality than moist and hot air (Asphaug et al. 2015). Several studies have shown that
there is a correlation between respiratory diseases and moisture damage in buildings. It’s estimated that
humidity related risk factors in a home can increase the risk of respiratory distress for the occupants by
30 to 50% (Becher et al. 2016).

Occupants exposed to a high level ofCO2 can perceive a poor indoor environment caused by, among
others, bad odor (Becher et al. 2016). A high level ofCO2 has been shown to reduce productivity, irritate
the mucous membranes and lead to headaches.
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Sick building syndrome

Sick building syndrome, SBS, is a collective term of several symptoms including mucous membrane
irritation, headache, fatigue, cough, dry skin, and visual disturbances, that occur more often in some
buildings than others (Redlich et al. 1997). These symptoms both a�ect the health and the productivity of
the occupants. Hence, SBS is a building-related illness associated with lower indoor air quality (Al Horr
et al. 2016).

SBS can be caused by a high level of air contaminants, such asCO2. Sources of such contaminants
are building materials for oors, carpets, cleaning products, and o�ce supplies. Moreover, the chosen
ventilation system for a building can cause SBS, especially if the intake of fresh air is located close to a
source of pollution. Other causes of SBS are the occupants. A zone with a large number of occupants
present over a long period of time has an increased risk of experienced SBS. (Redlich et al. 1997)
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Chapter 3

Building ventilation

Ventilation of buildings is a necessary measure to achieve and maintain a satisfactory indoor environ-
ment experienced by occupants, while not compromising the health or productivity of the building users
(Nystad 2017). The following chapter will present a general introduction of the strategies of ventilation.
This includes both natural, mechanical and hybrid ventilation. The mathematical models of the ventila-
tion strategies will be presented, including prediction methods and energy demand calculations. Further,
some main methods of air distribution will be presented, including displacement and mixing ventilation.
Di�erent controllers and classi�cation of ventilated air rates will be discussed to some extent. Finally, a
state of the art review of energy e�cient ventilation is presented, including a short case study of Nydalen
Vy.

3.1 Strategies of ventilation

The strategies of ventilation can be sectioned into three main categories. Ventilation can occur due to
natural forces, such as temperature and wind, mechanics, or a combination of natural and mechanical
forces (Etheridge & Sandberg 1996). These categories are referred to as natural, mechanical and hybrid
ventilation, respectively. The following three subsections will further describe these strategies.

3.1.1 Natural Ventilation

Natural ventilation is the result of air ows due to pressure di�erences created by buoyancy and/or wind
e�ects (Etheridge & Sandberg 1996). The strategy of natural ventilation is based on the fact that ac-
ceptable indoor air quality can be achieved by diluting the concentration of contaminants in a zone by
supplying ambient air (Allard et al. 1998).

When natural ventilation is the chosen strategy, the air is supplied to a building through openings on
the building facade, such as windows, doors, hatches and smaller cracks. Air will exhaust the building
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through the same openings as the air is supplied.

There are several advantages of natural ventilation, in terms of both energy demand and costs. Due to
natural ventilation occurring through windows and other facade openings, the operating energy demand
is close to zero. However, some energy demand may occur if the windows or doors are motorized. Fur-
thermore, a natural ventilation strategy entails low costs, space, and maintenance. A study of an o�ce
building located in the United Kingdom indicates that the implementation of natural ventilation can re-
duce the total energy cost by 10% (Emmerich et al. 2001).

A natural ventilation strategy does, however, have some disadvantages. No mechanics are implemented.
Thus, there is a lack of �ltering air and heat recovery. The supplied air quality is variable, both in terms of
contaminants and temperature. Furthermore, natural ventilation is a strategy with unstable e�ciency. The
e�ciency has a direct relation to the ambient surroundings. A great temperature di�erence between the
internal and external temperature causes a large air ow. However, if the internal temperature of a building
is close to the ambient temperature while no wind is present natural ventilation won’t occur. This will
be further discussed when presenting the mathematical models of natural ventilation. Moreover, natural
ventilation can lead to an inferior indoor environment. Draught can be experienced from the openings
and noise from the surroundings can among others be a problem. (Emmerich et al. 2001)

3.1.2 Mechanical Ventilation

The strategy of mechanical ventilation implements mechanical fans to displace air through a building by
forcing air to be supplied to or extracted from a zone. Amechanical ventilation systemis achieved if the
fans are connected to adjacent rooms through ducts (Etheridge & Sandberg 1996). Forcing a desirable
amount of air in and out of a building can demand the supply and exhaust fans to provide over 1000 Pa
each (Dokka et al. 2003).

There are several advantages to implementing mechanical ventilation. Mechanical ventilation provides
the opportunity to control the amount of air supplied and extracted from a building. Hence, the amount
of air supplied can be controlled by demand (Dokka et al. 2003). In addition to the installation of �lters,
demand-controlled mechanical ventilation ensures a satisfactory indoor environment when dimensioned
correctly. Heat recovery can be installed with the mechanical ventilation system so that heat from the
exhaust air is utilized. Such heat recovery can minimize the demand for heating energy to the supply air
(Emmerich et al. 2001).

A mechanical ventilation system demands energy to operate, which is one of the most signi�cant disad-
vantages. Further, the energy demand of such a system increases rapidly when there is a cooling demand
in the building (Dokka et al. 2003). A mechanical ventilation system will require installation and main-
tenance, which can cause an increment of costs. Some noise from the fans can be experienced, which
would decrease the quality of the indoor environment.
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3.1.3 Hybrid Ventilation

A hybrid ventilation strategy utilizes both natural and mechanical forces with the intent of decreasing the
usage of energy (Dokka et al. 2003). Hence, a hybrid ventilation system is an energy e�cient combination
of natural and mechanical ventilation.

