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Indoor Climate Design in aPreschooBuilding:
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ventilation system
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INGA SIERPINSKA

Department of Architecture and Civil Engineering
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ABSTRACT

Indoor environmentas significant influence on usersO Welhg, understood as
comfort, health and performance. These three aspects are determined by factors such
as air temperature, relative humidity or gaseous pollutants and particles concentration,
which valuesare cotrolled byair exchange with outdoarslowever, one ventilation
setting is not able to provide optimiglvels for all parameters simultaneously and
some of them are strictly defined by legal regulatiaiereover adjustments of

HVAC system can always beanslated to change of environmental impact, which is

of interest in fossifree construction.

A literature study has been conducted in order to identify the functional requirements
for an indoor environment with focus on preschool buildings accordirfgvedish

law, available methods to assess an environmental impact, components of indoor
climate and their effect on health, comfartd performance, and ventilation solutions

for a case study preschool buildirfgurthermore, 18 sets of indoor conditionfor

winter and summer case&re tested in order to establish what supply air temperature
and air flowin the ventilation system would be required to maintain tl@smses most
supporting for health, comfort or performance have been identified. obtained
results were taken further to simplifiedssessmenbf environmental impacof
materials and energy use in FTX and hybrid ventilation systems.

Finally, based on findings from theoretical study and simulations, the discussion has
been raised tadentify how different aspects of indoor climate should be prioritized
and weighed against each other to enable desigrerdflation inpreschool spaces
considering users arghvironment in optimal way. The attemptdbtain a universal
model for such an assessment has been madendstimportantonclusion is thia
functional requirements for health, comfort and performance are to some extent
contradictory, therefore prioritized aspect should be decided upon prigpate
design process. Ventilation should be able to fulfil requirements for the selected
aspect and once that is securedisaussion about different solutiddenvironmental
impact can lead to the final choicetbé system.

Key words: preschool, indoorclimate, indoor air quality, thermal comfortealth,
ventilation system, environmental impact, fodle construction.



Utformning avfSrskolas inomhusklimat
Balans mellan $lsakomfort, prestation ockientilationsystemsnilj$pEverkan
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Technology

INGA SIERPINSKA

Institutionen fSrarkitektur och samhSlisbyggnadsteknik
Avdelningen fSrinstallationsteknik
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SAMMANFATTNING

Inomhusklimat har betydande pEverkan p&E anvSndares vSifuiEe@akomfort,
hSlsa och prestation. De tre aspekterna Sr bestSnidktorer sEEsom lufttemperatur,
relativ fuktighet gasformiga fSroreningar och partiklavjlka i sin tur styrsav
luftutbyte med utomhusmilj3nEtt driftiSge f&r ventilationssystem&an dock inte
sSkerstSllaptimala nivEer f3r alla paramaetsamtidigt och n@Egra av dem Sr rigorsst
definierae i lagar. InstSlining och utformning av ventilationssystem kan dessutom
alltid bli omsatt i Sndring av milj$pEverkan vilket Sr av stort intrefessilfritt
byggande.

En litteraturstudie har utfsrts f&r at@artiSggafunktionskrav f&r inomhusmilj&nligt

den svenska lagemed fokus pE f3rskolebyggnadélgSngliga metodeatt bedSma
miljSp&Everkan, komponenter av inomhusklimat och deras kempboestation och

hSlIsoeffekter samt ventilationslSsningar f&r en fallstudies fSrskeidare har 18
uppsSttningar av inomhusluftsparametrar f&r vintish sommarfall testat&r att

identifiera vilkentilluftstemperatur och vilket luftflidde VventilationssystensomkrSvs
f3r att uppnCE och behElla demiensom Sr mest gynnsamrisa hSisa, komfort eller
prestation har identifieratdResultaten har anvSnisen fSrenklad bedSmningav

miljSp&Everkan fSr material och energi i FTX och hybrid ventilationssystem.

Slutligen har, med utgEngspunkt i resultaten frEn den teoretiska underssSkningen och
simuleringarna, en frEgagits upp omhur olika aspekter av inomhusklimat ska
prioriteras @h vSgas mot varandra f&r att msjliggsra utformning av
ventilationssystem f&rskolor som tar hSnsyn till anvSndare och miljidn pE optimalt
sStt. Ett f8rssk till att skaffa en universell modell f§r sCEdan bedSmaiggprts. Den
viktigaste slutsatsen Sr aftinktionskravfsr hSlsa, komfort och prestation Sr delvis
motsSgelsefulla, dSrférbsr den prioriterade aspekterbestSmmas innan
inomhusklimats utformning pEb3rjakSr det Sr sSkerstSllt kan diskussion om olika
tekniska ISsningars miljSfverkan leda till ett slutligt val av ett system.

Nyckelord: f3rskola inomhusklimat luftkvalitet inomhus termisk komfort hSlsa,
ventilatiorssystemmiljSpEverkarfossilfiitt byggande.
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Notations

Roman upper-caseletters

AHU
Atemp
BBR
COe
FTX
GWP
IAQ
IEQ

|c|

LCA
LF

M
MB
PM
PMV
PPD
RH
RMR
SBS
SFP
SGBC
TKA
VOC
W

Air handling unit

Total heated floorr@a[m?]
Boverkets byggrelger

Carbon dioxide equivalent
Mechanical ventilation system with heat recovery
Global Warming Potential

Indoor air quality

Indoor environment quality
Clothing insulation [IFK/W]

Life Cycle Assessment
GSteborgs StadokalfSrvaltningen
Metabolic rate [W/rf]
MiljSbyggnad

Particulate matter

Predicted Mean Vote

Predicted Percentage Dissatisfied
Relative humidity [%0]

Resting Metabolic Rate [W/h
Sick Building Syndrome

Specific Fan Power [KW/#s]
Sweden Green Building Council
Tekniska krav och anvisningar
Volatile Organic Compound
Effective mechanical poweW/m?]

Roman lower-caseletters

clo
fel
Nl
met

Vil

Clothing insulation unit [1 clo ©,155 mK/W]
Clothing surface area factof [

Convective heat transfer coefficient [Wi}
Metabolic rate unit [1 met = 58,15 W/m
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ta
]
tap
to

tsupply

Pvs

Var
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Air temperaturej[C]

Clothing surface temperaturgd]

Dew point temperature; ]

Operative temperatufeC]

Mean radiant temperatufgC]

Supply air temperature€]

Water vapour partial pressure [Pa]
Saturation pressure of water vapour [Pa]
Absolute humidity kg/nr]

Relativeair velocity [m/s]

Absolute humidity at saturation [kgfin
Humidity ratio [g/kg]
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1& Introduction

In this chapter the background of the project is presented, followed by the description
of the thesisOs aim, applied methods, assumptions and delimitations.

1.1& Background

The LokalfSrvaltningenof the City of Gothenburgan organisation responsible for
building and administration of, among others, schools and preschogésher with
Bengt Dahlgren AB as external project managecarrying out the project of Hoppet

b a fossitfree constructionThe aim of this innovative project is to investigate the
prerequisites and conditions for fosisge construction in general in order to facilitate
reaching GothenburgOs goal of becoming a climeitral city with asustainable

level of greenhouse gasemissions by 2050 which is a part of its wide climate
strategy Finding sustainable solutions for building sector is crucial, as it is
responsible, according to BoverketOs data, for around 31% of total energy use and
18% of greenhouse gas emissionsSwweden(GsSteborgs Stad LokalfSrvaltningen
2019) Thefirst milestone withirHoppetOBamework is a fossilree preschoolvhich

is a pilot project realisedith apurpose of testing different materials and processes
and thus finding the optimal ones totan fossitfree methods for resources
extraction, production and transport of materials, actual construction and operation
phase Where fully fossHfree solutions cannot ba&chieved the alternativeways to
compensate for negativeipact should benvestgated The results and conclusions
from the project should eventually meplemenedinto the cityOs climate strategy.

Project Hoppet is being carried out in three ar€he first one comprises a variety of
innovation projects which goal is to reseasnid develop new fosditee materials

with lowest possible environmental footprint, preferably also using reclaimed waste.
Some examples of such materials are fdssé glues and paints, foundation slab
constructed in timber or recycled glass, organsulation and, most interesting from
installations perspective, pipes produced from old, dismantled ones (Re:pipe), parts of
electrical system made of recycled plastic coming from other industries (GreenPipe)
or duct system consisting only of aluminium faihd insulation, which allows for
efficient transport and eliminates environmental impact of metal sheets (Climate
Recovery) Moreover,even possible use of clay obtained during ground works on
V SstlSnkefs investigated.

The second area concerns spregdihe information and remaining continuous
contact with all possible actors who may be interested in contributing to the project.
The communication channelaclude presentations during building sector related
events, seminars, study trips, workshammferences, contact with press andtagp

date website.

The third and the main area within project Hoppmete is focusing on the actual
constructionand can be further divided into psaudy phase and production phase.
The aimof the prestudy is to inveggate and improvethe current situation in the
subject of fossiHree building by, among others, analysitige amount of fossil
materials builin in the typical preschool and their environmental impact, looking for
similar projects worldwide,researchingon alternative fossifree materials and
identifying the fields in which their lack is most problematic, establishing contacts
with actors in the industry in order to support and initiate development of new

'"789:;<= Architecture ancCivil Engineering MasterOs ThesAdCEX30-19-NN 1



solutions, cooperation with scientific environrhemd cesupervisingbachelor and
master theses.

Seen from the angle of the followimgport some ofthe activitieswithin pre-study

phase should be described in a more detailed way. One of the first actions taken was
to mapthe way how theenvironmentafootprint of construction is currentlgefined,
monitored controlledand limitedby European, national and local law and directives,
industry standards, praxismased guidelineenvironmental certificationsO instructions

and other tools developed calcuate the impact The result of this research will be
discussed further in Chaptgr

Another interesting study has been conducted on one of BokaltihingenOexisting
buildings B ByvSdersgd§ensfsrskola D in order to quantify the share of fossil
matergls builtin in a typical new preschool’his case was also used to carry out
asimplified life cycle assessment using a tool developedi\ly B Swedish
Environmental Research Institu® which is based orEnvironmental Product
Declaration index (EPD)Oneimportant finding of the study is that the amount of
HVAC system components may be smalla scaleof awholebuilding, but they are
among these with the highest content of fossil mateneisch makes it even more
urgent toinvestigatepossibilities of reducing systemsO size or finding alternative
technical solutionsAnother interesting result is the value of 223 kg.€@er 1 M
heated floor area fourmlitto be the measure tfe preschool@svironmental impact

in phases AJA5 of its life cycle as it gives a reference point for further
improvements.

Furthermore, LokalfSrvaltningehasdeveloped a project ahodel preschool called
GrSnskan The design process put most focus on flexibility, functionalityaadting
optimal environment to support kids learning and playing, creating therefore a good
basefor future improvements in terms of more specific, technical solutidhshe

time of this report being written, the preschool is being built in Lillhagsparken in
Gothenburg.Grsnskan since Hoppet is supposed to be busing same architectonic
assumptions, is used asederence case iseveralongoing research projects. One of
them, settingn away astarting point for the following report, was a bachelor thesis
investigatingthe environmental impact of alternative ventilation system solutions.
The conclusiordrawn fromthis projectwas that an efficient way to minimize tG&,
footprint may beto adjust parameters such as flow or requirementfilters, as long

as it is done with consideration of other functions, indoor climate and(selis
being. The description of how this thesis will try to answer these questions can be
found further in the chapter.

The actuaproductionof the Hoppet preschool is plannedstart in the first quarter of

2019 0n a plot near Backaskolan in Hisingenis thus obvious that all mentioned
research projectsillvnot be finished by that time and all conclusionsl wot be
applied. Nevertheless, the most important outcome gbitbeproject is the initiation

of the discussion, raising awareness and encouraging further actions in order to
eventually reach the ambitious goal of fully fo$sde construction

1.2% Aim

The aim of thefollowing thesis is to evaluate and study the retatbetweerlegal
regulations, functional requirements for good indoor climatgers@omfort and
health and the environmental impact of technical installations in the buildirvgll
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attempt toidentify which requirements are the most decisive and hia@ebiggest
potential to increase environmental friendliness of ventilation and at the same time
discuss how this influences the buildingOs users and applied technical s@ateds.

on the findings, the project should suggest guidelinesséiting thefunctional
requirements and discuss how these can be related to tectystaisin order to
decrease the environmental impact and helpthie future design of fossiree
constructions.

1.3& Objectives

In order to reach the intended aim, the thamsisstigats the following questions:

¥ What are the current requirements on indoor air quality and ventilation
parameters and what is the theoretical base behieskvalues?To what
extert these limitscould be changed without risking with unsatisfying indoor
environment?

¥ What is the influence of indoor air temperature, .Gfdncentration and
relative humidity onusersO comforipérceived air qualify direct health
effects €.g. physical discomfort, eye iration, mucous membranes drying)
and indirect health effectg.Q.incidence of allergies and respiratory diseases,
concentration of chemicals, emissions rgtes

¥ What are the main characteristics of FTX and hybrid ventilation sy8tems
What are the advantagjeand disadvantages of both systems in terms of
fulfilling requirements foabovementioned comfort and healdsues?

¥ What is the influence aequirements sdor indoor spacen flow and supply
air temperaturén the ventilation systemfdow are thesparameters translated
to itsdesign in terms of sizenaterialsand energyse?How are thesaspects
translated to environmental impact of ventilation?

¥ How would the possible change of requirements and following ventilation
systemOs parameters influemmoor air characteristics? What are the optimal
requirements regarding indoor conditiphalancing the interest usersO well
being and environmental issues?

1.4& Methodology

The thesis is divided iatheoretical and practical part.

1.4.1& Theory

The theoreticapart puts focus orseveralquestions. Areview of legal documents
defining limits for functional requirements in the preschool buildings is done in an
attempt to identifythe hierarchy of regulations and check if the reasoning behind
given values has source in the same scientific knowledge. The other goal of this
review is to find out if existing guidelines give a clear idea about how the design
process should be initiated, if they are not confusing, misleading or even
contradictory.The results are copared with requirements concerning environmental
impact, set both by law and commercial certification systemestablish in which
ways indoor air qualitgan be translated tofluenceon the climate.

'"789:;<= Architecture ancCivil Engineering MasterOs ThesAdCEX30-19-NN 3



The next step is a literature studyvestigating he relation between IAQ and
buildingsCusersO welleing and health. memphasids put on school and preschool
environmenin order to decide which parameters are critical for providing an optimal
learning climate, allowing for best possible concentratiand intellectual
performance, minimizing the risk of allergies ahseases

The last step in theoretical part is a study ondésign principleof some types of
ventilation systems. The FTX system in thedelpreschool Grsnskan asr@ference

and thehybrid system planned in preschool Hopaeet described and compared based
on thetechnical documentation and the findings from the previous thesis in this field,
mentioned in Section 1.lAdvantages and disadvantages of both solutions are
presentedas well as some possible modifications which can be introguted
discussed which system may be preferred under different circumstartéow do
they perform in terms of environmental impact.

1.4.2& Calculations

The practical part of the work includes tiypes of calculationg=irstly, it has been
checked howdifferent sets of functional requirements will be translated to design
parameters of ventilation system. From demand oa €@centration minimum air

flow per person has been obtained, then it wasldd what supply air temperature
would be required to handle internal heat gains and provide air dowlose to
minimal as possible. For every case resulting RH has been examined as well as PMV
and PPD for adults and children at two different activatyel. In addition, it has been
checked which temperatures indoors would provide RH and PMV/PPD in desirable
range and to what extent thermal inertia of the room may help maintaining desired
indoor climate.

Secondly, using C®equivalents a simplified envionmental impact was calculated
for different solutiongfor ventilation systembased on energy needed for fans and
pumps, production of district heat and materials use

1.4.2& Evaluation model

The evaluatiorof results throughout the thesis follows the orpersented in Figure
1.1 below:

0123183145,7(+! 0)'+17*(>38o0w<5 0'.9%%)&'($/! 0,$,+C<!)$:!
8,)*&8I(+! %(.9($,$&/ &(! 7(+H"2@!(+! )&+ YA
%(.7(+&3!(+! THAT 8<A+"1/</&,. '$177 + $&!
O+(:H%&; &< THSYE ($)*! I(H&!(S/
+-#,, S8/

Figure1.1 Model for evaluation of projectOs results.

Based on findings from literature study in the subject iofloor climate
characteristicsO effects on health, comfort and work performance, sets of functional
requirements aiming for providing fulfillment of each of these aspects are obtained.
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Then, basic parameters of ventilati®rair flow and supply air tempexae b are
calculated so that the functional requirements are met. In the next stgmalyzed

what such design parameters would imply for specific technical solutions and as
examples FTX and hybrid system are used. Finally, it is evaluated what is the
potential of considered solutions to decrease environmental impact.

1.5& Assumptions and delimitations
The following assumptions and delimitaticaqsply throughout the thesis:

¥ environmental impact is limited to climate impact; aspects such as
acidification potential, eutrophication potential or ozone depletion potential
are not cosidered,;

¥ environmental impact assessment focuses mostly on energy for fans and
pumps and heating demandnly limited analysis is carried out for materials
and life cycle;

¥ economecal aspects are not includdicost is not a criterium for any of
discussed issugs

¥ the project is carried out in Swedall legal aspects anehvironmentaldata
apply to the local conditions

¥ term Ohybrid ventilationO always concerns a system with pnghea the
ground, other solutions that can be qualified as hybrid are not considered.
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2& Current Functional Requirements

The following chapter aims to outline thieamework for defining functional
requirementsn terms of indoor climaten newly built preschool buildings given by
avariety of legal regulationstandards and guidelines applying in Swedém® £rm
Oindoor climateO includes many factorshieut focus has been put on air quality and
thermal climate, leaving out questianfs for instance, lighting or acoustics.

2.1& Regulations applying in Sweden

In this sectiorSwedish law, directivegieneral advices, industry standamgigidelines

and other legal documents describing requirements for good indoor climate and air
quality arepresented. Its aim is to clarify the hierarchy of rules, show how they refer
to each other, explain which ones are prior to the others, compare limit values of
indicators they give and investigate if they are Basethe same theoretical base.