Hybrid ventilation presents the opportunity to provide an acceptable indoor environment in an energy
e�cient manner. Such a ventilation system intends to provide a comfortable internal environment while
taking maximum advantage of the ambient conditions at all times (Jagpal 2015).

A ventilated building can utilize hybrid ventilation within three di�erent categories (Lie 2015). Natural
ventilation can be assisted with mechanical fans, which is known asfan assisted natural ventilation.
Mechanical ventilation can utilize natural forces, such as buoyancy, to ensure ventilation of an entire
tall building. This is referred to asmechanical ventilation with support from natural forces. The third
category ismixed mode ventilation. Mixed mode ventilation entails a hybrid ventilation system where
the energy demand and operating costs are minimized while the use of natural and mechanical ventilation
is optimized (CBE 2013). A mixed mode hybrid ventilation strategy will be further discussed in the
following subsection.

Mixed mode ventilation

A mixed mode ventilation system can switch from natural to mechanical ventilation. An intelligent build-
ing with an automation system can change between mechanical and natural ventilation automatically,
dependent on the internal properties of the building combined with the ambient surroundings (Jagpal
2015).

Mixed mode ventilation can occur in a building through di�erent modes. Natural and mechanical ven-
tilation can operate together in the same zone, operate at di�erent times in the same zone, or operate at
di�erent times in di�erent zones (CBE 2013).

Concurrent mode A concurrent modemode implies that natural and mechanical ventilation operate
together, at the same place in the same zone, as presented in Fig. 3.1. In this mode, both natural and
mechanical ventilation can be used to cover the base load ventilation of the zone, depending on preference,
season and ambient surroundings (CBE 2013).
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Fig.: 3.1Concurrent mixed-mode ventilation (reproduced from CBE (2013)).

Change-over mode A change-over ventilation modeimplies that the ventilation strategy switches be-
tween mechanical and natural ventilation (CBE 2013). The transition between the ventilation strategies
can be based on preference, season, or the internal and external surroundings of the building. An example
of such an operating mode is when the mechanical ventilation is automatically turned o� when windows
are open.

A simple representation of change-over mode, with active mechanical ventilation, is presented in Fig. 3.2.

Fig.: 3.2Change-over mixed-mode ventilation (reproduced from CBE (2013)).

Zoned mode A zoned modeimplies that di�erent zones in a building operate with di�erent ventilation
strategies, as presented in Fig. 3.3 (CBE 2013). An example of such an operating mode is when an o�ce
is naturally ventilated, while a classroom in the same building is mechanically ventilated.
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Fig.: 3.3Zoned mixed-mode ventilation (reproduced from CBE (2013)).

3.2 Mathematical models of ventilation

During the work with the previously completed Project Thesis,Optimal use of natural ventilation in
ZEB Flexible Lab, several mathematical models and approaches to natural ventilation were reviewed.
Empirical Models, the Network Model, Zonal Modelling and CFD Models were evaluated. Based on a
performed literature review, several calculations, and some trial and error, theNetwork Modelwas chosen
to be a suitable approach to ventilation.

3.2.1 The Network Model

In the Network Model, a building is represented by a grid with several nodes and interconnections. A
node can be external representing the ambient surroundings, or internal representing a room. An inter-
connection represents an opening between two nodes. (Allard et al. 1998)

A simpli�ed graphical presentation of the Network Model applied to a simple building is presented in
Fig. 3.4
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Fig.: 3.4A graphical presentation of the Network Model applied to a simple building.

Network Modelling is based on the assumption that air ows are non-viscid and incompressible while
mass balance is achieved, as in Eq. (3.1), and uniform air temperature pro�les are present in each zone
(Allard et al. 1998).

jX

k=1

_mk =
jX

k=1

� i Qik = 0 (3.1)

When analyzing a multi-zone building withN zones, a number ofN dependent equations will describe
and establish the Network Model of the building (Asfour & Gadi 2007). Hence, the Network Model is
based on a set of equations that must be solved iteratively. Due to the assumption of mass balance, as
presented in Eq. (3.1), the air volume ow to and from each node must be determined. ThePower Law,
Eq. (3.2), describes a relation between the volume ow,Q, and a resulting pressure di�erence,� P , over
an interconnection (Etheridge & Sandberg 1996).

Q = K � Pn (3.2)

The ow coe�cient, K, and the ow exponent,n, are constants describing the geometrical properties of
an opening, and vary with Reynolds number (Etheridge & Sandberg 1996).

The combination of Eq. (3.1) and (3.2) will lead to an equation expressing the relation between pressure
drops and volume air ows, which can describe the interconnections in the Network Model. Such a
relation can also be obtained through the usage ofThe square root law(Etheridge & Sandberg 1996).
The square root law is an adaption of Bernoulli’s equation, presented in Eq. (3.3) describing a streamline
from a pointi to a pointj (Stensaas 1986).
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Pi +
1
2

�U 2
i + �gz i = Pj +

1
2

�U 2
j + �gz j + � Pi � j (3.3)

The square root law assumes a constant elevation of a streamline, with a negligible initial velocity and
pressure loss through an opening with an area equalA and discharge coe�cient equalCd, resulting in the
relation between pressure drop and volume air ow as in Eq. (3.4) (Stensaas 1986).

Q = Cd � A �

s
2 � � P

�
(3.4)

The pressure di�erence over an opening resulting from the natural forces of temperature di�erences and
wind must be obtained to solve the Network Model. Further, in a mechanical or hybrid ventilation system
the air ows due to mechanical fans must be obtained to predict the movement of air by the Network
Model.