Regulatiors followed in Sweden are quite unique in terms of the way they set the
demand®giving them in form of functional requirements means that a designer can
freely choose a method to fulfil them and none specific theoretical calcutatidal

is imposed in order to prove that expected conditions will be maintained. However, to
ersure that functional requirements will be fulfillad reality, there must exist
relatively simple tools allowing for ensuring it in advance. Three most common, used
separately orsimultaneously are theoretical calculations of certain indicators,
following commonly accepted practice and assuming big safety mafilizerg,

2015) As the first one is the most specific, easiest to coranol supports a cost
efficientdesign, it is referred to e majority of legal documents.

2.1.1& Government authoritiesO requirements

In general, there are tlegovernment authorities which make demands on the indoor
climate: Boverket(The National Board of Housing, Building and Plannirg
responsible for urban planning, city development aodstruction, ensuring high
quality of buildings and publishing to some extdegally binding manuals and
handbooksArbetsmilsverket (The Swedish Work Environment Authonitf which

goal is toprovide safe work environment, free from risk of harm or sickngsses
FolkhSIisomyndighetefPublic Health Agency of SwedpBresponsible for questions

of the public health and working wifirevention ofdiseases, injuries and other health
hazardslt meansthat in some cases there are three sets of rules prgtjngements

on the same characteristic of air quality in indoor environment.

2.1.1.% Boverket

A superior document regulating tbeilding industryin Swedens Swedish building

law B Plan och bygglag (200:900).However, in terms of indoor climate the law is

quite vague as it states only that Oa building mustthatechnical properties which

are essentidbr the protection in terms of hygiene, health and environ@&hts rule

is developed to some text in Plan och byggfSrordning (2011:338yhere3 kap. 9 &

specifies thatx building must be designed and constructed in a way wiiltimot

result in unacceptable risks for usersO or neighborsO hygiene or health, especially as a
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consequence gdfoisonous gas emission, occurrence of dangerous particles or gases in
the air, dangerous radiation, pollution of water or ground, insufficient handling of
sewage, smoke, solid and fluid waste or occurrence of moisture in building
component® Moreover,3 kap. 14 o definesa part of fulfilling the requirements on
energy use and thermal insulation as Oequipping the building with components
consisting of one or a few layers which insulates the inside of the building from the
outside in a way that allows onlylawv amount of heat to pass throughO.

Boverket, in Boverkets byggregel (BBR), a publicatiomtaming further directives
and guidelines, givesnore details about how requirements should or could be
satisfied.In terms of ventilation it states, among o#)ehat:

¥

ventilation should be designed so that a sufficient outside air flow is supplied
to the building; it should be able to caayway harmful compounds, moisture,
odours, discharge products from people and materiagl pollutants
generated by actitres taking place;

ventilation should be designed in a way that provides the outside air flow of at
least0.351/s per 1 Mfloor area

it should be taken into consideration that the designed air flow can decrease in
reality due to pressure dropsfilters or dirt in the ducts;

the local ventilation index must be at least 90% or air exchange efficiency
must be at least 40%;

in buildings other than residential there should be a possibility of reducing the
supply air flow in case no one stays inside;

such a reduction should, however, not caiges for health or damages to the
building and its installations; a whole air volume in the room should be
exchanged before it goes back to normal use.

From thethermal climateperspectivesome of the most impi@ant points are:

¥

¥

building should be designed in a wayat allowsto maintain satisfying
thermal climate;
satisfying thermal climate should be maintained in zones or rooms where
people stayongerthan temporary;
a building and its installations should 8esigned in such a way that thermal
comfort adjusted to expected use of a space can be maintained during normal
operation
a building should be designexb that at DVUT (desigivalue for outdoor
winter temperatune
o! the lowest directed operative temperatisee Sectiod.1.1.3) in an
occupied zone is 20%C in rooms for children in pres¢hools
o! the difference in directional operative temperature at different points in
the occupied zone difie room is calculated at a maximum d{5
o! the surface temperature the floor beneath the occupied zone is
calculated at a minimum of 20;C in premises utilized by chilcnedh
can be restricted to a maximum of 26;C.
calculated air velocity in the occupied zone of a room should not exceed 0
m/s during the heating seasand air velocity in the occupied zone from the
ventilation systemshould not exceed 26 m/s at other times of the year.

Thereareno rules regarding thermal comfort in the summer petejthed by BBR.

BBR refers to regulations given by Arbetsiugrket and BlkhSsomyndigheten.
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2.1.1.& Arbetsmilj Sverket

ArbetsmiljSverket has drawn up a document calgbletsplatsens utformning (AFS
2009:2) Arbetsmiljdverkets fSreskrifter om arbetsplatsens utformning samt allmSnna
rcEd om tillSmpningen av fSreskriftea set of regulationfor workplacedesignand
advice on how these regulations can be applied in pracliags.worth to pointout that
within the meaning of thisocument school pupils are considered in a same way as
employees.

In terms of & quality AFS 2009:2 gives a few valuable remarks. Firstly, it states that
premises containing workplaces should have ventilation systeairfexchange and
removal of pollutionsufficient to provide satisfying indoor air quality in occupancy
zone It mentions som symptoms which may indicate problems with 1AQ, such as
irritated eyes, nose and throat, dry mucous membranes and skin, rash, tiredness,
headache and dizzinessalso draws attention to the complexity behind achieving the
proper air quality as the pramhs may be caused by a combination of physical,
chemical, medical, biological and psychosocial fact@gen questions such as
ventilation system maintenance or cleaning methods can influence the final
performance of a spacApart from general remarks,dldocument gives some more
specific numbers:

¥ air exchange efficiency should be at least 40%;
¥ exhaust air flow should be at least:
o! in toilets 15 I/s per toilet;
o! in cleaning rooms 3 I/s per 1?ifoor, but at least 15 I/s;
o! in showers 15 I/s per shower; whamoom lacks openable windows,
this can be increased to 30 I/s per shower.

The section concerning air quality suggedsothatin premises where people are the
main source of air pollution, GQconcentration can be used as an indicator of air
quality as it is easy to measurearbon dioxideconcentration should bgenerally
lower than 1000 ppmbutit is acceptable if this limit value is exceeded during short
periods over the dayA low CO; level is however not a guarantee of sufficient 1AQ
because taperature or cleanness can as well affect how it is perceived.

In terms of ventilation AFS 2009:2 gives mostly general recomntiendaabout what
should be taken into account while designing supply air and exhaust air devices as
well as air circulation sysm in the building in order to avoid insufficient ventilation,
draught or pollution spreadinghe ccument states explicitly that air flow per person

will not bestrictly defined but it should be chosappropriately to occurring pollution

and requiremds for sufficient and draugfitee ventilation.

However, further in the document some advised values can be found

¥ in premises occupied more than temporary outside air flow may be setto 7 I/s
per person in case of sedentary work, more intense physidalmay require
higher flow; other sources of pollution require an addition.85Ws per 1 rh
floor area;

¥ air velocity should be kept aroundl8-0.20 m/s as experience shows that it is
perceived as draughitee for most people, however at higher temperature
higher velocities may be accepted

There are also some recommendations about filters given. Outside air needs to be let
through a filter in order to remove diliatmay harm installation and decrease 1AQ.
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Exhaustair, if it is supposed to betilized as return air, also needs filtration from
particles.

Another statement worth noitng is that in most cases it is not peopleOs need for
oxygen or CQ emission which is determining the need for ventilation, but need to
remove odours, regulate tematire and keep proper level of moisture.

Concerning thermatlimate it is mentioned that a workplace must haetable
thermal climate considering the type of work and level of physical activity. A source
of heating should in principle be locatedaith premises where work is carried out all
year roundThe documenstateghat perception of thermal climate is determined by a
number of factors: air temperature, mean radiant temperature, air velocity, relative
humidity, physical activity and clothing (wth is coherent with PMV model).
Thermal climate is divided into three zones, where temperatures between 1G@nd 30
set the boundaries for so called neutral climate in which stress for a human body is
minimal, it is however also mentioned, that even small deviation from ideal
temperature can result in decreased concentration, attention and assessment.

For measurementsf thermal climate it is recommended to use standd®iO
7730:20® Ergonomics of the thermal environmentAnalytical determination and
interpretation of thermal comfort using calculation of the PMV and PPD indices and
local thermal comfort criteriaandthe limit value forPPD is set to at most 10% (more
about calculation of PMV and PPD can be found in Sectidrl). As limits for
indoor air temperature above or below which a more detailed investigditibarmal
climate should be performed a2€-24;C in winter and 226;C in summer. Also,
vertical and horizontal temperature differences should be restricted according to ISO
7730.

At the time of writing this report, Arbetsnilyerket isworking on an update to the
regulations. Proposed changes have bm#slished for comments and remarks to
public until 13" March 2019. The new versiontroduced significant simplifications.
From the section concerning air quality all specific requiremeds instance for
exhaust aifflows or CQ, are removed and onlyegeral information about need of
providing satisfying air quality, for example in terms of temperature and humidity is
left. The p@art concerningthermal climatedoes no longer contain a PPD requirement
of 10%, even though ISO 7730 is still used asfarence for measurement mettod
These changdsghlight the tendency to set only functional requirements and leave up
to the designer in which way they will be fulfilled.

2.1.1.& FolkhSIsomyndigheen

FolkhSlsomyndigheten has published a document called FoHNE®4:17
FolkhSisomyndighetens allmSnna rEd om temperatur inomhus, which can be
translated as generahace onindoor temperatured.his regulation has its sources in
MiljSbalken (1998:808)bageneral, comprehensive, environmental fas it defines

a term Oinconvenience for human healthO, meaningtdisce which from medical

or hygienic perspective caregativelyaffect health and which are neither negligible

nor fully temporaryFOHMFS 201417 provides a table with temperatuimits and

air velocityto prevent occurrence of such inconveniences, considering also presence
of people with higher sensitivity due to age or physical condition.
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Table 2.1

FOHMFS 2014:17

Limit values and recommended values for indoor climate given by

Limit value for estination
of inconveniences

Recommended value

Operative temperature

Below 18 C; for sensitive
groups below 2(0C

20-23;C; for sensitivg

groups 2224;C

Operative  temperatur¢ Above 24C; in summel

permanent above 26C

Operative  temperatur¢ Above 26;C; in summel

temporary above 28C

Difference in operativ¢ Not above 3C
temperature measureé

vertically 01 and 11 m
above the floor

Radiant temperatur, Not above 19C
difference betwee

awindow and an

opposite wall

Radiant temperatur, Not above C
difference betwee

afloor and a ceiling

Not above Q5 m/s; at
indoor air temperatur
above 24C can highe
velocity be accepted

20-26iC

Mean air velocity

Surface temperature
the floor

Below 16C; for sensitive
groups below 18C

2.1.2& LokalfsrvaltningenOstekniska krav och anvisningar (TKA)

TKA are LokalfrvaltningenOs specific complement of government regulations
standards and common practidéeir aim is to secure energy efficiency, moisture
safety, goodndoor climate, poisoiffree environment andreate technical solutions

and systems easy to administrate and operate in an effective iAyconcern the
brancheshat are in LFOs interest, i.e. schools, elderly housing and offices and are
divided into several technical areas.

In the framework progra for preschool and school buildings wide scope of
guestions has been mentioned, but some of @rerdirectly or indirectlyrelated to
theindoor environment. For instance, the docunstatesghat design of interior must

be flexible enough to accommddapotential future change of age structure and
number of pupils Flexibility is also striven in use of buildingOs areas which are
supposed to be multifunctioft. implies that, among others, ventilation systemust

be able to be adjusted to different dewls More specific directives which can be
found in the prograrmclude
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¥ ventilation should be stezal by demand based on £@oncentration and
indoor air temperature; air exchange rate should be chosen according to
ArbetsmilgverkeDsrecommendations sthat CQ concentration does not
exceed 1000 ppm;

¥ a reference made to SOSFS 1999EPSocialstyrelsenOs advise in terms of
ventilation in accordance with Mipalken this regulation stateghe
following:

o! in schools and other premises for child ¢cae flow should not be
lower than 7 I/s per person and addition @&30l/s per 1 rafloor area
should be made;

o! CO, concentration should normally not exceed 1000 ppm,;

o! the difference between indoor and outdoor absolute moisture content in
the air should not exed 3 g/ni in winter;

o! it is important to take into consideration number of people in the room,
way of use, possibility and routines for airing and occupancy time
when assessing ventilationOs sufficiency;

¥ yearly mean value of N{zoncentration should not exceed 20 !g/m

Furthermore, TKA for air handling systemives much more detailed numbers
regarding the ventilation design assumptions

¥ the total pressure drop in supply air and exhaust air system should not exceed
200 Pa(at thetime of writing the following reporthe value is being updated
to 250 Pa)

¥ SFP should not exceed51kW/m¥/s at mean air flow for VAV and maximum
air flow for CAV systems;

¥ maximum pressurdropsand air velocities in systemOs different components
shouldmeet criteria presented in table below:

Table 2.2 Dimensioning air velocities and pressure in ducts and components
according to TKA

Maximum air velocity Maximum pressure drop

Air intake 2.0 m/s 20.0 Pa

Exhaust air cowls 40.0 Pa

Air filter 2.5 m/s

Air heating coil 3.0m/s

Air cooling coll 2.5 m/s

Dampers 30.0 Pa

Main ducts, rectangular 0.8 Pa/m

Main ducts, circular 0.8 Pa/m

Branch ducts 0.8 Pa/m

¥ in rooms occupiedonger than temporaly the maximal air velocity in the
heating seasoshould not exceed.T6 m/s;
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¥ kitchen and dining area should be equipped with separate air handling unit;

¥ in CAV systems rooms with dimensioning flow exceeding 50 |/s should be
provided with demandontrolled ventilation;

¥ in preschools the whole ventilatiosystem should be designed as CAV
system;

¥ air handling unit in a preschool should have outdoor temperature
compensation for pressdureand temperature regulation according to
specification (ODriftkort FTYCAVO, provided in TKA);

¥ Heat recovery efficiency shild beat least 94% for rotary heat exchanger and
72% for plate heat exchangg@n the upcoming update of the document this is
changed to 80% temperature efficiency for both types).

Specifications for CAV system in preschool give another importantRistipply air
temperature should lm®nstantlyl4;C.

Despite the abovementioned demand on CAV systems in preschools, reference
building in this thesiss designed with VAV Such a system is, analogically to CAV,
described in details in its specification. One important difference is that specification
for VAV system uses 1500 ppm Gixstead of 1000 ppm as upper limit value. It has
been established in personal communicatuith LF (29.03.2019) that the reason for
this is to avoid situations whearbon dioxide concentration steers deremtrolled
ventilation rathethanindoor temperatures.

A part of TKA are templates which should be used to prepare environmental plan
whendesigning new buildings or expansion of the existing ones. In these templates
recommendations fadhermal climatandoors can be foundFor preschool they are as
follows:

¥ temperaturen winter:
o! in general 2¢C;
o! in corridors and cloak room {C;
o! in vestibule above frost temperature;
¥ in summer:
o! no specific temperature value;
o! PPD at most 10% without airing;
o! comfort cooling is not allowed;
o! at least one openable window per room where peopld®stggrthan
temporatily;
o! other TKA and governmental regutais apply.

2.1.& Energi- och MiljStekniska FSreningens riktlinjer R1

Energt och MiljStekniska FSreningenb Society of Energy and Environmental
Technologybissued guidelinesalled R1,describingspecification for indoor climate.

The first edition was published in the beginning of O90s and second, containing
important updates regarding new experience, recommendations and rules, in 2000.
These guidelines are not a legally binding document, but they were commonly used as
a referencdor HVAC designers whilesetting requirements and quality levels for
indoor environment.

In 2006 third and in 2013 fourth edition was publishedthese publication&R1
changed significantlythe ideawith the guidelines is now to use them as a framework
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when defining functional requirements, but it is not possible anymore to refer to them
directly Bdesign values must be chosen outside from R1. In the newest version some
of thermal gality classes are removed and the remaining ones are no longer described
with measurable indicators but in general woFés. that reason, it does not happen as
often as before that R10s requirements are referred, i smdt is mostly aimed at
thesecond edition(Tillberg, 2015).Therefore, in the following sectipmore specific
demandgrom the older version of R1 are presented.

For the thermal climate quality classificatiB®D index is used as an indicator and its
limit values are in accordance with either ISO 7730 or ASHRARIBD standards.
The limits are shown in Table 2.3.

Table 23  Thermal comfort (TQP PPD for different quality classes and indoor
climate factors

Indoor climate factor Quiality class

TQ1 TQ2 | TQ3 | TQX
Operative temperature <10% | 10% | 20% | acc. to spec.
Air velocity 10% 10% | 20% |-
Vertical temperature difference <10% |10% |20% |-
Radiant asymmetry <10% |10% |20% |-
Floor temperature <10% |10% |20% |-

Further in the documents more detailed recommendations for how to fulfii PPD
requirement are giveithese are presented in Table 2.4.
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Table 24  Thermal comfortb acceptable values for different factors in different
quality classes

No. Indoor climate factor TQ1 TQ2 | TQ3

1. Operative temperature

1.1. In winter

- highest jC 23 24 25

-mean C 22 22 22

- lowest,iC 21 20 19
1.2. | In summer

- highest jC 25 26%* -

-meaniC 245 245 245

- lowest,iC 24 23 22
2. Air velocity in occupied zone, m/s

- winter 0.15 0.18 0.21

- summer 018 022 |0.25
3. Vertical temperaturdifference, K/m 2.0 2.5 3.0

Radiant asymmetry

- towards warm ceilingk 4 5 7

- towards cold wall (window)K 8 10 12
5. Floor temperature

- highest,iC 26 26 -

- lowest,iC 22 19 16

Acc. to BFS 1998:38

- highest,iC 27 27 27

- lowest,iC 16 16 16

- optimal,jC 24 24 24

* it can be exceeded maximum 30 hours per year

Operative temperature in winter is given with assumption of clothing factor of 1 clo
and in summer .6 clo. In case of different clothing level, temperatures need to be
recalculated.

Relative humidity is not limited as it is not affecting perception of indoor climate in
asignificant way, however, considering constructionOs moisture safety, it is
recommaded to keep absolute humidity below 7 g/mvhich normally corresponds

to around 50% RH.
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For operative temperature deviations up t& K are acceptable. For air velocity
maximumallowabledeviation is 005 m/s.

R1 defines also requirements for air quatitasses, AQIn this case, the classification
is based upon a frequency of peopleOs reaction for a number of factors, which is
presented in Table 2.5.

Table 25 Air quality (AQ) b frequency value for different quality classes and
indoor climate factors

Indoor climate factor | Quality class
AQ1l | AQ2 | AQX | Remarks
According - - acc. | Concerns reactions causing heal
to toxicologic to related hazard; regardlessof the
assessment spec. | class, gvernment  authorities
requirementsshould be accounte
for
Inconvenience 0-1% | 5% |- Aims at reactions giving measural
reactions inconvenience
Mucous membrars€)] 0-1% | 10% | - Includes even barelyperceptiblg
irritation irritation such as eyes irritation
Dissatisfaction  with 10% | 20% | - Aims atclimate perception by mea
perceived air quality of senses
Odour detection 10% |50% | - Even hardly perceptible odour at t
moment of entering the room

Same as in case of TQ, the document gives more detailed trmgach goals within
quality classes, for A@xpressed in content of pollutants per 3lafair. These limits
are presented in Table 2.6.
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Table 26  Air qualityb acceptablecontent of pollutants in the aiin different
quality classes

Compound Higher content in mg/f

AQ1 AQ2
Carbon monoxide
-meanlh 40 40
-mean 8 h 10/6 10/6
Carbon dioxide 1000 / 1500 1800
- if given in ppm 600 / 800 ppm 1000 ppm
Ozon, mean 1 h 0.05 0.07
Nitrogen dioxides
-meanlh 0.1 0.1
-mean 24 h 0.075 0.075
VOC
- total, mean ® h 0.2 0.5
- formaldehyde, mean®h 0.05 0.01
Dust 0.06 0.15
Soot, mean 24 h 0.04 0.09
Mould, cfu/m? 50 150
Bacteria, cfu/m 4500 4500
Radon
- mean 1 year, Bg/tn 200 200
- gamma ray, Sv/h 0.5 0.5

For some of the indicators two values are given, which is causedférying to
different standards.

Specific demandsin terms of ventilation system are not a part of the guidelines.
However,in order to meet air quality requirements from Table 2.6, minimum air flow
calculation methods are suggestéd flow can be foundhrough a use of template
method, or, if exact emissions and pollutant generation is known, through individual
dimensioning. The template includes factors sucmwasber ofpeople per square
meter, percentage of smokers and material emissions. For pykdti® calculation
method would result i0.35 I/s per 1 rhfloor area for AQ2 an@.8 I/s per 1 rifloor

area for AQ1Further in the document it can also be found that air flow cannot in any
case be lower than 5 I/s per person.

Moreover, in AQ1 use ofeturn air in ventilation is not accepted and in AQ2 it is
accepted onlyfithe air comes from premises with no other pollution souticas
human metabolism products or emissions from-lowmediumemission materialsO
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surfaces. Ventilation system in TQhd AQ1 must be equipped with control devices
allowing for individual adjustments of indoor climate. In classes AQ1 and IAREs
to be possible for thair flow to decrease down to 40% when the building is not used.

2.1.4% SSEN 15251:2007

SSEN 15251:2007s a standarcertitled Indoor environmental input paramessior

design and assessment of energy performance of buildings addressing indoor air
quality, thermal environment, lighting and acoustitts main purpose is to propose
how to establish design critaerfor dimensioning of systems in a buildjmgrforming
energy calculationand longterm evaluation of IAQLt does not specify exact criteria

for thermal comfortbut as it gives a few categories toem to choose from in the
design process, it also gives genenfbrmationabout reasonable limits for several
parameters.

SSEN 15251 defines four categories of criteria, where category | is addressed to
spaces with high level of expectations, such agslifies occupied by very fragile
peoplewith special needs, for examptandicappedsick, very young children and
theelderly. Category Il is for new buildings with normal level of expectations.

The standard recommends use of PPD and PMV indices fonaheomfort rather

than temperatures, as in this case also air velocity is taken into considefation.
category | it is desirable to keep PPD below 6%, which corresponds to PMV between
-0.2 and 02, while category Il is associated with PPD below 10%RMY¥ between

0.5 and 05. It can be seen that despite including young children in the group of users
with special needsother regulations usually aim for fulfilling the requirements for
category II.

With additional assumptions of typical winter or sumnctathing insulation and
activity level connected to the type of space, further recommendations on operative
temperatures are giveRor a preschool it should be: in category | min.CLéh winter

and max. 24jC in summer, in category Il min. B{C in winter and max. 25;C in
summer.

For ventilation,the required rates for diluting emissions are 10 I/s per person in
category | and 7 |/s per person in category IlI, which proves again that other
regulations use values for the latt8ame can be noticed irequirements for
ventilation due to material emissions50/s per 1 for category | and 85 I/s per

1n? for category lI(in very low polluting building, which applies to most of these in
Sweden).

CO: levels are recommended to not exceed 350 ppm above outdoors concentration in
category | and 500 ppm in category Il. Assuming average outdoor concentration 350
400ppm,these levels are lower than in other regulations for both categories.

In spaces whereumidity requirements are determined by human occupancy it is
recommended to keep RH between 30 and 50% in category | andd 250% in
category Il. Moreoverspecifichumidity should never exceed 12 g/kg air.
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2.2& A comparison offunctional requirements

As can be seenindoor environment in @reschoolbuilding can be described by
demands of aumber of regulationsSome of them arequally importanfrom legal
perspectiveand thus all must be fulfilled. The table below summarirei$ values of
indicators which can be compared between different documiéotsR1 limits for

TQ2 are presented as they are corresponding with PPD requirement of 10% occurring
in most of the remaining regulatiorfS8SEN 15251 is not included in the conisan

as it is not supposed to be used for setting the requirements as long as other national
regulations applyThe value which is desive for a given indicator is written in bold

font.

Table 27 Summary of regulations in force for indoor environmard preschool

in Sweden

Indicator BBR AFS FOHMFS | TKA R1 (for

2009:2 2014:17 TQ2 and
AQ2)

Mean ndoor air| - - - 20iC 22iC

temperature, winte

Mean ndoor air| - - - - 245;C

temperature,

summer

Directed @erative| 20;iC | - - - -
temperaturgwinter

Operative - - 1 20iC* - -
temperaturgwinter

"24iC
Operative - - 1 20iC* - -
temperature, "on:
summer 26iC
Air velocity in| 0.15 0.150.20 | 0.15 m/s* | - 0.18 m/s
heating season m/s m/s
Air velocity | 0.25 0.150.20 | 0.15 m/s* | - 0.22 m/s
outside  heating| m/s m/s
season
CO, concentration | - 1000 ppm | 1000 ppm | 1500 ppm | -
PPD - " 10% - "10% in 10%
summer

Air flow 0.351/s|71/s - 7 1/s person| 51/s

per nt | person + +0351/s person +

0.35 I/s n¥ m? 0.351/s n?

* recommended 224;C; ** unlessair temperature is at least 2
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Recommendations given by R1 are not considasedoverningeven if they set the
strictestrequirements, as they function as guidelines, not law.

The table shows clearly thategulations give very coherent and consequent
framework for setting functional requirementscdin be, after minor simplifications,
concluded that a preschool building should provide indoor environment with
operative temperature between 20 angCuh winter and 20 and 32€& in summer,

with PPD always at most 10%, air velocity at mod4t50m/s, CQconcentration not
exceeding 1000 ppthongerthan temporarily and air flow of 7 I/s per person argb0

I/s per 1 m floor area (for occupied zones). Such a cosidn is on one hand
beneficial as it proves that requirements are not contradictory to each other and thus
not confusing for a designer. On the second hand thougtesutits inlack of
flexibility in the design of indoor spaces. Even if ongld reguldions leaves some
space for adjustment of limits to individual case, the next one sets strict demands
again.Law createdby the government is applied to a wide scope of activitiés

certain cases it treats residential, commercial and public indoorsspgeally b and

in this kind of general approach some vital differences between desired building
characteristics are inevitably lost in the proc@&$ge optimal indoor climate can vary

in function ofthe way in which the space is used and these differez@esoncern

even seemingly same roonisfor instance in schoothere may be aignificant
mismatch between air flow demand in classes dependent on the age of kids who
occupy them.

Another issue that needs to be raisedhether the current way to set ueggments is

the best possible. There are differences between documents in terms of choosing air
temperature, operative temperature and directed operative temperature, but among
these three indicators only operative temperature has a strong connection to
perception of thermal comfo(fTillberg, 2015). There is also a number of research
proving that PPD/PMV model does not work sufficiently for childmehich leads to
overestimation of desired temperatures (T2012. Current requirements do not
consider adaptive model of thermal comfort, where users can adjust to certain
conditions depending on their expectations and possibilithake changes in the
indoor environment, for example by controlling the air flow amedngerature
personally.

A conclusionis that there is an apparent space for improvement in legal regulations
on indoor climate and future changes should have in focus increased flexibility in
general documents with wide scopdore detailed demands should eb perhaps
defined inspecifications aiming at particular types of buildin§eme of suggested
changes are briefly discussed in Section 4.7 further in the report.
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3& ConstructionOs Environmental Impact

In the following chapterfocus isbeing put onthe way to evaluate constructionOs
environmental impacftThe idea of Life Cycle Assessment is introduced ariedwa
calculation methods and models are described with emphasis prdh®alents.
Finally, abrief review ofcommercial environmental certificationssgmsand legal
regulations mentioningenvironmental footprint iscarried outin order to define
existing framework for work with environmental questions in Sweden.

3.1& Existing methods to measure environmental impact

3.1.1& Life Cycle Assessment

Life Cycle Assessment (LCA) is a calculation method to estingateironmental
impact of the whole life cycle of product,from the extraction of natural resources
through productionto endof-life (and in the case of a buildirg demolition) and
recycling. It allows to identify which phase of a construction process implies the
biggest burden on the environment and helps taking measures to reduca is
recommended to be carried out already in the early stage of the project, as it
maximizes the possibility of mkiang conscious choices in terms of materials and
structural systes) minimizing the risk of neglecting important factors, such as for
instance long transports, required machinery or complicated maintenance.
Nevertheless, LCAcan bring benefits also laten ithe construction process, for
example when contractor is choséto motivate involved actors to improved
environmental work during followup (to verify previous calculations and obtain an
underlay for environmental certificatipar refurbishmengasit may imply significant
changes irthe amount of materials builh or energy use, it is considered as a new
life cycle, starting from stage)ABoverket, 2019).

For calculations on the general levitle international standard ISO 14044 is a base
for LCA (GSteborgs Stad LokalfSrvaltningen, 2019For buildings, there is
astandardized calculation method given tihe European standar&EN 15978
Sustainability of construction work3 Assessment of environmental performance of
buildings B Calculation methodlt divides buildingOs life cycle into the following
phases:

A 1-3 Product stage

Al Raw material supply

A2 Transport

A3 Manufacturing
A 4-5 Construction process stage

A4 Transport

A5 Constructiorbinstallationprocess
B 1-7 Use stage

Bl Use

B2 Maintenance
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B3 Repair
B4 Replacement
B5 Refurbishment
B6 Operational energy use
B7 Operational water use
C 1-4 Endof-life stage
C1 Deconstruction, demolition
C2 Transport
C3Waste processing
C4 Disposal

An additional phas®, benefits and loads beyond the system boundarybe added

to the analysis to include gains and drawback from reusing and recycling, but as it is
scenariebased, it must be considered and reported separately ¢Tragk
Byggestyrelsen, 2016). All stagare irdicatedin the Figure 3.1 below:

Construction process stage
® Transport

® Construction

installation process

Productstage
® Raw material supply
* Transport

® Manufacturing H

B

3 Usestage

- ‘ - 5 Benefitsandloadsbeyond
thesystemboundary ® Use
I l I ® Reuse, recovery,and & © Maintenance
- ' "" recycling potential DE ® Repair
= © Replacement
‘ ol

® Refurbishment

® Operational use
q End-of-life stage of energy
© Demolition @ Waste processing ® Operationaluse
® Transport ® Disposal of water

Figure 31  Thestages of buildingOs life cycle (Trafilg Byggestyrelsen, 2016)

Nowadays the biggeginvironmentaimpact is associated usually with construction

and operational energyse but as buildings are becoming more enezfjicient and

energy sources more sustainable, it can be expected that in the future the meaning of
the former will increase and of the lat2become less significant.

LCA described in EN15978 isso called attbutional LCA, which means that it
examiresenvironmental impact associated with a certain building prodincs. type

of LCA gives detailed data about a buildingut demands very precise boundary
conditions in the applied methodolggyhich may lead toecessary consensusébe
second type of LCA is consequential omed its goal is to study what impact is
implied by different choices or changes in the projéctthat way itinvestigates
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awider system, includingarious productsbut due to its scenarbased nature and
assumptions made, it brings also bigger uncertaifités 2014).

LCA uses different categoriés assess the total environmental imp&etch of them
works as an indicator, measurable with a given and associated to a specific
problem. The mostimportant and therefore also characterized by best developed
calculation methods, are

¥ Global Warming PotentidlGWP)bdescribed in C@equivalent®associated
with climate change due to increase of greenhouse gases in the atmosphere

¥ Acidification Potential (APP described in S@equivalent associated with
acid rains harmfuprimarily for plants;

¥ Eutrophication Potential (EB)described in P@Qequivalentd associated with
excessive supply of nutrients generating unwanted plamity

¥ Depletion Potential of the Stratospheric Ozone Layer (OBBgscribed in
R11 (refrigeranCClsF, trichloromonofluoromethanesquivalentdassociated
with decreasing protection for flora and fauna from-A\and UV-B sun
radiation;

¥ FormationPotential of Tropospheric Ozone Photochemical Oxidants (POCP)
b described in ethylene equivalersassociated witformation of harmful
ozone in the lower atmosphere;

¥ Abiotic Depletion Potential for Nofossil Resources (ADP&) described in
Sb (antimony) equivalents and Abiotic Depletion Potential for Fossil
Resources (ADPfpdescribed in MP associated with depletion of available
elements and fossil energy sources due to heavy consumption.

Other categories are, for instance, total use of primary eneogjoxicity, human
toxicity, land use, loss of biodiversity or noigerafik- og Byggestyrelsen, 2016)
Categories of environmental impact which are not included in LCA can be
investigated separately with different methods. It may regard for instaaspsdific
aspects, such as biodiversity cater conditions (Boverket, 2®).

For the time being, Global Warming Potential is considered often to be the most
severe danger for the environment and therefore it is common to limit LCA for
buildings to this ategory

3.1.2& CO: equivalents

CO. equivalents (further referred to as £pare used to calculate and describe
climate impactsinceit is the most common greenhouse gHse influence of ther
chemical compounds, such as hagk, water vapour or nitrogen dioxide, is obtained
as well, but it is translated to GOs effect with an appropriate fach@rsed orGWP D
Global Warming PotentiglSGBC 2017) It indicates how much heatvgeight unit of
acertain gas can trap the atmospére compared to GO

3.1.3& Environmental Product Declaration

Environmental Product Declaration (hencefortfierred to as EPD) is a method of
presenting environmental impact of a product or a group of prodtRB.is obtained
from 1SO 14025Environmentallabels and declarations Type Ill environmental
declarations- Principles and proceduresnd specific rules for building products from
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EN 15804Sustainability of construction worlEnvironmental product declarations

P Core rules for the product categorgf construction products Thanks to
standardizectalculation method, it can be guaranteed that EPDs are derived from
same LCA methodology and reviewed by third party before registering
Comparability is further increased by PCR Product Category Rulessetting
additional limiting criteria for specific groups of produ@Boverket, 2019)

EPD consists of three parts: product data sheet, method choice and results from
environmental impact assessment (Boverket, 2019). A part of results is climate impact
expressed irkilogramsof CO, (or COe) per unit, for instance 4nm? or kg.

EPD for groups of products is based on generic data which is usually assumed with
big safety margig therefore it is beneficial for manufacturers to develop EPDs for
their particular wares. Specific values enable also convenient comparison of two
products. Nevertheless, generic EPDs facilitate discussion about environmental
impact of different solutions in terms of materials and construction methods in
general. On the other hand, ahmparisons must be carried out carefully as even
though standards givguidance on obtaining EPDs, there is a lot of space for
interpretation, which may lead to incoherence in assumptions and delimitations.
Furthermore, if EPD is supposed to work effithgras an underlay for strategic
decisions the database must be continuously developed and customers must be
encouraged to demand EPDs from producers in order to accelerate their introduction
to the industry{GsSteborgs Stad LokalfSrvaltningen, 2019)

In Swveden EPD has been since 2014 administratet{/bySwedish Environmental
Research Institut& his organisation providean LCA methodologybasedool called
Byggsektorns MiljsberSkningsverktygt tontains generic datéor materials and
productsused on Swedish markeénd allows for adding specific data if it is available.
It is also possible to run climate calculasatrectly in the too(IVL, 2019).

3.1.4&% Environmental impact of energy production

Apart from materials or product§O.e canof coursealso be calculated forenergy
production.

In terms of electricity,environmental impact depends on emissions generated in
production of energyrom primary sources, of which a given energy mix consists.
Swedish energy mithat has beeassumed for all calculatisrin this reportbased on

data from Energimyndigheten (2018) has a share of different primary sources as
shown in Figure 3.2

For windpower the biggest emission generation is associated with ground preparation
for wind turbines and construction phaseptrtant factors are localind conditions,
chosen building materials, turle® power, operation time and life spaFRor
hydropower environmentalfootprint is the result ofextensive construction works
required to establish facilities such as dams, tsnrterbines et¢ but the biggest
impact is caused if flooding occurs due to dgperation, as it changes among others
condition of standing biomass and ca@posis in the groundFor nuclear power,
resources use is mostly determined by constn of power plants and emissions to

air and water by extracting and enriching uranidfor CHP ¢ombined heat and
powel the biggest environmental impact is caused by combugtode et al., 2011).
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For Swedish energy mix emission factor of43g CQe/kWh has ben assumed,
according to Gode et al. (2011). However, their results were obtained for slightly
different share of primary energy sources, so the actual emission factor may be lower.

m2<+(9(>+ mD$:9(>>,+ B E#%*)+19(>,+ mA2FIG'$:#/&+<HmA2F!G:'/&+'%&!8,)&'$SCH

Figure 32 Net electricity production in Sweden, 20B&hare of primay energy
sources.