Pressure di�erence due to temperature di�erences

The density of air varies with the air temperature. Heated air has a lower density and is lighter than cooler
air, as described in Eq. (3.5) (Hamrick 2012).

� = � 0
T0

T
(3.5)

Hence, heated air will rise to higher levels, while cooled air will sink down to lower levels. This is referred
to asbuoyancyor the stack e�ect(Stensaas 1986). Eq. (3.6) describes pressure occurring in a zone due
to stack only,Ps, at an elevation equal toz when static pressure at a zero elevation in the zone isP0

(Etheridge & Sandberg 1996).

Ps = P0 � �gz (3.6)

Furthermore, thepressure di�erencedue to the stack e�ect between two zones is described by Eq. (3.7)
(Etheridge & Sandberg 1996).

� Ps = P1;0 � P2;0 + ( � 1 � � 2)gz (3.7)

Such pressure di�erence, dependent on density, static pressure, and elevation can be described graphically
by apressure pro�le(Li et al. 2000). Fig. 3.5 presents a general pressure pro�le with an internal and an
external pressure gradient. It’s assumed that the external temperature is at a lower level than the internal
temperature, and both temperature levels are constant and independent of height.
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Fig.: 3.5 General pressure pro�le resulting from internal internal temperature larger than external temperature
(inspired by Li et al. (2000)).

Fig. 3.5 shows that at a low elevation, the internal pressure will be lower than the external. Hence, air
will ow into the internal zone. At higher elevations, external pressure is lower than the internal. The air
ow will therefore reverse, and air will ow out of the internal zone. At a given level, the internal and
external pressure will be equal. This level is referred to as theneutral level, where air movements aren’t
a�ected by temperature di�erences (Li et al. 2000).

Pressure pro�les resulting from temperature di�erences over a building facade are a�ected by the interior
properties of the building, such as internal temperature variations, zonal division and the presence of
dividing oors (Jo et al. 2007). Fig. 3.6 presents three di�erent pressure pro�les as a result of tempera-
ture di�erences, assuming higher internal temperatures than external temperatures, and variable interior
properties.

(a)Open zone building with higher internal
temperature than external temperature

(b) A two oor building with higher inter-
nal temperature than external temperature

(c) A two oor building with di�erent in-
ternal temperature higher than the external
temperature

Fig.: 3.6 Pressure pro�les resulting from temperature di�erences over di�erent building facades (inspired by Jo
et al. (2007)).
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Fig 3.6 (a) shows the resulting pressure pro�le of an open zone building, similar to Fig. 3.5. If the building
consists of two oors connected by a staircase as in Fig. 3.6 (b), the pressure pro�le on the second oor
will shift due to the internal pressure di�erence (Jo et al. 2007). Further, the neutral level will be elevated,
leading to smaller air ow out of the upper zone (Li et al. 2000). The stack e�ect causes heated air to rise,
and an increase of the temperature in the upper part of the building occurs as in Fig 3.6 (c). Hence, the
internal pressure gradient achieves a larger slope in the upper part of the building (Li et al. 2000), leading
to a lowering of the neutral level and a larger air ow out of the upper zone.

Pressure di�erences due to e�ects of wind

Ventilation caused by the e�ects of wind is dependent on the velocity and the direction of the wind
(Walker 2006). Positive pressure will occur at the windward side of a building while the leeward facade
experiences suction regions. This leads to a pressure di�erence as in Eq. (3.8). Wind will therefore
ventilate air from the windward to the leeward facade (Allard et al. 1998). Eq. (3.8) is a deriving of
Bernoulli’s equation, Eq. (3.3), assuming equal openings at the opposite facades (Walker 2006).

� Pw =
1
2

� Cp�U 2
0 (3.8)

� Cp is equal to the di�erence in wind pressure coe�cient over the building, while the air density,� ,
and the velocity of the wind at a reference height,U0 (Allard et al. 1998). The reference height normally
equals the height of the building.

A pressure pro�le describing the resulting pressure di�erence from the e�ects of wind is presented in Fig.
3.7. The resulting pressure over the windward side is at a larger level than the pressure over the leeward
side. However, there is a small increase of pressure with height. The resulting pressure gradient over each
facade is parallel with each other (Walker 2006).

Fig.: 3.7Resulting pressure pro�le form wind (inspired by (Walker 2006)).

Wind pressure coe�cient The wind pressure coe�cient,Cp, is a dimensionless coe�cient describ-
ing the ratio of the wind pressure at a given pointx (Gullbrekken et al. 2018). The coe�cient can be
described by Eq. (3.9), wherePdyn represents the dynamic pressure in the free wind. However, the deter-
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mination of the wind pressure coe�cient is a complicated a�air and requires wind tunnel tests of small
scale neighborhoods or actual measuring of buildings (Allard et al. 1998).

Cpx =
Px � P0

Pdyn
(3.9)

The wind pressure coe�cient is often assumed to vary with the approach angle of the wind, which has
been experimentally proven in wind tunnels (Allard et al. 1998). This assumption has been used in the
development of the databaseAerodynamic Database of Low-rise Buildingprovided by the Tokyo Poly-
technic University, a database proving wind pressure coe�cients for a selection of di�erent building
models (Tokyo Polytechnich University 2007).

Pressure di�erence due to temperature and the e�ects of wind combined

Ventilation created by a combination of temperature di�erences and wind leads a larger pressure di�er-
ence over the building. The resulting pressure di�erence equals the sum of the pressure di�erence caused
by the stack e�ect,� Ps, and wind e�ect,� Pw (Allard et al. 1998). The total pressure di�erence,� Ptotal ,
is presented in Eq. (3.10).