In terms of district heating;Steborg Energi provides yeantgports on environmental
impact associated witits production.In the report from 2018 total greenhouse gases
emission is divided into three aspects: combustiorD(§5CQe/kwWh), transport and
production of fuel (8 g CQe/kWh), and electricity use (bg CQe/kWh). The share

of fossil fuels is 12%.

[ Atervunnen energi 73%
* Kraftvarme (avfall) 23%
* Industriell spillvarme (raffinaderier mm)  32%
* Avloppsvatten 8%
* Rokgaskondensering 10%
Fornyelsebar energi 16%
* Kraftvarme (biobransle) 3%
* Varmepanna (biobrénsle) 5%
* Kopt varme (biobransle) 3%
* Eltill varmepump (avilopp) 3%
* Hjalpel (pumpar mm) 1%

I fossil energi 12%
* Kraftvarme (naturgas) 12%
* Vérmepanna (naturgas, olja) 0%

Figure 33  Energy sources for district heat production in Sweden, 20E8{®rg
Energi, 2018)
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3.2& Applying regulations and guidelineson constructionOs
environmental impact

3.2.1& Legal regulations

Environmental impacbf constructionis currently déned rather vaguely in legal
documents in force in Swedelm. 2016 Boverket published a pstudy calledMiljs -

och klimatanpassadbyggregleraiming to analyze and assessiéw administrative
measures are needed to adjust building sector from environmentOs and climateOs
perspective.The general conclusion from this report is teaen thoughthere are
some regulations concerning environment, they are limited to the one in closest
surroundings of a building, neglecting the general and global environmental issues
(Boverket, 2016)For instance, MiljSbalken states thait who have an interdn of
running an activity, should have knowledge and apply measures in order to protect
human health and environment. Rlaoch byggag refers to MilgbalkenOs
environmental quality standar@sd environmental impact assessment methodology
andrequiresfollowing them in all cases covered by this ldwrthermore, PBL in 2

kap. 3 o dstates that all planning should, considering nature and cultural value,
environmental and climate aspects and local circumstances, suppgrterm
corsenation of land, water, engy and resources as well ather environmental
conditions.Moreover, in8 kap 4 =it is stated that a building must have technical
properties which are essential in terms of tgebon for hygiene, health and
environmentHowever, in Planoch byggsrordingen it is furthergecified that this is
limited to risks for users or neighbors and does not concern general quddtoss.

of the laws contain specific demands on emission of greenhouse gases.

Furthermorethereareno requirements ipublic-law regulations, such as for instance
building law, for carrying out Life Cycle Assessment (Boverket, 20H@wever
Boverket recently pblisheda report called/Sgledning om LCA f&r byggnadésw.
Guidelines for LCA for buildings)based in civil law, addresd to everybody willing
to order or carry out LCAIt has been proposed in this documentldtest in2020,
startusng LCA as starting point in all newand rebuilding investments as well as in
buildings administration, in order to reach the goal ofiremment and climate
adjusted constructio.he goal of the guidelines is to increase demant @ in the
industry.Calculation method described here is in accordande it 15978

Anotheridea, also brought up by Boverket, is to demand clidatéaration for every
building; it has been reported to the government for further work.

3.2.2% Commercial certification systems

There is a number of commercial certification systems orcdnmstructionmarket

which purpose is to provide a universal tool teeassand compare buildings, promote
these with better performance and thus create an incentive for developers to improve
quality in their investmentdn this section a few of them, most popular or applying
only in Swedenare briefly described. In contrasi legal regulationsall of them
include someaspects of environmental impact of buildings or their parts.
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3.2.2.1% MiljSbyggnad

Milj Sbyggnad is a certification system which is used in Swetters owned and
developed by the countryOs biggest organization mgprkivith sustainable
construction, Sweden Green Building @oil (SGBC) In MiljSbyggnad fif teen
different indicators, divided into three groupstergy, irdoor climate and building
materials,are measureth order to compare obtained values to given limits for three
gradesDBronze, Silver and Gold, describibgildingOs performan¢8GBC,2017%).
Admittedly, the biggest focus of MB is on indoor climate, but in versiorttfe is

an indicator called Oeinenmental impact of the building's structural system and
foundationsO.It is focusing on examining influence of products and their
transportation to construction site, neglectthqughthe operation phase. There is
also a requirement to present detaéchate data in form of EPDs when applying for
certification, as the impact is expressed in grams@er 1 nt heated floor area,
which is supposed to promote the use of this method in the ind@&sttgborgs Stad
LokalfSrvaltningen,2019).However,MiljS byggnad does not set specific demaods
emissionsb grades Bronze and Silver can be obtained just by calculating climate
impact with a given method, while Gold is defined in reference to Silver by impact
decreased by 10% while using the same -loearing structure and foundation. It
means that the indicata® rielative, not objective.

3.2.2. 2 BREEAM and LEED

BREEAM is an environmental certificatiateveloped in Great Britaim 1990. It is
nowadays the most commonly used system in Europe and it has been usesr for
500000 buildings worldwide.Since 2013 the Swedish version, BREEA¥ is
managed by SGBC It is adjusted to local regulations but at the same time can still be
compared on the international level. BREEAM is covering a wider scope of questions
than MijSbyggnad b for instance energy use, indoor climate, water use, waste
management, project management, access to public transport or choice of materials
are evaluated, a building can also get extra points for innovative technical solutions
(SGBC,20178. A point about LCA is inaided in BREEAM and it concerns impact

of ceilings, external walls, windows and roof. Moreover, not only climate, but also at
least two otheenvironmentalmpact categories must be considered in the assessment.
LCA is recommended ég in the project so that it can be a base for further choices
(GSteborgs Stad LokalfSrvaltningen, 201%However in terms of CQ emissions,
BREEAM does not give any specific limits except for one case which is connected to
refrigerants.

LEED is a system similar to BREEAM, but with slightly more narrow scope (it does
not includewaste, economy and construction phase in the assessment), coming from
the United States and more popular in a global séaleEED a point about LCA for
load-bearing strature, foundation and building envelope can be found. At East
different environmental impact categories must be analyzed and one of them has to be
climate. The climate impact needs to be at least 10% lower than for a standard project
(GSteborgs Stad dkalfSrvaltningen, 2010 Again, as in case of BREEAM, there is

no detailed limit values, it is enough to prove that reduction was made.

The difference between Mibyggnad, BREEAM and LEED in terms of considered
aspects and their weights can be seetharFigure 3.1 below adapted from Olsson
(2013).
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BREEAM LEED Miljobyggnad
|

Energy 0 17% o 32% 27%
Indoor ) i
environmentu B 1w

Water 0 6% 0 9% ? 7%
Materials \) 1% \) 13 \) 13%
Waste Q 7%

Site \) 13% \) 13%

Construction
phase @:x

53%

Transport () 7% U 1%

Economy Q2%
Innovation gJ 9% W 5%

Other 0 10% 0 5%

Figure 34 The proportions of the different categories in environmental
certification system (Olsson, 2013)

3.2.2.& NollCO:

NolICO:z is a new certification systetyeing currentlydevelogd by SGBC The pilot
version is undergoing tests to be published as version 1.0 later in 2019. Its aim is to
contribute to construction of climateutral buildings by minimizing the emission of
greenhouse gases through supporting erengg resourcesfficiency and renewable
energy production. The ultimate goal is zernission throughout the whole life cycle

of a building and therefore this system is wider tlia@ otheis mentioned before
(SGBC, 2019. It includes more than just finished building and its opemnafio
products and production phase are considered asReskible reparations, alterations
maintenance or demolition are, however, not accounted for. The certification assumes
that a building should compensate for its environmental footprint by producing
renewable energydsteborgs Stad LokalfSrvaltningen, 2019

3.3% Environmental impact in Hoppet

There is a big number of definitions, terms and concepts which can be connected to
the idea of climatameutral construction. Therefore, it is important to know and
understand differences between them in terms of main assumptiodelenidations

in orderto be able to choose the one best matching oneOs intended priorities.

Figure 3.2 below collects the ways in which environmental impact is included in
construction industry:
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Certification of climate-neutral buildings,
developed by SGBC

Miljobyggnad
Requirements for obtaining climate data for
certain parts of a building

BREEAM/LEED

- —
NELLEGH — SS-EN 15804

Byggsektorns Climate calculation tool for Swedish building

VB E LGS 8T8 industry developed by IVL
International tools
“ LF’s fossil-free and climate-neutral preschool

Figure 35 The current situation in environmental impact assessment in
construction industry in Swedefadapted and translated from |.F
2019)

Certification

Proposition of obligatory climate declaration of
a building

European standard for obtaining EPDs for
a construction

Environmental impact in
construction industry

In the model fossHfree preschool in project Hoppet there will be no commercial
certification system used. HoppetOs geatather specific and striving to fulfill
requirements witm a certain system could divert attention frdme main focus on
fossitfree construction as there is currently no certification aiming just for this
aspect. Moreover, assumptions in Hogpare strictD climate impact should be
eliminated in the whole life cycle, from resources to operation and demolition. Any
possible renewable energy production cannot be considered as a way to compensate
for negative effect on environment.

Since the law des not regulate environmental impact in its current shape, there was
afreedom of choice ofow to evaluate iin project Hoppetlt has been decided that

an attributional LCA will be carried out in accordance WBBEN 15804 but exact
method and systerelimitations are still discussed@he focus will lie on phases A

and Bb product, construction and operation, in order to promote products which can
in shortterm perspective contribute to decreased emissions. Moreover, as the
preschool is designed for QGears, demolition and recycling methods are likely to
change significantly. One more reason for such an emphasis is a possibility to
compare the results with LCA which was performed for already existing preschools
administrated by.F. However, phase C Wibe considered in the total environmental
impact calculatior{GSteborgs Stad LokalfSrvaltningen, 2019

'789:;<= Architecture ancCivil Engineering MasterOs ThesAdCEX30-19-NN 29



30

'"789:;<=

Architecture and @il Engineering MasterOs ThesAdCEX30-19-NN



4& Consequences of indoor air quality for usersO
comfort, health and performance

In this chapter some of the measurable indicators of functionalreegemts which

limit values must not be exceeded according to previadisussedegulations are
presentedDescription includes indicatorsO definitions and their practical implications
on human wellbeing in terms of health and comfort.

4.1& Thermal comfort

The following sectiordescribes indicators for the thermal sensation. PMV (Predicted
Main Vote) and PPD (Predicted Percentage Dissatisfied) indices are presented and
their components are briefly explained. This is followed by the description of
indicators for locathermalcomfort. Finally, some doubts regarding the application of
PMV/PPD model are discussed.

4.1.1& PMV and PPD

PMV (Predicted Mean Votenodel of predictinghermal comfortwasdeveloped by
Ole Fangerin 1970 and is currently a base for calation in the commonly used
international standard 1SO 7730:20@gonomics of the thermal environmebt
Analytical determination and interpretation of thermal comfort using calculation of
the PMV and PPD indices and local thermal comfort critéfliali, 2012).

PMV model is derived fronhuman bodyOs thermal balance equation. In a state of
thermal equilibriuma body produces as much heat in metabolic activity as it loses to
its surroundings as a resultsafmmarizecheat exchange by radiation, convectan
conduction (SIS, 2006) Thermal comfortstarts todecrease when this balance is
disturbedand in extreme cases health can also be affé&xfetietabolic rate is higher
than heat losses, there is a risk of overheating, while the opposite relation leads to
overcooling. Therefore, the factors that influence the heat exchange rate are
determining the thermal sensatidrhe six primary ones ate/o personal parameters:
metabolic ratendclothing insulationand four environmentahir temperaturenean
radiant temperature, air velocity and humidity (ASHRAE, 2004), all of which are
explained further in Sections 4.1.1.1t0 4.1.1.6 and 4.2.

Fangerbasedthe PMV model on theempirical tests carried out in the climate
chamber with a group of Danish students as the suljetite steadystate conditions.
Obtained data allowed to find out how the parameters affecting the comfort should be
combined andhus to develop a calculation methaltbwing prediction othe average
thermal sensation of users in a given space (or vice feas@esign spaces meeting
expectations of a given percentage of yséiise equations of the modelgether with

the assumjponsand limitationsareas follows(SIS, 2006)

$%& "' ()*)+,-./ 01)9+2 ,%34 )H567,8%1 9 31 +: ,;) <7,
((>++12%?,0%61931/g/1)%A5,(061931:6% 71;*%,;) B,
%,062> 1 /31 )9):A ,%,06A1 131 +92,3) <P B, (0pd
554311 O 4 5543771 B, | £, O pcl | 3K (4.1)
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where:

¥ % Pmetabolic raté‘Z]—[ -

9 Deffective mechanical powéZL[ -

¥

¥l | gDwater vapour partial pressui® 7

¥ 1. Dair temperaturéa 7

¥ Egbclothing surface area factor;

¥ IcDclothing surface temperatufa 7

¥ % Pmean radiant temperatui@ 7.

¥ | g Bconvective heat transfer coefﬂme‘\;lﬁ .
¥
¥

o _ [
LrcDclothing msulatlorf‘z]—’\_;

- Drelative air velocity‘%_.

For simplification, metabolic rate is usually expresseanetabolic units [1 met =
58.2 W/n¥] and clothing insulatio®in clothing units [1 clo = A55 nfK/W]. 1 met
corresponds to metabolic rate of average sitting, relaxed pémssimg metabolic
rate, RMR) 1 clobapproximately to the amount of insulatithat allows a person at
rest to maintain thermal equilibrium on a cool day.

The model should be only applied when six main parameters are in the following
ranges% betweer0.8 and 4 metl-cbetween 0 and 2 clbgbetween 10 and 3Q (so

it does not apply to extreme thermal environmetitshetweenl10 and 4QC, U
between 0 and 1 m/and/ : between 0 and 2700 Pa.

In more practical term$MV expressea mean value of votes of a number of people
on asevengrade scalelescrbing thermal comfort in &llowing way: -3 Bvery cold,

-2 B cool, -1 Bslightly cool, 0b neutral,+1 D slightly warm,+2 Bbwarm, +3 D hot
(SIS, 2006).

PMV provides information about the me#mermal comfort however, it does not
inform how big percentage of users will find the environment unsatisfying or
unacceptable and thesgill always be a certain group of them, as the votes are
scattered around the average (SIS, 2006). For that reason, PMV is cometemiémt
second index, PPB Predicted Percentage Dissatisfi¢dis derived directly from
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PMV according to equation (4.1) belamdinforms how many percent of occupants
will feel too cool(vote-3 or-2) or too warm(vote +2 or +3under given conditions.

$$c ' 3) 1?2 ,-/ OL)H++:+ $%&H1)%5>:?2 | $%&P3 (4.5

4.1.1.2% Air temperature

Air temperature(!c) describes the average temperature of the air surrounding the
occupants, without consideration of heat radiation from the walls @thdr
surroundingsurfaces.

In practice, air temperature in a room is fwmform, as it is usually colder close to
windows and warmer close to the ceiling (the difference may go up to a few degrees
in very high spaces). Moreover, air temperaQgelistbiutionis affected byforcedair
movementfrom ventilation which in turn is affected by a roomOs interior design. In
simulations it is sometimes assumed that average air temperature is the one that
occurs in the middle of the room,25 m above floorTillberg, 2015), but when it is
referred to by standards and regulations, it is simplifie@cqsl everywhere in a

given space.

Air temperature is a vital factor influencing thermal comfort as it affeodyOs
thermal balanceFurthermoreair temperatte influences the effect of changed air
velocity B lower! - supportseffectiveness of higher air speed usedncrease heat
loss (ASHRAE, 2004).Moreover, it has an effect on heating and sensible cooling
loads (Teli, 2018b), which has a meaning for gperse.

4.1.1.& Mean radiant temperature

Mean radiant temperatu(#) can be defined agt@ uniform surface temperatuoé

an imaginary black enclosure in which an occupamild exchange the same amount

of radiant heat as in thectual nonuniform spaGe(ASHRAE, 2004). To obtain mean
radiant temperature, the spatial average of surrounding surfaces® temperatures
weighted by their view factors wittespect to the bodyas to be calculatedas there

is no possibility of direct measurements (Teli, 2018b).

In the most simplified methodhe weights are equal to surface areas of surrounding
walls, floor and ceiling. However, such an estimation neglects several aspects: posture
and facing orientation, ceilingOs height or influence of radiant asymmetry (§ea Sec
4.1.2.4). To make a calculation more precise, factors suah asgle factor between
aperson and a surface or coefficients describing if a person is sitting or standing
should be applied (Tillberg, 2015).

The proportion between convectionOs andatiadiOs share in heat loss from a body
differs with surrounding conditions, but on cold days radiation can be dominant,
therefore mean radiant temperature is usually as important as air temperature. The
exception is in environments with air velocigbove 0.2 m/s as mean radiant
temperatureOs influence oreaningof air movementfor increase of heat loss
smaller than air temperature@fuence (ASHRAE, 2004) This is reflected in
operative temperatureOs calculation, see section below.
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4.1.1.%& Operative temperature and directed operative temperature

Operative temperature expresses the combined effect of air temperature and mean
radiant temperature. It can be therefore defined analogically to the lattéheas O
uniform temperature of aimaginary black enclosur@ which an occupant would
exchange the same amount of heat by radiation plus convexgion the actual
nonuniform environme@ (ASHRAE, 2004).

The operative temperatureabtained asveighted average of and% . In conditions

of air velocity below Q2 m/s, no direct exposure to sunlight and near sedentary
activity, it is simply an arithmetic mean. Otherwise appropriate weights depending on
air velocity are applied in order to increase th#uence of air temperature and
decrease the one of areradiant temperatu(ASHRAE, 2004).

Operative temperature can be measured directly and is therefore often used in PMV
calculations instead df and¥% separately.Moreover, if PMV model is used in
areverse way, i.e. to obtain optimal conditions govenair speed, relative humidity,
metabolic rate and clothing insulation, the result is expressed in operative
temperature, which makes it independent of a spaceOs physical design.

Directed operative temperature does not have an official definitionisbusually
understood as operative temperature measured in a specific direction and caltulated
thesameway as regular operative temperature. Directed operative temperature is used
mainly in BoverketOs regulations (Tillberg, 2015).

4.1.1.4& Air velocity

Air velocity (k) is referring to serage speed of air to which the body is exposed
Generally, minimum air velocity is preferable, otherwtiserisk for complaints about
draughtsoccurs(see Section 4.1.2.1); however, whegn is within range of @.05
m/s people may perceive air as stagnant.

Air movementcan have effect correspondingademperature drop o to3;C (Tel,
2018b). This influence is the biggest on warm summer,delyen clothing insulation

is small It is reflected in ASHRAE standagravhich considersa wider range of
operativetemperaturess acceptable thermalonditionswhen air speeds increased
(Fong et al., 2011)it can be also seen in equation (4.3) where high air velocity
determines convective heat transfer coefficient, whichurn decreases PMV in
equation (4.1)Therefore, in warm conditions increased air velocity can be a way to
allow for higher supply air temperatures and decrease cooling demand for ventilation.
Fong et al. (2011) recall several studies (Cohen et al. J1B@&amura et al. (2008))
reporting increased thermal comfort thanks to cooling applied to facial area and
proving that side and front directions of the occupant are much less sensitive than
back direction (Toftum (1997), Mayer (1992)). These concludeuh$o development

of socalled stratum ventilation, where air is supplied horizontally to {chadt level

at increased speed. Resulting small and reversible temperature gradient between feet
and head helps to maintain comfort in warm environments (Roaig 2011).

4.1.1.% Metabolic rate

Metabolic rate describes the rate of transformation of chemical energy intanteat
mechanical work by metabolic activities within an organism, usually expressed in
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terms of unit area of the total body surface or met uhitset unit equals 585 W/n?
which correspondso the energy produced per unit surface area of an average person
(~1.73-1.8 n?) seated at resASHRAE, 2004).

Metabolic rate enters the PMV formula twidirstly, as an input data describing
usersO activitevel, secondlypas a part of empirical equation, with value of resting
metabolic ratef 58.15 W/n?. It indicates clearly that the model is adjusted to adults.
Children have a higher metabolic rate per 1 kg body weight, but when body surface
area is usg as additional factor, the resting metabolic rate is actually lower. Teli et al.
(2012) refer to the study of Amorim from 2007, wheredbtinedchildOs RMR was
equalto 488 W/n?.

PMV works for metabolic rate betweerB@nd 4 the former corresponds & person
reclining, the latter to hard physical work or sport activitiSHRAE standard and

ISO 7730 givametabolic rates values for several activities, but in many cases it has to
be estimated. In addition, for all activities except sedentary, metabatd will vary
betweenpeopledependent on individual performance and circumstarit@sperson

is expected to change activity over time upoehour, metabolic rate can be
obtained as weighted average. However, such an approach cannot be extended to
different groups of occupants with permanently different metabolic(A8¢IRAE,

2004).

It is worth noticing that usersO metabolic rate is important not only for their thermal
sensation, but also for indoor climagper se A part of heat is being released
moisture n form of sweat and humid breath, which affects RH and cooling effect for
ventilation air (Tillberg, 2015).

4.1.1.& Clothing insulation

Clothing insulation descrilse the hermal insulation provided by garments and
clothing ensemblesASHRAE (2004) g@ves two ways of including clothing
insulation: either through insulation of clothing/ensemblg {inderstood as the
resistance to sensible heat transfer provided by clothing (heat transfer through
uncovered parts of the body is considered) or througmeya insulation du),

defined as increase of resistance thanks to garment added over the naked body.
However, only § is used in the standard. It is expressed in clo units.

In order to obtain a clo value of a certain ensemble, every piece of clothing i
prescribed insulating ability. The resulting is a sum of clo values of individual
garments There is a limitation of this method due to the fact that same clothing can
provide slightly different insulation dependent on the userOs posture (sittigista
Insulation may also change together with movenemit leads to higher air flow
through clothes. It is also possible that groups of users obliged or preferring different
clothing will stayin the same space. Similarlgs in case of metabolic rate, this
cannot be covered lmne average value.

Clothing insulation has an important impact on thermal sensation. According to
ASHRAE (2004), 1 clo of additional insulation corresponds {€ @ncrease in
optimum operative tempature.
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4.1.1. & Humidity

As the airhumidity is related toseveralhealth issues antAQ aspects, it is an
important part of this chapter and itdiscussedeparatelyn Section 4.2.

4.1.1.& Limitations of PMV m odel

PMV, even though it is the most commonly used théuomfort model, has a lot of
limitations that decreasdts credibility and have led to attempts of finding more
reliable way to provide optimal indoor conditiofSarlucci et al., 2018)ASHRAE
(2004) already in the beginning of the standard warns thetaOsethere are large
variations, both physiologically and psychologicalffom person to person, it is
difficult to satisfy everyonen a space. The environmental conditions required for
comfortare not the same for every@dhis is reflected in PPRquation (4.5Pit

can be easily noticed that with PMV equal to 0, that is in theoretically neutral climate,
PPD reaches its minimum value of 5%, implying that thehealways be some users
complaining.Moreover,severalprevious stueks showed that netal thermal state is
not always the preferred optiokWok and Chun (2003), Wong and Khoo (2003) as
cited in Teli et al. (2013)), as some users enjoy cool or warm conditions more.

The methodology used for development of the model strengthens filnmheatural
preferencesdifferencsinfluence on PPD The experimentwas carried out in
aclimate chambewith steadystate conditions. In reality, the exposure or activity of
auser prior to entering a given space can influence his or her perception up to on
hour (ASHRAE, 2004).Another significant simplification compared to real life
conditionsis that in the climate chambédret subjects had no possibility of controlling
the environment in order to adjust the conditidvisssing aninfluence, people raise
their expectations and their vote may be more critical. ASHRAE (2004) refers to field
experiments carried out in naturally ventilated spaces with operable windows
controlled by occupantsvhereconditions required for thermal connfavere different

than in airconditioned oned-urthermore, laboratory tests were limited tgraup of
people of same ethnic background and similar age.

Above-mentioned assumptions in FangerOs experiment led to the development of so
called adaptive thamal comfort modellSO 7730mentions itonly briefly, stating that

in warm and cold environments occupants can to sometextiapt to prevailing
conditions, firstly by adequate clothing and secondly by means such as changed body
posture or activity leve(there are also other ways, for instance adapting rate of
working, diet, influencing ventilation and air movement (Teli, 2018a&))is is
areasonto allow for designing for higher PMV values than given in the standard.
Moreover, feld studies showed thateople living in hot climate have in general
higher tolerance to increased temperatures, even without taking any special measures
to counteract themlhis is due to théong-term adaptation through body behavior in
terms of control of shivering, skin blddlow and sweatingas well as on simply
different expectationéTeli, 2018a).This phenomenon is considered mtreroughly

in ASHRAE standarcdandin EN 15251D both describe thermal comfort model for
buildings without mechanical cooling, where openimgl a&losing the windows is
aprimary method to regulate indoor climateowever there are differences in
applicability of it D American standard allows for use of it for mean monthly outdoor

air temperature between 10 and538 whereas European limitsslightly to outdoor
running mean temperature between 10 andC30r upper limit and 15 and 30 for

over limit. Despite differences the general idea is thotlgtsame in both caséthe
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acceptable operative temperature lies within range given by Iwhish are defined
by a simple linear relationship to outdoor air temperatiiteese limits can be
assigned to a certain acceptability level and by itfarmation similar toPPD is
included in the model Adaptive comfort model has obviousltg flaws aswell and
advantage of one model over the other is a subject for longer discussion.

Focusing again oMV, another problem is thaimplifications in terms of average
body surface and metabolic rate were madewell It leads to the situation where
therma comfort of groups such as children, the disablethe infirm is not covered

by the model. On one hand, according to ASHRAE (2004), it should not affect its
credibility in a substantial way agh® information in this standard can often be
applied to tlese types of occupants if it is applied judiciouslygroups of occupants
such as are found in classroom situat@!®n the other hand, field stud@sresults
seriously undermine the applicability of PMV model to childréali et al. (2012)
describe thestudy from English primary schools aiming for assessment of existing
thermal comfort modelsO accuratyhey are used to predict childrenOs sensation.
Thermal sensation votes obtained from surveys wigficantly higher than PMV
value and comfortemperature for kids was arounpC4lower than for adultsSimilar
sxtendency has been foulbg Mors et al. (2011) in atudy inDutch sclools, where
childrenOs mean vote was up.®doint higher than estimatiorigloreover, in Teli et

al. (2012),four approache® adjustment of PMV calculation methagkre tested, in
which 1 met unit was recalculated based on metabolic rate for children or correction
factor obtained from body surface area ratio and original formuledPkY was
modified in terms of the value of 3% W/n¥, corresponding to 1 met for an adult.
Results showed clearly th#éte divergence between theoretical and actual comfort
temperature has been minimized when PMV model has been adjusted to kidsO
physiology However, the same study lists a number of reasons for which even the
adjusted PMV cannot be considegeshn optimal tool for predicting thermal comfort.
Among them both occupant related factors (such as psychical condition or lack of
adaptive opportunies) and buildingelated factors (such as classroom orientation,
glazing or even interior design) can be four@he more issue is the fact that young
childrenOs school activity is varying throughout the(ftayn 1-1.2 met when sitting,

for examplewhile listening to teacher or drawing, up to around 2net when
intensively playingand includes time spent theoutdoor environment, which makes
steadystate conditions assumed in PMV even less adequate.

In addition, almost all main factos affectingthermal sensatio® air and radiant
temperature, air velocity, clothing insulation and humidityay benonuniform over

an occupant'®ody, which in some cases may be determinant for the perception of
comfort (ASHRAE, 2004). To account for these possikdeiations, criteria for
assessment of local thermal discomfort are also introduced in ISO 7730.

4.1.2% Local discomfort

ISO 7730 defines thermal discomfort@swused by unwanted local cooling or heating

of the body. The most common local discomfort factors rackant temperature
asymmetry (cold or warm surfaces), draught (defined as a local cooling of the body
caused by air movement), vertical air temperature difference, and cold or warm
floorsOThese factors are briefly presented below.
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ISO 7730 definesategries A, B and C of thermal environment which are analogical
to categories I, Il and Ill given bSEN 15251:2007(see Section 2.1.4). Local
discomfort indicators are used as criteria according to Table 4.1 below:

Table4.1 Local discomfort criteria fothermal environment categoriés and B
according to ISO 7730

Cat. | DR | Vertical air| Warm or| Radiant asymmetry
[%] | temperature cool floor
difference
PD |dlcgfa 7| PD | Ka 7|PD dly Ka7
[%] [%] [%]

Warm | Cool | Cool | Warm
ceiling | wall | ceiling | wall

A <10 | <8 |<2 <10 1929 |<5 | <5 <10 | <14 <23
B <20 | <5 | <8 <10 1929 |<5 | <5 <10 | <14 <23

A detailed information about how local discomfort criteria are calculated can be found
in Appendix A.

4.1.3% Thermal climateOs comfort, health and performance
implications

Indoor environment has an importanfluence on occupantsO weading, both in
terms of feeling comfortable and being able to perform efficient and-fee@mwork.

Frontczakand Wargocki (2010) carried out a literature review in order to explore how
different factors of indoor environment influendeiman comfort. One of the
conclusions was that according to buildings® users, good thermal conditions are the
most vital factor ér achieving overall satisfaction with indoor environn@suality.

Zhang et al. (2016) notice that temperature affects the perception of air quality as it
alters the cooling effect of the inhaled air.

Performance aspects are interestsigce, as Wyonral Wargocki (2013a) state, they
may decrease in conditions of lowered air quality even if coméod healtkrelated
symptoms cannot yet be observEdpecially thermal comforeported by occupants
is not the most trustworthy indicator, as they may tmesaexteh adapt topoorer
environment by changing clothing or activity level.

Physiologically seerthe reason behinldweredperformancen raised temperaturie

a mild acidosis, caused lay increase in C{concentration in the blood and decrease
of oxygen saturation, both of which can be directly translated to determinant for
mental work (Lan et. al (2011) as cited in Wyon and Wargocki (2013a)).

Raised temperatures have been proved in several studies, conducted both in office and
school environments, tdecrease working rate, mostly in case of tasks requiring
concentration, clear thinking and memorizing. At the same time no significant
increase in number of errors has been found (Wyon and Wargocki, 2013a), as
working slowly, paying more attention, is mdisely just usersO way to counteract
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poor work qualityMendél and Heath (2005) recalls for instance studies of Witterseh
et al. (2002) andrederspiel et al. (2002), carried out in controlled office conditions,
showing that increase of temperature dyout 5C led to reported difficulty in
thinking and concentrating, slower working rate and decreaseeessigifated
performanceHaverineaShaughnessy et al. (201f)und outsignificant correlation
between temperature and percentage of students scatisfaory in mathematics
and reading testdVargocki and Wyon (2007) conducted a study in schools with
children aged 142 and established thaten the temperature was decreased from 25
to 20 C, results obtained by the subjects in numerical and lan¢hesps tests
improved significantly, especially in terms of speédother observation from the
same study was that children described colder afreaberand less dry, perceived
classrooms as less bright and noisy and reported fewer headache casesad lo
temperaturesvhich may indicate that they were less stressed.

Apart from performance, health aspects are obviously of interest as well. Too high
temperatures are associated with symptoms sucldizsness, exhaustion and
headaches, and in extremenddions D increased risk oftardiovasculardiseases
(Socialstyrelsen, 2005).

Providing optimal thermal conditions ictool environmentgs more crucial than in
office or homeWyon and Wargocki (2007) states that the effects of temperature on
performanceof school kids is larger than that reported for adultse magnitude of

this decrease is estimated as up to 10% for adults (in field studies) and for dbildren
over 20% (Wyon and Wargocki, 2013). Thereaidot of reasons behind it, both
mental and physlogical. Teli et al. (2017)explain that school environments are
characterized by young age of occupants, high occupancy density and limited
possibiliies of behavioral adjustments. Young children have bigger stafacto-

mass ratio, greater metabotate per 1 kg body mass and lower sweating ralegch

leads to lower share of evaporation in cooling processes and increased skin
temperature Moreover, theirdevelopment stage influences their ability to detect
temperature changes (Teli et al.,, 2008)yon and Wargocki (20} suggest also,
thatin school most of performed work is new to children, as they constantly learn and
do not get a chance of becoming familiar with tasks, so their performance is affected
more by unfavorable environment than in cabadults knowing their daily routines

One more conclusion was made by Mendell and Heath (2005), highlighting the
importance ofappropriate conditions in schoBlchildren spend there most of their
time during the day and so the effects on learning amtbqmance can have even
lifelong consequences.

ChildrenOs higher vulnerability to increased temperatures is reflectedrigsults of
thermal comfort surveys in which they are subjeltsiesearch of Teli et al. (2012)
neutral conditions as assesdsdchildren were around;& cooler than predicted by
PMV model. Wyon and Wargocki (2007) noticed that increased temperature
conditions were perceived as slightly too warm, while lowered temperature was
associated with nearly neutral thermal clim&ammaizing all evidence, it seems
that lowest possibletemperaturesstill fulfilling requirements for thermal comfort
would be most benefidia

Not only overly increased temperatures affect usersGbeeiband performancéloo

low temperatures lead to distracted attention and generate complaints (Wargocki and
Wyon, 2007)ArbetsmiljSverket (2009) mentions also that even small deviations from
optimal emperature decrease muscle functions and fingers dext€otycerning
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heath, Jevons et al. (2016) mention studies showing that in conditions bel@v 18
increase blood pressure and risk for blood cloths even of healthy p&bplsame
paper names several chronic diseases of respiratorgaadavasculanature which
are exacdrated by exposure to low temperaturBscialstyrésen (2005) mentions
that also rheumatism and muscle diseases can show more symp&sidges, even
without scientific evidence it isntuitively understood by people that staying for
alonger time in coolenvironment increases risk of getting symptoms commonly
described as catchingcald. This is explained by &lverse effects of cold on the
immune systemOs resistante respiratory infection, and the fact that low
temperatures assist survival of bactenalioplet® (The Eurowinter Group, 199T).
can be thus concluded that an optimal range of temperatures for indoor environment is
actually quite narrow.

Apart from abovementioned direct effects, thermal environment has indirect effects
as well. Chatzidi&ou et. al (2012)ecalls study oMi et al. (2006) in which it has

been found out that decreased indoor temperatures are beneficial for health as they
reduce breathlessness among school students. The authors refer also to studies of
Mysen et al. (2005)Wargocki (2008) and Zhang et al. (2011), proving thatelow
temperatures are associated to decrease in number of reported Sick Building
Syndrome symptoms (non-specific lealth symptoms, such dseadache fatigue,
dizziness, nausea, concentration diffi@dtieye, nose, and throat irritatiosfuffy

nose, dryness in mucous membranes, throat infections, cough, hoarseness, skin
reactiony. Furthermore, thermal conditions may influence emission rates from
materials and concentration of pollutants in indoocepaChatzidiakouet. al, 2012).

Finally, temperature has an effect on survival of bacteria and viruses. It is a complex
phenomenon which depends on individual pathogensO character, bufsimnsesl
decreasegenerallywith rising temperature arstudes have shown tha&mperatures

above about 24 appear to universallgecrease airborne bacterial surviyahng,

2009).