� Ptotal = � Ps + � Pw (3.10)

The resulting total pressure pro�le over a building due to natural forces is presented in Fig. 3.8. Fig.
3.8 shows that the resulting pressure di�erence, due to both stack and wind e�ects, leads to a di�erent
elevation of the neutral level on the windward and leeward facade, causing a possible change of the air
ow direction (Walker 2006).

Fig.: 3.8Resulting pressure pro�le form the e�ects of stack and wind (inspired by Walker (2006)).

Air ows due to fans

Mechanical ventilation refers to ventilation due to fans and generates the same pressure over all openings
in a building assuming no temperature di�erences or wind e�ects present (Etheridge & Sandberg 1996).

22



CHAPTER 3. BUILDING VENTILATION

Fans used for ventilation purposes can mainly be divided intocentrifugal fansandaxial fanscausing
di�erent pressure and ow characteristics (Nystad 2017). The characteristics of a fan are usually stated
by the fan manufacturer, describing the relation between the pressure di�erence over a fan and the resulting
volume ow as presented in Eq. (3.11) (Etheridge & Sandberg 1996).

Qfan = f fan (� Pfab ) (3.11)

The functionf fan are often second order polynomial equations dependent of empirical constantsK i , as
described in Eq. (3.12) (Etheridge & Sandberg 1996).

Qfan = K 1 + K 2 � � Pfan + K 3 � P2
fan (3.12)

3.3 Distribution of ventilated air

A mechanical ventilation strategy can distribute air throughout a zone in di�erent ways. The air distribu-
tion depends, among others, on the location of the supply and exhaust ducts, and the supply velocity. In
the following subsections two di�erent strategies of air distribution, displacement and mixing ventilation,
will be presented.

3.3.1 Displacement ventilation

Displacement ventilation, or source ventilation, utilizes zonal heat sources and the resulting natural con-
vective air ows as the main driving force (Etheridge & Sandberg 1996).

Traditionally, a displacement ventilation system supplies a room with air at a lower temperature than the
room temperature, from an inlet located close to the oor, directly into an occupied zone (Yuan et al.
1998). The supplied, cooler air, will distribute evenly throughout the oor of the room. Zonal heat
sources, such as occupants and technical equipment, will heat the supplied air resulting in athermal
plume. A thermal plume is the term of convective currents that occur above a heated object caused by
buoyancy (Hamrick 2012). Fig. 3.9 presents a simple graphical presentation of a thermal plume, with
associated temperature and velocity pro�les.
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Fig.: 3.9A thermal plume with associated temperature and velocity pro�le (reproduced from Kofoed (1991)).

As presented in Fig. 3.9 the volume of the thermal plume increases with the distance from the heat source,
hence the thermal plume merges with the surrounding air. However, the velocity and the temperature of
the plume will decrease with the increasing distance from the heat source (Hamrick 2012). The thermal
plume creates a vertical air motion, transferring heat with associated contaminants toward the upper part
of the room (Etheridge & Sandberg 1996). Further, heated and contaminated air can be removed from the
room through an exhaust duct placed at the ceiling level. The level of contaminants in the exhaust will be
higher than the contaminant level in the occupied zone.

The vertical motion of air creates a strati�cation. Hence, heated and light air with contaminants will
be carried by a layer of colder and clean air. When a displacement ventilation system is dimensioned
correctly, the heated and contaminated air will be located in an unoccupied zone of the room (Wachenfeldt
et al. 2007).

A simpli�ed graphical presentation of a traditional displacement ventilation system is presented in Fig.
3.10.

Fig.: 3.10Displacement ventilation (inspired by Etheridge & Sandberg (1996)).

The e�ciency, the containment removal, and perceived air quality of displacement ventilation depends
on supply air temperature, room design, and occupant load (Yuan et al. 1998). The temperature of the
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supplied air must be lower than the room temperature to ensure the transmission of heat and no occur-
rence of a short circuit of the ventilation. The room must be designed with such a ceiling height that an
unoccupied zone is present. This ensures that a collection of contaminants doesn’t have any poor conse-
quences for the occupants. Further, occupants and technical equipment must be present and act as a heat
source to ensure a movement of the air (Etheridge & Sandberg 1996).

A displacement ventilation system can achieve good contaminant removal and air change rate, without
any risk of draught when designed correctly (Bottolfsen 2014).

3.3.2 Mixing ventilation

In contrary to traditional displacement ventilation, air can be supplied into the unoccupied part of the
room. A mixing ventilation system supplies a room with air, at a high initial velocity as a jet (Stensaas
1986). The supply is located at ceiling height, minimizing the risk of experienced draught. The high
supply velocity ensures complete mixing of the air, diluting the temperature and contaminants to an even
level throughout the room. Hence, the concentration of contaminants and the air temperature is equal in
the occupied zone and in the exhaust (Stensaas 1986).

A simpli�ed graphical presentation of a traditional mixing ventilation system is presented in Fig. 3.11.

Fig.: 3.11Mixing ventilation (inspired by Etheridge & Sandberg (1996)).

Steady air supply in mixing ventilation ensures a uniform temperature pro�le. Thus, the risk of dissatis-
faction regarding the thermal environment is minimized (Bottolfsen 2014).