Finally, thermal conditions areindeniably connected to relative humidity, as air
temperature determines how much moisture it @artagn without condensation. In
increases temperature RH is more likely to be low which has its own -nelaltéd
implications. More information about it can be found in Section 4.2 below.

4.28& Humidity

4.2.1& Definition

Air humidity describesnoisturecontent of the air.tican be expressed imamber of
thermodynamic variablgdASHRAE, 2004)

¥ absolute humidityv),

¥ humidity ratio(x),

¥ vapour pressur@y),

¥ relative humidity (RH),

¥ dew point temperatur@p).

Absolute humidityv [kg/m?] is the mass ofvater in grams per 1 hof the ait

Humidity ratio x [g/kg], also called specific humidityis, according to ASHRAE
(2004), the ratio of the mass of water vapour to the mass of dry air in a given volume.
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It is convenient to use as it does not change wuliidinged pressure, temperature or
volume.

Water \apourpartial pressurgy, [Pa]is another way to express moisture content, as it,
together with other gases, contributes to total air pressure. The relation between
vapour pressure and absolute humidity banderived from the General Gas Law
(Hagentoft, 2001):

lo A2;%A,0c4 5>+% 3, UK (4.6)

Relative humidity{%] is theratio of the partial pressure of the water vapour in the air
to the saturation pressure of water vapour at the same air temperatutetedand
pressure (ASHRAE, 2004)As the partial pressure in given temperature is only
dependent on absolute humidity, relative humidity can be also calculated as:

i+ 4 @ 47VK
hi A Ok (4.7)

Absolute humidity at saturations {kg/m®] Di.e. when the aireaaches liquiehas
equilibrium and is thus not able to contain more vapour without condensatiope
obtained from a formula given by GermanN2dtandard(4108) referred to in
Hagentoft (2001):

t
cl ml 25

1 qrr
u) HuvH 0w | Px:*vBSK (48)K

where:

¥ if0jC" Ic"30;C a=28868 Pa b=1098 n=8.02;
¥ if -20C" 1. "0iC a=4689 Pa b=1468 n=123.

Finally, dew point temperatuitg, [; C] describes the temperature at which moist air
reache 100% relative humidityvhen cooled at constant pressure (ASHRAE, 2004).

Different methods to express air humidity are advantageous in different cobewts.
point temperature is useful for example in building physilien assessing the risk of
interstitial water condensation in layers of building envelope. Vapour pressigedis

in PMV model equation. Relative humidity is commonly referred to in weather
forecasts as it gives a good idea about the probability of precipitaizsolute
humidity is usd for moisture transfer modelling in building physics and humidity
ratio B for psychrometrics when designing HVAC systems. To describe indoor
environment relative humidity is the most convenient variable is dependent on air
temperature and therefore gives better picture of ovedaltlitions than absolute
humidity or humidityratio.
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4.2.2& Health, comfort and performance implications

There is a certain difficulty in discussion about humiditgjiéest influence on usersO
comfort B namely the fact that humans do not have sensory orgait. fiéor that
reasonreported dry or wet air ay in reality be an expression of other issues, such as
odaur or dustiness possibly exacerbated bpumidity level (Wolkoff, 2018).
Socialstyrelsen (2005) warns that slight change of temperature makes people
perceive air humidity as much lower or higher titas in reality.

Regardingthermal comfort of the occupants, humidity it a strong indicator.
Theoretically,it has an influence on cooling effect of thehaled air (Zhang et al.,

2016) it is also influencing evaporative heat loss from a perddrand so the
efficiency of cooling by sweatinfand consequently the general thermal comfort of

the body (SIS, 2006)Sweat will not evaporate in conditions of 200RH, which
significantly amplifies perception of high temperatureextreme situationthis may

lead to overheating and severe health reactions such as heat stroke and exhaustion
(Arundel et al., 1986)Analogically, when RH is low evaporation happersiky,

causing cooling of the bodyiowever, this effect i@pposite in cold weather, when
evaporation has the smallest influence of bodyOs heat exchange. It is due to the fact
that in the air layer between skin and clothing insulation as well as on <lothe
themselves water molecules may occwrhen RH is high As water has higher
specific heat than aint intensifies heat loss from the bodw. practice, described
phenomena are perceptible mostly in outdoor environm@ohcerning moderate
indoor conditions, in SSEN 15251 defined as temperatures belowC2énd activity

level below 2 methumidity has a small effect on thermal sensation. According to ISO
7730, 10% higher relative humidity affects feeling of being warmer in the same grade
as 03jC increase of operative temperatufer that reason, the standard suggest that

its effect may be disregardadhen obtaining PMV for moderate temperature range.

Above-mentioned slight effect may explain why ISO 773SEN 15251 and
ASHRAE standargbay litle attention to humidity level3.he first of them states that

Of humidity limits are based on the maintenance of acceptable thermal conditions
based solely on comfort consideratiddécluding thermal sensation, skin wetness,
skin dryness, and eye imiionPa wide range of humidity is acceptabl@®e second
suggest lower level of RH of about -26% as below these values dryness and
irritation of eyes and airways may occur, this is however not a strict requirement. SS
EN 15251 warns also about risk microbial growth under longerm high humidity,

but again does not specify either what is OhighO or-®©tomQ ASHRAE standard

says explicitly that it does not give lower limit values for RH as there are no such
limits established for thermal comfortyutononthermal comfort factors, such as skin
drying, irritation of mucous membranes, dryness of the eyes and static electricity
generation may be determinant for placing these lirkitsvever,a recommendation

that dew point temperatures should not be tleas 3;C, corresponding to 26% RH at
24iC is made (Wyon et al., 20Q2for the upper limit, ASHRAE suggest that
designed systems should be able to maintain humidity ratio of at maxin@irg 0
kg/kg.

Neverthelessas studies showhumidity can havea big influence on severalair

guality andhealthaspectsvhich can beeventuallytranslated tawomfort. They can be
divided into direct and indirect effecShe direct effects result frolRHOs impact on
physiological processes, whereas indiré&ztfrom its influence on pathogenic
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organisms and chemicals (Arundel et al., 1988nhong direct health effects the
following can bementioned:

¥ eye irritation® can be caused by RH around 20% and lower (Arundel et al.,
1986). Wolkoff (2017, 2018) gives explanation for that: on an eyeOs cornea
PTFDprecorneal tear filnbcan be found. Its goal is to provide a continuous
smooth layer protecting an eye from excessigar evaporation and other
damages to its surface. In the conditions of lowered humidify, becomes
unstable, resulting in decreased tear production and exacerbation of water loss.
EyeOs dryingut leads to inflammatory reactions. Local dry spots mpesed
and thus more vulnerable to sensory irritants and other pollutEntscauses
ocular discomfort

¥ upper airways irritationb airways are lined by mucous membranes. Their
functions are strongly dependent on humidity as humidification and warming
processes of the air are connected to water (@ssiz and Togias, 2008;
Naclerioet al., 2007, as cited in Wolkoff, 2018s a resultRH lower than
optimal causexhanges inmucous viscosity and the mucociliary activity
which eventually may lead to releaskein3ammatory mediators by epithelial
cells (Wolkoff, 2018). Furthermore, epitheliumOs dryness may increase
bacterial adherence and allows for greater penetration of particles (Naclerio et
al., 2007, as quoted in Wolkoff, 2018). Finalijmcreased RH patsvely
affects clearanc® a defense mechanism against pathodetime (Salah et
al., 1988, as cited in Wolkoff, 2018Arundel et al. (1986) based on
experience of physicians, recommend relative humidity e4(@® in order to
maintain adequate nasal nmgdransport and ciliary activity;

¥ skin irritation D it is less inconvenient than eyes and airways problems and
therefore less often reported and studied. However, Wolkoff (2018) recalls
astudy of Trimble et al. (2007) showing a tendency to higher sktation in
dry climate; Arundel et al. (1986)escribe decrease in number of reported
skin diseases such as urticaria, erythema, and eczema witiciidsed from
30-40% to 50%

All of abovementionedypes of sensory irritatiooontribute to the generpkerception

of Odry airOApart from direct effect on physiology, it can be caused alsarby
interaction between low relative humiliand chemicalemission (Arundel et al.,
1986), which is described further in this sectidhis phenomenon is an impanta
component of Sick Building Syndrome (Wolkoff, 2018)is also worth to mention
that susceptibilityto airways irritation caused by dry air is higher for persons with
asthma (Wolkoff, 2018)which severity has been shown to decrease in moderate
high humidity (Arundel et al., 1986).

However, there is one more direct eff@perception of odour and Ostuffy a®O
which on the opposite to the others is amplified by high level of humkekiiyg et al.
(2004) state that air, even if clean, is peredias unacceptably stuffy when warm and
humid. ReinikainenandJaakkola2003) conducted a study in office environment and
found out that introduction of artificial humidification increased perception of odour
and feeling of stuffinessas well as sneezjnoccurrence Wolkoff (2018) gives
apossible explanatio®® VOCs (Volatile Organic Compounds) may change their
emission profile in condition of increased RH. They react with for example ozone and
nitrogen oxides with results in production of new sensaitaits.

Indirect health effects are in turn associated with aspects such as:

'"789:;<= Architecture ancCivil Engineering MasterOs ThesAdCEX30-19-NN 43



44

particles resuspensiddparticles in the air are a major risk to the heéée

more in Section 4.4)Resuspension of particles is a complex subject as it
depends, among othersn their size, shape, concentration and chemical
character, but some relations have been found between increase of RH and
decrease of concentration of respirable particles (Fromme et al., 2007,
Lindgren et al., 2007, as quoted in Wolkoff, 20Mpreover, Salimifard et al.
(2017) noticed thatydrophilic particles, such as dust mites, are influenced by
RH in higher grade than hydrophobic (for instance cat and dog fur);

survival of airborne pathoger®general observation of behavior of viruses
and bacteriaunder different humidity conditionsannot be mad® it is
strongly dependent on the type of their envelope (Derby et al., 200.
reason for that is given by Arundel et al. (198B6RH is thought to affect
survival by altering the integritpf the cell wall or viral coatEven more
explanation igpresentedy Wolkoff (2018)DRH influences also bacteria and
viruses@ize, surface properties, water content, and consequently transmission
and deposition

Nevertheless, some general trends cashiogvn. Viruses with lipid envelopes,
including e.g. influenza or measles, survive longer at low RH e3(20,

while nonlipid (e.g.respiratory adenoviruses and rhinovirgsashighb 70-

90% (Tang, 2009)BacteriaOs behavior is more complex as it diffieose
between different kinds of them, however more studies speaks ferange
humidities to more lethalArundel et al. (1986) presented several studies
establishing various ranges for minimized pathogens survival, but were able to
conclude that ranged470% seems most beneficial.

settling rates of aerosoBthis parameter has an effect on diseases spreading
as airborne pathogens are transported through aerosols produced during
coughing and exhaling aifhe higher is the settling rate, the smallek 0§

being exposed to pathogens. High RH around®®@® is favorable for this
parameter as some aerosols size may increase because of water absorption
(Arundel et al, 1986);

respiratory infections studies on frequency of occurrence of respiratory
infections are strongly connected to the ones about survival of bacteria and
virusesas well as aerosolsO settling raéeandel et al(1986 give examples

of several research projects finding correlation between RH and absenteeism
among school childredue to infections: Green (1979) found out that RH
increase from 22 to 35% decreased number of absences by 20%, Sale (1972)
found 58% difference in absentee rate between kids from humidified
environment compared to those from #amidified. Also, the opmite end

of RH range has been proved to be related to increase in number of infections
D Melia et al. (1982) found out that children exposed to humidity over 75% in
their home environment more oftesuffer from colds, wheezing, and
bronchitis;

presence ohllergensb major part of allergies is caused by either mites or
fungi. House dust miteare the most importardllergen Their population
reaches its maximum size at RH around 80%. Arundel et. al (1986) recall
anumber of studies suggesting, that the nembf mites per 1 g dust
decreases rapidly at humidity below 50%. Fungi in turn are known to cause
reactions such as asthma or rhinitis. They need most often humidity exceeding
at least 60%or growth but preferable is over 75¢Arundel et al., 1986).
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¥ emissions of noxious chemicaldsome of chemicals create irritants for skin
and airways once they react with water vapour. Arundel et al. (1986) list the
following compounds asiost common:

o!

formaldehydeb this watersoluble compound can be found in several
materials such as insulation, plywood, carpets and textiles. Hs off
gassing increases in high RH and causes occurrence of health
reactions, for instance sensory irritation, respiratory disorders and
allergies;

I ozonebon the contrary to formaldehyde, highission rates of ozone

are supported by low RH, as in humid conditions its particles are rather
adsorbed by indoor surfaces (Mueller et al., 1973, as quoted in Arundel
et al., 1986). Ozone works as irritant to eyes and mucous membranes;

I sulfur dioxides D respiratory irritant, creating even more harmful

aerosols when reacting with water vapour;

nitrogen dioxided reacting with vapour creates acids which decrease
pulmonary functions and contribute to development of respiratory
diseases.

In the Figure 4.2elow optimum RH range for different indirect health aspects are

summarized:
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90
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60 70 80

Optimum relative humidity range for minimizinglirect health effects
(Arundel et al., 1986).

One additional comfontelated question is static electricity. Derby al (2017)
describes, among others, study of Paasi et al. (30@Y)ng that for many materials
commonly found in buildingsincluding usersO own clothiraf, room temperature
electrostatic discharge wascancern below 28B0% RH and of Nords8m et al.
(1994) where complaints about static electricity increased twice when RH was
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changed from 4@5% to 2035%. Socialstyrelsen (2005) states thmbblems may
occuralready below 40% RHThe charge, apart from itself causing discomfort when
dischargig, can result in dust settling on the skin surface and increase risk of skin
related health symptoms.

Separating performance from all abewentioned health effects may be difficult as
most of the symptoms are inconvenient and as such may deteriorate concentration.
However, Wyon and Wargocki(2013) mention that low RH, below 15%, may
sometimesimpair visua acuity and the performance of tasks requiring continuous
acquisition of visual data

When it comes to the effect humidity has on buildings, it is slightly easier to choose
preferable conditions. Generally, high RH is considered to be an importanorisk f
structures and building materials, especially that moistauvsed damages are one of
most common. BBR requires for instance to design buildings so that moisture does
not cause damages, ani@r microbial growth, which in turn may affect hygiene or
heath. For materials vulnerable to bacteria or mould it is recommended to use well
documented critical humidity content and if it is not known, RH of 75% is suggested
as a limit. Apart from already listed risks, BBR gives also other possible issues caused
by high humidity, such as unacceptable chemical and electrochemical reactions,
unacceptable moisture transfer, deterioration of mechanical and thermal properties of
materials or presence of woedting insectsOn the other hand, very low RH can
have negativeampact on construction as weRig difference between outdoor and
indoor absolute humidity will amplify moisture transport through building envelope,
increasingrisk of interstitial condensatioand corrosion Moreover, low RHcan

cause rapid drying ofosne materials, resulting in shrinkage and crackinig. worth

to point out thasuchdamages to the structure, even if they are not dirat¢tyeatfor

users, influence perceived indoor environment quality in termssabéty and
aesthetics, which mayedrease mental comfaahd raise complaintégain, itcan be
seenthat it is most beneficial to kedpumidity within a certainsafe rangeHowevet

as Wolkoff (2018) concludes, a distinction should be made between humidity near the
breathing zone andgphenomena connected to moistaeeised damage to the
construction and different appropriate demands for humidity should be considered in
both casedNevertheless, overall it can be cautiously concluded, that RH range of 40
60% seems to be an optimal compise from all perspectives, as long as it is not
combined with air temperature exceeding comfort limits.

4.3% CO2 concentration

Concentration of C®[ppm] describeghe volume of this gas per unit volume of air.
1 ppm means 1 part per million, so it equalslLton?® CO, per 1 n? air. As humans
produce and exhale GQOindoor concentration is higher than outdoor, which in
Sweden can be averaged as approximately4B80ppm.Most regulations set the
requirement foindoor carbon dioxide concentration to not excd®®0 ppm longer
than temporarily.

As CQO generation rate in a building and its outdoor concentrationdaeegarding
smaller variation, rather constant over limited amount of time; €@@centration is
often used as rough indicator of ventilation ra#es.decreased air exchang®uld
usually result in perception of lower air qualityigh CQ concentration has been
associated with poor IAQ as well as with heaissuessuch asSick Building
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Syndrome symptoms, increased absence and lowered efficienegrkof However,
historically it was assumed that this connection is only valid because low ventilation
rates indicated by COlevels are the reason fohigher concentration of other
pollutants, directly causing the aforementioned health effdtusldrri 199; Persily

1997 as quoted in Satish et al., 201%Yhat is interesting,hie value of 1000 ppm,
used in most standardsas first obtained in f9century and based on unpleasant
odours from individual§Gustdsson and Ra&n, 2019) CO, concentration in rage
usually occurring in indoor environments, i.e. SlD0 ppm vasassumed to have no
impact on users@erception, health, work performan(®atish et al., 2012) dslood

CO; levels(Kenichi et al., 2018)Higher content of this gdsas had well-documented
influence on healthKenichi et al. (2018)describethe phenomenon of respiratory
acidosis happening after about-@inute exposure to COconcentration above
10.000 ppm, resulting in increased £ével in blood, causing acildased mbalance

and eventuallyproblems afieadache, confusion, anxiety, drowsiness, and stépor
even higher C® levels more severe symptoms occstarting with breathing
difficulties at concentration above 20000 ppm and ending with loss of consciousness
above 10000 ppm(Lipsett et al., 1994 as cited in Satish et al., 2012), histnbt
relevant forshapingbuildings®AQ.

As recent studies show, this assumption wasfullyt correctb several experiments
conducted in controlled environment, with possibility asfificial increase of C®
levels without decreasing ventilation rates and general IAQ proved that this
compound individuallyand already at lovevel concentrationgffects occupantsO
well-being andperformanceSatish et al. (2012)onducted an experimewhere they
testeddecisionmaking processes under &€&ncentration of 600 ppm, 1000 ppm and
2500 ppm and noticed significant decrease of performance already in 1000 ppm,
while at 2500 ppm an additional effect of overconcentration occurred, showing
diffi culty in functioning demanding excessive focus on det#sichi et al. (2018)

recall for instance studies investigatipyysiological response to change of £LO
concentration from 500 ppm to 4000 ppm, showthgnges in heart rate variability

and peripheal blood circulation(MacNaughton et al., 201&ehvilSinen et al., 20)6

or one finding increase of blood pressure and heart rate at change from 600 ppm to
1500 ppm Kajttr and Herczeg, 20)1.2These reactions cause also stress on the human
body which reslts in reduced performancé:urthermore, according tone of
mentionedresearh, already above 1000 ppm cognitivede¢ision making, problem
resolutior), respiratory and sensory symptoms may ocklacfNaughton et al., 2016

On the other hand, thabovementioned conclusions are questioned again as well.
GSran StElbom (2017) in his debatising article criticizesoutcomes of studies
investigating direct effect of CQbn health and cognition, calling them &lightO from
scientific perspective. Moreey, he underpins his reasoning with, among others,
NASAOs report about carbon dioxide concentration in spaceships and theoretical
knowledge about breathing physiologdnother study has been conducted by Zhang
et al. (2016), where occupantsO cognitiveopmence has been examined under
conditions of increased CQevel, either artificially or naturally along with lower
ventilation rate and resulting rise of bioeffluents concentration. Only in the second
casestatistically significant performance decreaas heen observedhich indicated

that CQ individually does not have impact on usdtss apparent that more research

is required to draw unambiguous conclusions in this matter.

The first idea of using COlevels for prediction of issues caused dinedily other
factorsis less controversial ando far considered validChatzidiakouet al. (2015a)
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carried out a comprehensive research to establish association between indoor CO
concentration and thermal climate and check if controlling these two factors can be
amethod to secure levels of other compounds, such as VOCs and nitrogen dioxide,
particulate matter and microbeghe authors concluded that as long as information
about he investigated building, for instance ventilation strategy, orientation,
occupancy, glazing or thermal mass, are gathered to help interpret the results, CO
level can be a good indicator of VOCs level, PM concentradioth even risk for
overheating (as #rises from high internal garand reduced ventilatignp maintain
overall satisfaction with indoor environment, it has been suggested to keep existing
recommendation of 1000 ppnMoreover, same team continued the study to find
connections between G@nd reportedndoor air quality. They found out that all
pollutants which presence can be estimated based onc@@e some 06EBS
symptoms Furthermore temperature and GOseemed to be the only significant
predictors for general IAQChatzidiakouet al.,2015b).Kenichi et al. (2018) ligtd
additional studies justifying use of G(@vel as indicator forisk of SBS symptoms:
NorbSck and Nordstr$if2008) associated 100 ppm increase with headaches, Lu et al.
(2015) b with sore throat, tiredness and dizzinemnd Azuma et al. (201&) with
dizziness and headach&eneral conclusion is that already at 700 ppm relation
between C@and SBS symptoms startslie visible.Zhang et al. (2016 their study

on cognitive performanceoncluded that exposure itacreasing levels of bioeffluents
indicated by C®@concentratiorup to 3000 ppm not only amplifies netlwehavioural
symptoms but also odour intensity and worsens perceived air quality. Their results
have not provided scientific evidence enough to defmespecific threshold values

for CO; level, however, the authors suggest that even present common requirement,
1000 ppm, maynot be sufficient. It is apparent that further studies are needed to
understand individual and combined effects of bioeffluents athdr pollutants on
different aspects on usersQ experience in an indoor space and to define plausible
indicators along with their limit values.

Finally, Rudnick and Milton (2003)ased on the assumption of occupants being the
only significant source ofacbon dioxideused difference between @@oncentration

in inhaled and exhalebreath to estimate what is the fraction of rebreathed air. As
through exhaled air airborne infectious particles are distributed, the authors managed
to develop equations allomg to directly assess risk of infection in the given
environment, based only on €@evel and without having knowledge about for
example ventilation rates or outdoor conditioifis does not result in specific
recommended CfOconcentration limits asliseaes spreading depends on several
building- and pathogeneelated individual factors but strengthens the need of keeping
CO; low.

4.4& Particulate matter

According to WHO (2018particulate matteB PM b affects humans more than any
other pollutant and for that reason it is used as proxy indicator of air qurRNtys
amixture of liquid and solid, organic and inorganic particles suspended in the air and
consist mostly osulfate nitrates, ammonia, sodium chloride, black carbon, mineral
dust and watefWWHO, 2018).

In the Figure 4.3 below sons®urces of PM can be seen together with size limits for
inhalable, thoracic and respirable partidgeenbnatural, red®manmade)
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As can be seen in the figure, particles with sizéniGor smaller{PMio) can penetrate
inside the lungsAs next size catego®5 'm (PM.5) is usually used as particles with

this size aresmall enough to penetrate into pulmonary alveal further to blood.
Because of these properties, WHO uB#4,s and PM, as indicators for the air
quality, setting limit values td0 pg/n¥ annual mean25 ug/n¥ 24-hour meanfor

PMzs and 20 pg/n? annual mean50 pg/n? 24-hour meanfor PMho. These limits
concern outdoor air, but as there is no reason to believe that particulate matter form
indoor sourcess of less hazardous nature, they are applicablenfiwor air as well.
Moreover, in the presence of indoor sources, PM concentration there is usually higher
than outside (WHO, 2010).

It can be questioned if this choice of requirements is sufficlamErik Andersson,

indoor environment expert in GsStelgsr Stad LokalfSrvaltningen in personal
communication (20195-05) said that particles of sizeO8 um (nanoparticlespre
suspected to be able to, in extreme cases, penetrate through airways directly to the
brain. Another issue raising doubts is the unit which considers only total mass of
particles in the air, whereas, asnidahl (2009) points out, it is the surface oftpdes

that matters the most. It is on the surface where chemical reactions take place and it is
maximized the smaller the particles are (compared to the same mass of bigger
particles).

In indoor environment a part giarticles comes with infiltrating edoor air, the rest

in generated insidePeople are responsible for the biggest share in generation of
pollutants indoors. The top layer of skin exfoliates continuously which results in
around 25 million skin cells lost every day. They settle on the c6tiseirface and are
further transferred to the air where they get combined with dust. As on the skin cells
microorganisms can be found, dust containsntbh@o. While bigger particles lands
quickly on horizontal surfaces, the smaller ones, due to adhesibelactrostatic
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forces, stick to vertical surfaces as well (MEnsson, 1R82uspension of particles
can be observed due to air movement or human activities and it results in exposure to
inhaling them by users.

This can be to some extetounteracted by maintaining the proper organizatiot
cleaning routinesMaterials such as fabrics and paper, which may be a source of
particle emission, should be kept in closed cabinets, outer garment should also be kept
in appointed room. Filters inentilation systems need to be regularly cleaned or
replaced.It is important to keep in mind that ventilation itself is not able to remove
particles and increasing the flow may, instead of resulting in cleaner air, cause
whirling and more rapid resuspemsi Removal of dust is of special importance in
environments characterized by high level of actiétgluring physical effort up to 4

times as much particles is inhaled as during restdahl, 2009).

Exposure to high concentrations of BMnd PM; can e associated witmcreased
mortality or morbiditydue to causingssues such as stroke, heart disease, lung cancer,
and both chronic and acute respiratory diseases, including adBigger particles,

for example dust, has not been proved to cause dwe&ith problems, but are
expected tdhave negative effects on chronic health problédgon and Wargocki,
2013). They may also cause indoor environment to feel Odustg@erinen
Shaughnessy et al. (20189fers to conclusions of Hussin et al. (2011) sgytimat
dusty floors can be connected to higher concentration of fungi and badteria.
addition, particles can work ascarrier for viruses, for instance influenza (Wolkoff,
2018).

As mentioned in previous sections, PM concentration can be directlyassogith
RH and indirectlybwith air temperature and Gvels.

4.58 Ventilation rates, type and performance

Ventilation rates decide about how many times under a given time air volume in the
room will be replaced by fresh, mostly outdoor, &uwurrently, nost standards set
minimum airflow to 035 I/s per 1 rafloor area+ 7 I/s per person. The first number is
based on an old rule of thumb requiring Ohalf air change per, i®eeulated for
typical room height of 3 m, and is supposed to handtenissions from building
materials and equipment. The second was first roughly obtained back in the 1930s
based on odours removal and confirmed in the 18§0studying satisfaction with
indoor air quality. It is supposed to take care of bioeffluentE(@n, 2018.

It can be thus expectddat the bigge ventilation rate, the better should perceived
IAQ be. There is plenty ofresearchconfirming this assumptiorBak—Bir— et al.
(2012)present studies which showed that low ventilation rate result in vesakian,
memory and concentration while higher rates ratated toperception of fresh air
decreasedensation of dryness in the mucous membaeamkeyes as well as increased
alertness Toftum et al. (2015) recalls study of Mendell et al. (2013) whaimd
relation between .6% decrease in absenteeism and 1 |/s per person increase of air
flow. HaverinenShaughnessy et al. (201Bpticed connection between ventilation
rates and percentage of satisfactory scores in test as well as frequency of visits at
school nurse related to respiratory syndronwargocki and Wyon (2007) examined
childrenOs performance in a series of various numerical and linguistic tasks and
noticed significant improvements when ventilation was increased 32rto 96 I/s

per person.This is just a small selection a@fumerousstudies leading to similar
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conclusions.Therefore, Wyon and Wargocki (2013) reason that ventilation rates
should be considered the most reliable indicator of indoor air quality effects, at least
until individual pollutants impact will be better identified, even if this parameter is
more inconvenient to measure than for instance €&@centration.

However, despite these seemingly unambiguous resilidies giving completely
opposite results can be found as wbbrdstrdm (1995) describes research in YstadOs
hospital showing that SBS symepmswere most common in new buildings with high
ventilation rates, which is explained by resulting too low relative humidity
(aphenomenon typical mostly for locations with cattimate). Kronvall (.d)
presents results of study on indoor environment quality taking place in schools and
preschools in MalmSExamined buildings had on average low air exchange rate,
below limits set by regulations. Surprisingly, number of report@dnweniences,

such as dry or stuffy air, eyes irritation or headaches was higher in facilities with
higher ventilation rates.

Required ventilation flows, mentioned in the beginning of this section, are very
general and do not include a number of factorgh\tthe development of the building
industry less and less emissive materials are used. Humans adaptation to odour is
being considered. A discussion about alternative solutions to improve air quality
instead of increased flow is being raised, includingsdsuch as demawmdntrolled
ventilation or increased significance of windowsO openiBgerdimensioned
ventilation, apart from humidity problems, is also inefficient from energy use
perspectivand thus characterized by unnecessarily big environmentakifoo

Toftum et al. (2015)examined relation between ventilatidype in schools and
learning outcomeThe conclusion was that mechanical ventilation in every respect is
advantageous compared to natural ventilation: pupils from mechanically ventilated
sdhools scored higher at national tests, had better statistics regarding absenteeism and
CQO: levels in those buildings were lower. Another finding was that manual opening of
windows is not sufficient measure of regulating IAQ as it is too dependent on
teacheOs or pupilsO individual actidhss confirmed by Wyon and Wargocki (2013)
who stated that users will not open windows just to maintain air quality unless they
also feel to warm, especially that it is often considered to be a waste of ergugy.
study described by Kronvalin(d) showed opposite trerdldissatisfaction with indoor
environment quality was higher in buildings with mechanical ventilation compared to
natural and one of significant factors were complaints about noise generated by fans.

Even in systems designed with sufficient properties problems may. dbyan and
Wargocki (2013) point out that increased air flow will not improve indoor air quality

if filters in the air handling system are old and full of dust, as it may lead to
distribution of harmful particles, causing discomfort or health problems. Speaking of
poorly maintained system components, humidifiers as well can be a source of
problems. Arundel et al. (1986) draw attention to the fact, that these devices
frequently get contamated with fungi or bacteria, as these organisms find desirable
conditions for growth in moist conditions under appropriate temper&toe there

they can easily get distributed over the whole building in form of aerdetibm et

al. (2015) recalls styd of Simons et al. (2010) which found relation between
malfunctions in systems such as blocked ducts and dirty filters and high absenteeism
rates in schoolsThese examples highlight the need of regular maintenance work and
consequently also benefits ofstgms with thoughthrough accessibility.
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4.6& ChildrenOs healtland comfort aspect

Thuvander and Victorin (2006) describes health situation among children in Sweden.
Even though it i®verallgood, asthma and allergies cases tend to increase in number
(it more than doubled over last few decades, slightly over 25% children are diagnosed
with some kind of allergy, most of them before they turn 5 years). They are neither
free from SBS sympton®ich as fatigue, headaches, sensory irritation and respiratory

issuesb cough and wheezing, which are generally reported in many countries

(Thuvander and Victorin, 2006).

In Sectiors 4.1.1.8 and 4.1.3 it was already partly mentioned how childrenOs
physiology differs from the adultOs otteey have bigger surfacareato-massratio,
greater metabolic rate per 1 kg body mass and lower sweating Yiettemore
differences can be liste€hatzidiakouet al. (2015b)hames these connected to air
qualityOs impact: children are more vulnerable to airborne pollution because they
inhalemore air compared to their body size than graysand breathe fasteAt the

same time their lungs are still developing and airways are narrBak+Bir—et al.

(2012) adds that they have smaller ability to handle toXihs is due to the fact that
immune system is one of maturing relatively late uramtwlescenceMoreover, in
modern world the closest environment around children becomes more and more
sterile, so their immune systems do not get sufficiéimiusation (Thuvander and
Victorin, 2006).This increased susceptibility results in higher health hazardish

may influence the future condition as wBlthildren exposed to pollutants may have
decreased lung functions as adultsiother risk is connected to devetopnt of
asthma and allergies under influence of for example mites, tobacco smoke, mould or
animal fur.

Because of this high vulnerability of kids, a lot of studies were carried out in school
environments to establish if buildings designed based, most, afterrules and
guidelines developed for office spaces and adult users, satisfy the needs of the
youngest.The outcomes showed same tendencies as adultsBifasath issues are
enhanced byresence of mould, dampnesaredje et al., 1997VOCs emissions

(Kim et al., 2007, dust, formaldehyde, N{NorbSck et al.2000 Pbut so far, they

did not result in development of any childr@m schoolsspecific standards or design
methods.

Considering childrenOs understanding of comfort, there are some conmdigdiin

it comes to its assessmeiieli et al. (2013) describe that even if small children are
able to understand thermal comfort rating scale, according to their teawrerspts

such as air velocity and humidity may be hard to comprehend. Moreover, asked about
overall comfort, kids tend to answer based on factorfealing of tirednessthe
ongoingclass activity, their physiological and psychological condition, otithe of

day. Finally, as during school day outdoor activities are usually organized, especially
among younger pupils, some aspects of poor IAQ may be compensated by staying in
fresh air.The authors concluded that the way children answer in questiondéiees

from the way adults do and therefore childeslusted assessment methods need to
bedeveloped
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4.7& Suggested adjustment of limits given by regulations
based on health, comfort and performance

Oncethe effects ofdifferent indoor climate aspects oneus have been reviewed, it
can be asked if and how the current regulations could be adjusted to give them more
consideration.

It has already been mentionedSection 2.2 that a space for improvements has been
identified in the applicable lawlThereare veral regulations overlapping in scope

and completing each other in terms of requirements, which creates consequent yet
very strict design conditions, characterized by lack of flexibility many of them
atendency to assunmbat same limits will resuih good indoor climate in all kinds of
premises can be observed. It can also be questioned if indicators chosen to describe
indoor environments are the onesflecting its actual quality most preciseljo

quickly remind current situation: after sorsamplifications a preschool should be

able to provide operative temperature between 20 ap@ &4 winter and 20 and

26iC in summer, PPD always at most 10%, air velocity at mds /s, CQ
concentration not exceeding 1000 ppm, air flow of 7 |/s peropesad 35 |I/s per 1

m? floor areaLet usverify legitimacy of these values.

Operative temperature rangéfirstmay seenreasonable from comfort point of view

but closer lookaisesdoubts.Even if some may argue thatjZDis low, winter case
should work for most environments as long as occupants wear clothes suitable for the
season. This value is however questionable in summebthsee is a significant risk

that a user dressed in typical light summer clothes and performing sedentary activity
will find these conditions too col®n the other hand, situation changes drastically
with different activityb based on PMV model, the same set of parametersesait

in too hot climate if an occupant is moving around with average pace of human walk.
If previously discussed conclusion from studies on childrenOs thermal cbinairt

their perception of temperature is higher than adults® applied,the problem
becomes even more complex. Fxample,20;C can feel only slightly too cool for
achild, even at rest, while 28C will be too hot (whereas for a grovup it is expected

to be acceptable). The fact that perception of temperature depemdsausfactors,

such as activities, clothing, age, adaptive skills and many more, one universal
requirementeels unreasonable and almost impossible to be set.

Moreover, it is questionable if setting a requirement for maximum air temperature in
summer makes sense at all. Ventilation is usually designed based on average, reliable
assumptions, excluding extreme atleer cases, especially for nbeating season.

This means that at some point in summer, on extraordinarily sunny days with huge
solar heat gains, in buildings without comfort cooling or with only limited possibility

of air precooling (as considered inghhesis), indoor air temperature will not be able

to be kept within given limits. Accepting this could be perhaps a base for developing
more practicalequirements, for instance concerning means of decreasing solar loads,
such as shadings or even plantirees in proximity of a building.

PPDcould work as a better indicator, but due to all issues mentioned in this chapter
its credibility must be questionedf it was used, the separate model for children
should beworked out It would also have to be deed which group of users is more
important and whose preferences are determinant for indoor climate design.
Considering that a preschoolOs main goal is to pratideble environment for
children to develop and also that their adaptability is usuallyridiagn adultsO, an
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idea may be to use simultaneousBMor pupils and adaptive model for members of
staff, agreeing to compromises in favour of children.