A disadvantage of mixing ventilation is the risk of low e�ciencies when combined with natural ventila-
tion. The opening of a window can disrupt the uniform temperature pro�le, while decrease the contami-
nant removal rate (Bottolfsen 2014). Hence, a hybrid ventilation system including mixing ventilation can
be unfavorable.
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3.4 Controllers of ventilation

A mechanical ventilation system can be managed by controlling the amount of supplied air, the tempera-
ture of the supplied air, or by the demand of air. These management systems are referred to asConstant
Air Volume, Variable Air Volume, andDemand Controlled Ventilation. The three following subsections
briey present these management systems.

3.4.1 CAV

Constant Air Volume, CAV is a collective term describing management systems that operate with a con-
stant amount of air during the operational hours for the entire air handling unit (Mysen & Schild 2014).
Further, the heating and cooling demand of the building are covered by heating or cooling the supplied
air (Stensaas 1986).

CAV ventilation systems are often installed in modern Norwegian schools, with a constant air ow rate
dimensioned to cover the maximum pollution load from both the building envelope and the occupants
during the operating hours (Wachenfeldt et al. 2007). The maximum ventilation rate is referred to as
modeon. Further, the modeo� refers to the ventilation rate outside operational hours, which equals the
air ow rate demanded to cover pollution from the building materials (Mysen & Schild 2014). The switch
between the two modes can be preset by a schedule.

A CAV ventilation system is a simple system, easily controlled and maintained. However, studies have
shown that the amount of energy demanded by a CAV system is up to twice as high as the energy demand
of a more complex management system (Mysen & Schild 2014).

3.4.2 VAV

Variable Air Volume, VAV, is a collective term referring to all ventilation systems where the amount of
supplied air is variable Mysen & Schild (2014). The heating and cooling demand in a zone is covered by
a change in the supplied air, while the supply air temperature is constant (Stensaas 1986).

A system implemented by VAV changes the supplied air based on demand. The amount of air supplied to a
zone can be varied by a sensor detecting the presence in a room and changing the position of the damper
to a predetermined position (Mysen & Schild 2014). The predetermined positions of the damper can
be decided based on performed calculations when assuming the future number of occupants and taking
national standards and regulations into consideration. This ensures a lower energy demand compared to
a CAV ventilation system.
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3.4.3 DCV

Demand Controlled Ventilation, DCV, is the collective term describing ventilation system where the
ventilation rate, and the heating and cooling e�ect of the ventilation is automatically and continuously
controlled. The management is based on measurements regarding the fresh air demand in the room.
(Kolokotroni & Heiselberg 1997)

The amount of air supplied to a zone can be regulated based on a continuous measure of occupants present
with a feedback loop to the control system (Ehrlich 2015). Hence, DVC is well suited for zones with an
occasional large number of occupants. Such a ventilation system supplies air only when needed, resulting
in a minimized energy demand (Mysen & Schild 2014).

Fig. 3.12 presents a simpli�cation of a DCV system in a traditional HVAC installation in an o�ce.

Fig.: 3.12A simple DCV system (reproduced from Kolokotroni & Heiselberg (1997)).

The sensor presented in Fig. 3.12 measures the air quality in the room, by factors such asCO2 level and
temperature. The sensor will continuously feed the controller with information. Further, the controller
will, in this case, change the position of the dampers in a satisfactory matter. As a result, the pressure in
the ducts will change. This is a pressure change the controller can equalize by changing the rotation per
minute of the fans. This is referred to aspressure controland is a common principle in DCV (Mysen &
Schild 2014).

Proportional controller

The controller implemented in a CAV system can operate as aProportional controller, a P-controller.

A P-controller ampli�es an input value to a static output value by a proportional constant, while no dy-
namical change occurs, as presented in Fig. 3.13 (Novakovic et al. 1996). The input value to the controller
can be equal to the deviation between the measured value and the desired value.
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Fig.: 3.13A graphical presentation of a P-controller (reproduced from Novakovic et al. (1996)).

The input value,x, into the controller may equal a deviation of a measured value and a desirable value.
An example, a sensor measures theCO2 level in the exhaust air. The measuredCO2 level is compared
to a desirable value. The deviation,x, is sent as a signal to the P-controller. The P-controller ampli�es
the input signal with a proportional constant ofK p. The output value,y, equals the change of the valve
position. Hence, the amount of fresh air supplied is continuous and automatically altered to a desirable
level. (Novakovic et al. 1996)

3.5 Classi�cation of ventilation

When analyzing a ventilation system several factors can be taken into consideration. However, ventilation
must ensure a good indoor environment in terms of air quality. The air quality depends, as previously
discussed, on the amount of fresh air supplied and levels of contaminants. The following subsections will
present di�erent possibilities to classify a ventilation system.

3.5.1 Age of air

Age of air is a concept proven to be a useful tool to classify the e�ciency of a ventilation system. The
age of air is the time frame from a given amount of air enters the building until the same amount leaves
the building. (Mundt et al. 2004)

Assuming a zone with one air inlet and one air outlet, as presented in Fig. 3.14, the air will pass a pointP
at a given time. The time gone by from air enters the zone to it reaches this point is referred to as thelocal
age of air, � p. The local mean age of air, � p, equals the mean local air of every air streamline entering
the room. The local mean age of air in the exhaust is a constant value, referred to as thenominal time
constant, � n . (Mundt et al. 2004)

� n equals the ratio of the room volume to the ventilation rate,QV , as described in Eq. (3.13), and is the
shortest possible time for an air change of an entire room (Etheridge & Sandberg 1996).

� n =
V

QV
(3.13)
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Fig.: 3.14De�nition of age of air (reproduced from Etheridge & Sandberg (1996)).

The average age of the air in an exhaust is by de�nition equal to the mean residence time of the air in the
room,� r Etheridge & Sandberg (1996). Furthermore, the mean residence time is half of themean age of
air in the room, h� i , as described in Eq. (3.14) (Mundt et al. 2004).

� r = 2h� i (3.14)

Due to the fact that the nominal time constant is a constant value, it can be used to evaluate the ventilation
e�ciency and detect some dimensional errors. If the nominal time constant is of a value smaller than the
mean room age of air a short circuit of the ventilation may have occurred. When a room is completely
mixed, the nominal air constant will equal the room mean age of air (Mundt et al. 2004).

Air change e�ciency

The air change of an entire room is an important indicator of the experienced air freshness of a room
Etheridge & Sandberg (1996). The age of air in a room can determine theair change e�ciency, h"ai , as
presented in Eq. (3.15) (Mundt et al. 2004).

"a =
� n

� r
=

� n

2h� i
(3.15)

The air change e�ciency is, as described in Eq. (3.15), the ratio between the shortest possible time of air
change and the actual air change time (Etheridge & Sandberg 1996).

Containment removal e�ectiveness

Thecontaminant removal e�ectiveness, how exposed occupants are to airborne contaminants, is a suitable
indicator of the e�ectiveness of a ventilation system (Etheridge & Sandberg 1996). The contaminant
removal e�ectiveness can be described as the ratio of the contaminant level in the exhaust,ce, to the mean
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concentration of the room,hci , as described in Eq. (3.16) (Mundt et al. 2004).

" c =
ce

hci
(3.16)

If a room is supplied with a fully mixed ow, the concentration of contaminants will be equal throughout
the entire room, hence a contaminant removal e�ectiveness will obtain a value of 50%.

3.6 Energy demand for ventilation systems

Due to the fact that natural ventilation is operated by natural forces, no power demand occurs operating
the ventilation system. However, ambient air entering a building can cause a power demand in terms of
heating. A lower the ambient temperature, compared to the internal building temperature, will lead to a
higher heating demand as presented in Eq. (3.17). (Nystad 2017)

P = _m � cp � � T (3.17)

The demanded heating power,P , is dependent of the mass air ow,_m, the speci�c heat capasity of air,
cp, and the internal and external temperature di�erence,� T .

The operation of a mechanical ventilation system has a power demand occurring from the heating of air
and running the installed fans (Nystad 2017). However, an advantage of a mechanical ventilation system
is the possibility of heat recovery, leading to a lower heat power demand (Stensaas 1986). Assuming a
heat recovery with an e�ciency of� , leads to a heat power demand as presented in Eq. (3.18) (Nystad
2017).

P = _m � cp � � T � (1 � � ) (3.18)

Speci�c Fan Power, SFP, indicates the energy e�ciency of a mechanical ventilation system, by presenting
the ratio of the combined demanded fan power and the gross amount of circulated air. SFP can be derived
from Eq. (3.19) (Nystad 2017). Hence, a low SFP value is desirable.

SFP =
P

Pfan

Q
(3.19)

3.7 A state of the art review of energy e�cient ventilation

The Energy Performance of Building Directive has required that all buildings that are to be constructed
after 2020 must achieve a level of nZEB, leading to the demand of new energy and cost-e�cient solutions
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in the building sector (Breesch et al. 2018).

The following sections present some important �nds from the performed literature review regardingstate
of the artventilation strategies to increase the energy e�ciency of ventilation of buildings.

3.7.1 Ventilative cooling

The building sector is responsible for more than 60% of the total energy demand in the world, due to
the energy required for heating, cooling and ventilation (Cuce & Ri�at 2016). Hence, the state of the
art solutions, especially regarding HVAC systems, may be crucial to lower the energy demands in future
buildings with an nZEB vision.

Buildings with a vision of achieving nZEB are well insulated and highly airtight, leading to the risk of
overheating during the summer and increased cooling demand to maintain thermal comfort (Breesch et al.
2018).

The de�nition of ventilative cooling is\the application of the cooling capacity of the outdoor air ow
by ventilation to reduce or even eliminate the cooling loads and/or the energy use by mechanical cooling
in buildings, while guaranteeing a comfortable thermal environment\(Kolokotroni & Heiselberg 2015).
Hence, ventilative cooling is an important method to utilize ensuring the lowest possible energy demand
and maintain a satisfactory indoor environment regarding thermal comfort.

Passive cooling by ventilation

A state of the art review concerning passive cooling techniques has been performed by Sanatoriums and
Kolokotsa in 2013, reviewing the e�ect and potential ofnight time ventilationimplemented in o�ce,
education, and residential buildings (Santamouris & Kolokotsa 2013). The review states that passive
cooling aims to improve the thermal comfort through heat dissipation and heat control with a low or no
energy demand. Night time ventilation utilizes the low air temperature at night to remove some or all of
the heat absorbed by a building during the day. This leads to a decrease or the abatement of temperature
peaks during the occupied hours during the day. Further, the review states that the implementation of
passive cooling may cause an energy saving of 70% compared traditional solutions, but the e�ect is
highly dependent of the rate and duration of the ventilation, the building mass, and climate conditions.
A study regarding an o�ce building located in the north of China suggests that a night ventilation rate
of ten air changes per hour causes a decrease of 3.90° C of the mean radiant temperature of the internal
surfaces. However, the report created by Sanatoriums and Kolokotsa suggests that the implementation of
nighttime ventilation leads to an uncertainty regarding the thermal comfort, causing some unwillingness
to implement such solutions.

Annex 61, A State of the Art Review regarding Ventilative Cooling, performed by the Energy in Buildings
and Communities Programme concerns the potential and limitations of ventilative cooling (Kolokotroni
& Heiselberg 2015). The annex suggests, by the degree-hour method, that passive cooling, achieved by
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night time ventilation, is to be an applicable implementation in buildings located in the north of Europe.
Nighttime ventilation may be driven by natural forces, or be supplemented by some fan power, causing a
low energy demand. The review presents that the ventilation system of a Norwegian kindergarten located
in Larvik implemented with night time ventilation during the summer season. The review states that the
internal temperature is kept at a low and satisfactory level, without increasing the energy consumption due
to the passive cooling technique. However, the review states that the thermal comfort of other buildings
with other locations, building structure, and building mass, might be compromised by the implementation
of night time ventilation. Furthermore, the low-temperature di�erence between internal and external
temperature during the summer season will decrease the potential of passive ventilative cooling.

A study regarding hybrid ventilation and predictive control performed at Concordia University in 2016
evaluates the potential and e�ect of nighttime ventilation to some extent in a modern o�ce building, The
Concordia EV, by the creation of numerical models (Yuan et al. 2018). The report states that the building
was implemented with a hybrid ventilation system, with motorized opening, fan assist, and night time
ventilation. The results of the study show that the natural ventilation system can cover 13% of the cooling
demand during the summer season without compromising the thermal comfort. This when assuming the
building is unoccupied during the four hours of night ventilation, and that the air temperature is lowered
to a level of 8.00° C.

3.7.2 Building automation and ventilation control

While buildings worldwide are responsible 20% of the totalCO2 emissions, a major share of these
amounts are due to wrongly dimensioned automation units and error in the overall building management
systems (Lazarova-Molnar et al. 2016). Further, installations of automation units alone may not ensure a
low energy demand or a higher level of indoor environment due to the behavior of the occupants - o�ce
workers often work outside the presumed working hours leading to a high internal heat gain and a higher
demand of ventilated air (D’Oca et al. 2018). The implementation of natural ventilation is an increasingly
popular technology, due to the possible decreasing of energy and improving indoor environment (Chen
et al. 2019).

A study performed by Chen et al. evaluated the resulting natural ventilation, energy saving, indoor thermal
comfort, and operating time of di�erent control systems of a hybrid ventilation system including windows
and an HVAC system (Chen et al. 2019). The resulting report of the study states that to ensure a natural
ventilation system operating with low energy demand, while achieving a satisfactory indoor environment,
the operation of the windows is a major factor. Furthermore, the operating of windows is especially
important in hybrid, mixed-mode, buildings with a variable degree of automation from manual control
to fully automatic control. The study evaluated three di�erent control systems in a simulated model:
manually controlled windows based on thermal comfort, informed manual controlled windows, and a
fully automatic system for the windows and HVAC system with model predicting control, MPC. The
study concludes that a fully automatic control system is the only system achieving a continuous satisfying
indoor air temperature. However, an improper automatically system may cause energy waste and thermal

32



CHAPTER 3. BUILDING VENTILATION

discomfort.

An understanding of occupant behavior is crucial to correctly dimension the controller of a ventilation
system, due to the fact that manually opening windows will a�ect the thermal performance of a building
(Sorgato et al. 2016). Occupants open windows for a longer period of time during the summer than the
winter, and windows are more likely to be opened in the afternoon (Chen et al. 2019). Building automation
opening windows must consider the ambient surroundings, when these properties a�ect the result of
natural ventilation (Chen et al. 2018). Hence, the variable occupant behavior and ambient surroundings
during one year must be accounted for when dimensioning a ventilative controller for a hybrid system. A
reinforced learning control, a system with continuously climate adapted control for motorized windows
and HVAC systems, are proven to be a satisfactory controller with up to 23% lower energy consumption
compared to a traditionalheuristic control systemwith preset criteria (Chen et al. 2018).

3.7.3 Nydalen Vy

FutureBuilt is a program created in 2010 in Oslo, Norway, intending to act as a showcase of the most
ambitious and climate neutral actors in the building sector (FutureBuilt 2016). The program has the aim
of developing 50 buildings and projects with the level of nZEB by 2020, by giving building developers
access to experts on given �elds (Rote 2017). One of the current ambitious projects of FutureBuilt is
Nydalen Vy, a building consisting of o�ce units, residential units, and industrial units (FutureBuilt 2018).

According to FutureBuilt, Nydalen Vy has the ambition of achieving a status of nZEB, while the o�ce
section of Nydalen Vy will only be implemented with clean natural ventilation as the �rst o�ce building
in Norway (FutureBuilt 2018). Further, FutureBuilt states that Nydalen Vy will implement the status of
TripleZero, hence no energy will be demanded from the grid powering the ventilation, heating, or cooling
of the building (Hegli 2018). Furthermore, on-site production of heat, cooling, and electricity will occur
through geothermal production, geothermal cooling and PV-panels in the building facade (FutureBuilt
2018).

No mechanical ventilation, fans, ducts, or pipes will be implemented in the o�ce section of the building
(Kirkeb�en 2017). The natural ventilative system will be supplied byWindowMaster. According to Win-
dowMaster (WindowMaster 2017) natural ventilation will be automatically implemented in the building
by motorized external openings. WindowMaster further states that the controller of the windows and
hatches will be controlled according to ambient and internal air temperature, wind velocity and wind
direction, in addition to the external and internal level ofCO2.

Nydalen Vy is a Norwegian showcase project, inspired by the ambitious and successfully constructed
TripleZero o�ce building, located in Lustenau Austria,2226 (Berg 2018). The building is named ac-
cording to the required comfortable indoor temperature range from 22 to 26° C, to ensure a satisfactory
indoor climate without mechanical heating, cooling, or ventilation (Halderaker 2016).

The internal heat gain of 2226 results from lighting, computers, and occupants, while natural ventilation
occurs through manually or motorized controlled windows according to the internalCO2 levels. The
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heavy building mass ensures passive cooling, and deep window frames ensure solar shielding and no
overheating. (Stoknes 2018)

The concept of 2226 has been proven to be successful. A satisfactory indoor environment has been
achieved, with aCO2 level mostly below 1200 ppm, internal temperature in the required range from
22.0 to 26.0° C. Furthermore, a zero energy demand due to heating, cooling, or mechanical ventilation.
(Halderaker 2016)

However, the climate in Norway di�ers from the climate in Austria, leading to a need for some construc-
tional changes with innovative solutions (Berg 2018). With that an uncertainty of the resulting quality of
the indoor environment in Nydalen Vy arises.
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Presentation of ZEB Laboratory

The objective of this Master’s Thesis is to �nd the optimal combination of natural and mechanical ventila-
tion in ZEB Laboratory. General knowledge concerning the building is therefore essential. The following
section will present the vision, structure, and predetermined ventilation strategies of ZEB Laboratory.

4.1 Zero Emission Buildings

The Norwegian ZEB De�nition Guidelinede�nes a Zero Emission Building as a building that compen-
sates for greenhouse gas equivalent emissions during the lifetime of the building by on-site renewable
energy generation (Fufa et al. 2016). In this Master’s Thesis, this de�nition of ZEB according to the
Norwegian ZEB De�nition Guideline will be used.

There are six de�ned levels of ZEB, ranking from ZEB-O to ZEB-Complete. When a level of ZEB-O is
achieved, the renewable energy production compensates for greenhouse gas equivalent emissions from the
operational phase of the building. A ZEB-Complete building generates renewable energy to compensate
for the greenhouse gas emissions occurring during the entire lifespan of the building. This includes the
lifespan from the production of the building materials to the deconstruction of the building including the
disposal of the used materials. (Fufa et al. 2016)

The vision of ZEB Laboratory is to achieve the fourth level of ZEB, ZEB-COM (Time 2016). A building
achieving ZEB-COM generates renewable energy to compensate for greenhouse gas equivalent emissions
occurring from the production stage, the construction process stage, replacement of materials, operational
energy use and from the deconstruction and disposal stage (Fufa et al. 2016).
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4.2 ZEB Laboratory

ZEB Laboratory is an o�ce and educational building under construction, located at Gl�shaugen, Trond-
heim. The building is a result of the collaboration between NTNU and SINTEF. (SINTEF 2017b)

4.2.1 Ambition level

As previously mentioned, ZEB Laboratory has the ambition of achieving the level of ZEB-COM. The
building will function as aliving Lab (Time 2016). Hence, ZEB Laboratory will be suitable for further
studies and will be analyzed while occupied by real occupants, such as workers who will use the building
as their o�ce.

According to researchers at SINTEF, (Time 2016), ZEB Laboratory aims to answer the following ques-
tions:

� Which technical and architectural solutions are needed to achieve good o�ce and education con-
ditions in a Zero Emission Building?

� How do users inuence the energy consumption in the building and how do they adapt ZEB tech-
nologies?

In addition to achieving the level of ZEB-COM, ZEB Laboratory is constructed with the ambition to act
as a role model for the future projects regarding architectural qualities, future use of materials, building
techniques and technology. This includes having a suitable and exible energy and climatization system
and a exible workplace design while being a building adapted to the climate. (Time 2016)

4.2.2 Building structure

ZEB Laboratory is a 2000 square meters, four oors high, o�ce and education building under construction
located at Gl�shaugen, an NTNU campus, in Trondheim.

The oors including the zonal division of each oor are presented in Fig. 4.1, and in Appendix A. Larger
images of each oor is presented in Appendix A.

The �rst oor of the building will consist of the entrances, wardrobes, toilets, a cafeteria with seating and
an energy plant. The second oor will consist of two identical classrooms, team rooms, meeting rooms
and toilets. The identical classrooms will enable further study the energy use and degree of satis�ed
occupants. The third oor will consist of closed and open work-spaces, meeting rooms and toilets. Both
the second a third oor will consist of exible areas with a possibility to vary the workplace design. At
the fourth oor, there will be classrooms, toilets and a technical room. The technical room will act as a
"showroom" presenting the technical solutions of the building. (SINTEF 2017b)
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(a) First oor (b) Second Floor

(c) Third Floor (d) Fourth Floor

Fig.: 4.1 Architectural drawing of the oors of ZEB Laboratory (permission for display given by Cecilie Schei,
Civil Architect, Link Arkitektur).

To ensure a satisfactory on-site renewable energy generation, the facades of the building will be imple-
mented with a photovoltaic, PV, system. The south, east and west facades, in addition to the pitched roof,
will be integrated with PV-panels. This results in over 1200 square meters of implemented PV-panels,
with an assumed e�ciency in the rate from 16 to 21% (F�rland-Larsen 2017b). Fig. 4.2 presents the
facades of ZEB Laboratory. This �gure will be discussed further in the upcoming section. Larger images
of the building facade are presented in Appendix B.

4.2.3 Windows, doors and hatches

A large part of the facade, about 28% which equals to 488 square meters, will be windows. A large share
of the windows will not be able to open. However, the openable windows will both be automatically and
manually controlled. The opening area of the openable windows are limited respectively to 60% and 20%
of the geometric area of the windows. (F�rland-Larsen 2017b)

Fig. 4.2 presents the facade of ZEB Laboratory, which can also be seen in Appendix B.
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