Apart from comfort, performance and health aspects cannot be negRasadl on
several mentioned studies, the former seems to benefit from relatively low
temperatures, théatter b from appropriate rangef relative humidity which in
climate such as Swedish, is again supported by rather cool conditions. These
arguments would speak for keepitggnperaturdow, with 2G C working rather as
maximum than minimum valueA simple simulationfor RH can support this
conclusion: acording tothe report of Wert (2013), on typicalwinter day in
Gothenburg outdoor air temperature is aroupd and absolute humidit 4 g/n?
(averagefor Januaryfrom 19962012) If a room with air temperature of42C is
ventilated with outdoor air for a longer time, RH can beeeigd to drop to around
18% while for a room with temperature 2D it should stay at around 23%he
difference may not be big but can be crucial considering thresholds for symptoms
such as sensory irritatioAt this point it is worth mentioning tharoviding sufficient

RH is currently one of biggest interests of LoEalaltningen which believes that

this parameter is associated with the most severe indoor climate issues reported in
preschools in Gothenburg.

Air velocity of at most A5 m/s is requied byFOHMFS 2014:17f air temperature in

the room does not exceedZ4 but possibility of using air movement to cool down
users on warm days is limited by BBR, which demands keeping air speed k2bow 0
m/s outside the heating seasdh.could be argue thatthis requirement could be
removed without risk for thermal comfort, especially considering that correctly
designed ventilation should not result imcontrolled air speed increaseln an
environment where individuals have possibility to adjust elogity to their needs in

a limited zone, higher speeds should be allowed.

A requirement of 1000 ppm CGCrauses a lot of controversid3espite numerous
studies it is still not fully clear if C@itself can decrease perceived air quality and
performanceor if it is a pure indicator of other harmful pollutantsO concentration.
Regardless of the answéeeping CQ demand feels justified, at least until any other
easy to measure indicator of air quality is found. On the other hand, a limiting value
can be tscusse® 1000 ppm igather low (for example in a classroom with average
occupancy and basic air flow it can be achieved in less than 1 hour) and maintaining
this level would require higkientilation rate, and in consequer2bw RH issues in
winter.

Air flow of 7 I/s per person and35 I/s per 1 rhfloor areais a very questionable
requirementThe component supposed to take care of material emissions is obtained
for a typical room in residential buildindput with changing height of a space it can
reailt in drastically different air exchange rat&n the other hand, it is usualiy the

floor level where people stay and the air quality close to the ceiling may be of small
interest, but it depends on roomOs function and designed air distribution. fhker
component intended to handle bioefflueritas different weight depending on
occupancy. For instance, in a classroom, relatively small room with a big number of
people, 7 I/s per person may result 4 &ir exchanges per houwhich feels too
much a&d on winter inevitably results in low relative humidity. Moreover,
aclassroom, both in a preschool and in a school, is usually being left by occupants
during breaks or outdoor activitieshich reduces the pollutants emission and enables
more excessiveirdng without risks for comfort.
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Some of regulationsnention7 I/s per person as what ventilation must be able to
achieve, but not what must be achieved all the time during its openaticch seem
much more reasonablélowever, in design practice \eentilation rate can never be
assumed based only on emissions from people and matBrialss very often
determined by a need of handling internal heat gaom users, equipment, lighting
and sun, which in turn depends on, among others, buildingG®rpcshape,
exposure, function or occupandensity, and therefore must Bssessed individually

in every case.

Summarizing, itseems that it would be beneficialled most of the legal documents
stay more generiand possibly refer to one source givietailed values, as long as
they are obtained with consideration for buildirand activityspecific conditions
Situations where a regulation both referatmtherand gives limits to follow should
be avoided as it results in risk of contradiction if tinst document change#t. may

be though discussed if it is feasible to cover all possible cases by theoretical
document. Perhaps a better solutwould be to removeny specific requirements
and leave only general demand on healthy, comfortable anerygnvironment,
fulfilment of which would be a responsibility of the desigridowever, in that case
very exact definitions of what is health and hygiaraild be necessary as it cannot
be expected that every indoor climate engineer would have knowiergehe scope

of medicine.Suggested aspedo be included are relative humidity, concentration of
particles and gaseous pollutants.

If requirements became purely functiontlle focus of law could be shifted from
design parameters to folleup measuremes and control of buildingOs functioning
over its life time.This approaclon the other hand rais¢he question about what
would be done if performance of a given indoor environment would not be sufficient
during operationb after all legal consequences cannotprove the air quality in
poorly designed building. The answer maytbedevelop more flexible ventilation
systems which may be easily adjusted after construphase
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5& Ventilation Systens

In the following chaptemlternative solutions of ventilation system considered for
Grsnskan andHoppet preschoslare described in terms of basic design assumptions
and operation principlesAs a base for architectural design and FTX system
documentation formodel preschool Grsnskan weresed since at the moment of
writing the following report technical documentation for Hoppet was still in
preparation and the design of the building will not differ significantly from GrSnskan
For hybrid ventilationwith preheating in the groungre-study for actual Hoppet
preschool was usedloreover, environmental impact for both systems is discussed in
terms of risks and opportunities.

5.1& Reference preschoobbuilding description

The model preschool Grsnskawas designedwith the idea of flexibility. Themain
assumption was to divide theo-storeybuilding intothe central core, consisting of
kitchen and boiler room in thiast floor and fan room and staff room in teecond

floor, and other parts containing preschool departmef@steborgs Stad
Lokalfsrvaltningen, 207Ic). These departments are located in separate wings adjacent
to the core in such a way that dependent on needs it is easy to design psegthool
varyingspace by simply adding or removing one or two wigemple of setup can

be seerin sectiondn Figure 5.1.Several prestudies were conducted for Grsnskan,
testing different number and kinds of departments, but based on plotCmdirea
placements well as omeighbourhoodOs needs it has been finally decided to design
the building with8 preschool departmenihe same will apply tpreschooHoppet.
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Figure 5.1 GrSnskan B 8- and 6-department setup (GSteborgs Stad
LokalfSrvaltningen, 2017d)
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This solution results in total heated floor areanfequal to 74.2 m? and number of
occupants equal to70, of which ¥4 are children (18 per department) (GSteborgs
Stad LokalfSrvaltningen, 2017c). Theketctes of first floor plan with suggested
distribution of rooms in8 departmentmodel preschool Grinskan can be seen in
Figures5.2and 5.3below:
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Figure 52 Model preschool Grsnskanb first floor plan (GSteborgs Stad
LokalfSrvaltningen, 201d).
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Figure5.3 Model preschool Grsnskam first floor sketch (Liljewall, Norconsult,
2016.

District heating is used fdreating and hot tap watewith technical room located in
the first floor.In the technical room heat exchanger for radiators, ventilation and hot
water preparation can be found.

For ventilation two alternative solutions atescribedn sections below.

5.2& FTX system

FTX stands for a system with heat recovery, where both supply and exhdlostsir
are forced by fanslt is nowadays one of most common systems as it allows for
careful control of indoor environmeandenables efficient energy use

FTX systemconsist of two duct systems, one for supply air and one for exhaust air.
The outdoor air is taken to the outdoor air duct with help of a fan and it is transported
to an air handling unit, where it is conditioned befibiis led further into the system.

In AHU heat recovery unit is placed in order to-peat the incoming air with heat
gathered by the exhaust ,aéts well as a heating coil and in some c&ascooling

coil, in case of heating or cooling need exceeding possibilities of heat recovery. AHU
fits also a pair of air filter¢Warfvinge and Dahlblom, 2010, as citedFeldt and
Nilsson, 2018).
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FTX system forGrsnskan is designed with two air handling units located in the fan
room in the second floddfirst for kitchen area and secofa the remaining parts of

the building as significant differences between activities taking place in these two
kinds of spaces would makedifficult to dimension appropriate flow in one system
and could result in undesirable effects such as odousfétar-or simplification
purpose, the system serving the kitchen will not be considered in this report.

The section of technical room showing air handling unit for preschool departments
can be seen in the Figure 5.4 below:
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Figure 5.4 Model preschool Gmskanb air handling unit for the general part of
the building (GSteborgs Stad LokalfSrvaltningen, 2017d)

The FTX system for the preschool excluding kitchen is desigaadAV systenwith
demanedcontrolled flow (by temperature and @Q@oncentration), ra@iting heat
exchangermaximum air flowof 3340 I/s, average air flow of 2700 E#sd SFP of
1.49 kW/n¥¥/s at average air floéGSteborgs Stad LokalfSrvaltningen, 2@9.7

5.3&% Hybrid systemwith preheating in the ground

The following description of hybrid system is based on the technical description of
such a system prepared W@harlotta Berggren and Torkel Andersson from
ByDemand AB for the Hoppet preschool in February 2019.

In the hybrid system the outdoor asrtakenin by an intake tower and transported
further through underground ducts to an underground culerits end a speed
controlled axial fan with ailencer is mounted as well as temperature and pressure
sensorsWhile passing this way the supply air getsated in winter and cooled in
summer so that itheoreticallydoes not require additional heating or coolifitpe

flow is adjusted by buildingOs control system according to demand defiseddon

and outdoor air temperaturdoecausedhe cooler outside awintertime (resulting in
supply air temperature around-13;C) removes the surplus heat more efficiently
than the warmer air summertime.
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From the culvert the air is moved ¢oncrete chambers, which, as they are equipped
with fire doors, provide division into fire sections on the supply side. From the
chambers further ducts lead thie to brancksin rooms inside the building'he low
supply air temperature allows for low flow rate.

The basic air flow to rooms varies with outdoor temperatihreugh a change of
pressure in the culvert depending on it. Supply air pressure increases with outdoor
temperatureOs increase and consequently increases also thddiewover, the air

flow is controlledin sequence with heggeneration from roomOs radrathrough an
actuator in radiatorOs valve.

Same as inthe systemdescribed in Section 5.Xitchen in hybrid ventilation is
handled by separate installatiBan FTX air handling unit located in the second floor
is proposed. It should be possible to talkethrough the culvert to the AHW get
access to the cool air.

BUSTERNGSSPJALL MED MATSTRACKDR,

0-1V-SPIALL SAMT LJUDDAMPARE PLACERAS
1KALLARE

Figure 55  Hybrid ventilationbbasement level (Berggremd Andersson, 2019)

Exhaust air is removed througlr diffuserwith fire damper to the closest staircase
and further out through a cowl and damper controlled by overpregstitaust air
from toilets and nursery room is removed throsgkedcontrolled fan placed on the
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roof, one per building. The air flow is adjudtdo season. The exhaust air is
compensated by basic flow to the rooms.

The hybrid system in Hoppet is desigith maximum air flow 3000 /s

5.4& Comparison b advantages and disadvantages of the
systems

FTX systems are muchare common than hybrid arideir alvantagetave become
well-documented over the years of their continuous developrHeat. recovery unit
located inan AHU allows for significant savings of energy for heating as the supply
air is to a great extent preheated by exhaust air. Flexibilitgirohandling unit®
construction enablesadjustment of theirdesign according to needs of specific
conditions, for instance by adding or removing elements such as heating or cooling
coil, humidifier or filters. This maximizes the possibilities of air conditionamgl
providing its best possible quality.

In hybrid ventilaion the abovementioned benefits cannot fmund. The system lacks
air conditioning components, so the only possibilitynafeasinghumidity indoors is
through change of air temperatig adjusting the flow andt the same time letting

in less outdoor ia with low absolute vapour content. Neither heat recovery is
possible as the exhaust takes place through a cowl on theThisthowever allows

for significant decrease of materials used for exhaust air Bugido 90% (Feldt and
Nilsson, 2018).

On the other hand, the simple construction of hybrid ventilation brings other benefits.
It results in low pressure in the system and consequBridly pressure dropsvhich
increase at higher air flow can be neglected in this kind of solution (Berggren and
Andersson, 2019)-or that reason, power demand for fans is decreased. Preheating in
underground ducts compensapastially for the lack of heat recovery and in summer
Bwhen it works in the opposite way, lowering the outdoor air temperBueereases

the need for comfort cooling. According to the technical description of Berggren and
Andersson (2019)ectricity use for fans is around 10 times lower than in traditional
solutions Moreover, hanks to the low pressure settirggspitevariable and, on
summe, high air flow, the system is very quiet.

Filtration of the air is taken care of alternativeljhe big area of the underground
culvert results in decrease of air velocity, which in twhould allow for
sedimentation of particles on the flaq@erggren and Andersson, 201Bpwever the
efficiency of this mechanism should erther investigated as currently it is not
confirmed by measurementsarficles if settled,can later be easily removed, for
example by an automatic vacuum cleaner.

Hybrid ventilation system is also characterizedsbghtly higher flexibility in terms

of possible adjustment to new conditions when a building is already fini3ler
example if a new wing was to be added to the prescliodia costs foreven
significanty increased flow aremall compared to what such an increase means for
traditional FTX system with comfort coolingvhere the air handling unwith all
componentss chosen based on designflow.
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5.5& Environmental impact of ventilation

As it was mentioné in Section 1.1, ventilation may not contribute significantly to the
total amount of materials installed in a building, tsitsmall share consists mostly of
fossil ones. Therefore, it is important to raise a discussion about how ventilationOs
environmetal impact can be minimized.

It can be generally stated that £€yuivalents in ventilation are generated by need for
heating (and cooling, if applied), energy for operation (fans and pumps mostly) and
materials used for air handling unit and ducts. Thus, finding the system with
optimized, minimum impact would requisenall componentsO dimensions combined
with low demand for fan power and maximized possibility of using internal heat
gains, heat recovery and free cooliBglow it is discussetiow these can be achieved

in FTX and hybrid systems.

5.5.1& Energy

CO, equivalents associated with energy production are considered in two ways.
Firstly, emissions are generated in production of electricity. The way in which they
are accounted for in Swedish energy mix has been described in Section 3.1.4.
According to Godeteal. (2011), Swedish energy mix has an emission factor of 36.4 g
CO/kWh, but since in newer data slightly different division of primary energy
sources can be found, this value in reality may be a bit lower. Electricity in ventilation
system is used mainto run fans in AHU and pumps supplying water to heating coils
and radiatorsMinor energy consumption is generated by components, such as heat
exchanger (if rotary), and control devices, such as sensors and dampers. The latter has
been neglected in thigport, as it can be assumed that controlling equipment will be
nearly same in all cases and its energy demand is very small compared to other
components.

Secondly, production of district heating used for heating coils and radiators is also
asource of grenhouse gases. According to data dafteBorg Energifrom 2018
emission factor for district heating 8.0 g CQe/kWh. However, in reference case
presented further in this chapter, data from 2017 were used, when emission factor was
lower, 64.0 g C@/kWh.It does not affect the general trends of environmental impact
but it is worth keeping in mind that absolute values of emissions are in reality slightly
worse than the ones presented here.

5.5.1.%k Energy for fans

Energy demand for fans operation is related to specific fan power, which in turn is
determined by maximum air flow and power of individual fans, resulting from
pressure drops in the system and fans efficiency. Assuming that the last factor is
constant, thehange of energy demand can be directly associatedeiilitdr change

of air flow or presence of components in the system that change the total pressure
drop.

5.5.1.& Preheating of the supply air

Preheating of the supply air can happen in two ways FTX systen part of the
process takes place in heat exchanger and additional heat, if needed, is provided by
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heating coil. The demand for preheating is thus defined by the relation between
outdoor temperature, supply air temperature, heat recovery capability #od/air

In hybrid system preheating happens to some extent in the underground ducts;
however, detailed measurements of heat transfer between ground and air in the ducts
in conditions representative for Gothenburg are required to get full knowledge about
this solutionOs possibilities. In some cases, especially the ones with higher supply air
temperature, additional source of heating (most likely a heating coil) somewhere in
the system will be necessary to supplement preheating.

In most basic case, with no dteng coils included, hybrid system would always
perform better than FTX system terms of electricity useas the whole preheating
would happen naturally. Performance of FTX will get better with decreasing air flow,
as the only energy demand will be gexted by rotation of heat exchanger. However,

it does not seem likely that in Swedish conditions any of systems would be able to
function without additional source of heat. Consequently,eC@eneration will in

both systems be associated with district hg@tduction and heating coil power
demand, and in case of FTX system also with heat exchanger power demand.

5.5.1.& Energy for pumps

Energy needed for pumps operation is included in two ways: firstly, hot water must be
supplied to heating coil in air handling iunn FTX system; secondly, in both
solutions, hot water has to be pumped to radiators system in the building.

Power demand for pumps supplying water to the heating coil is directly connected to
the need of preheating of the supply air, descrdi®xne It can be assumed that same
relations between ventilation parameters and environmental impact change as
mentioned there apply to pumps power demand.

Demand for radiators power is associated with supply air temperature, indoor air
temperature, air flow and aelosses in the room. In the examined cases the need for
radiators cannot be clearly seBinternal heat gains are always determining for the
ventilation design parameters so the air does not require any heating inside the room.
However, in real life, irsome cases radiators will be necessary, for instance in night
or under long holidays, when ventilation is shut off and no heat is generated in the
room. In FTX system maintaining constant indoor air temperature is a prerequisite if
removal of heating coind depending only on heat exchanger is to be considered. In
hybrid system radiators will be necessary when the designed supply air temperature
cannot be reached by preheating in the ground.

Obviously, at the same air flow and supply air temperaturejregfjtadiators power

will decrease with decreasing indoor air temperature; analogically, at a certain air
flow and indoor temperature, increasing supply air temperature will result in smaller
power demand and at constant supply and indoor temperatureasing the air flow

will increase power demand.

5.5.2% Materials

CO, equivalents obtained for materials or final products are result of their life cycle
assessment and can be obtained from, among others, EPDs administré¥éd by
Swedish Environmental Researcistitute(see Section 3.1.3).
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5.5.2.% Materials use for ducts

Opportunities of decreasing environmental impact associated with ducts materials
depend on how change of the dimensions would be followed by design parameters
adjustments.

As it is explained below in &tion 5.5.6, changing ducts size may not bring any
benefits for environmental impact at all. However, materials use could be decreased
without increasing energy demand for fans operation if ducts size was decreased
simultaneously with air flow. Decreasirtge flow while aiming for amnchanged
pressure drop would result in smaller ducts size and thus smaller material use. On the
other hand, if focus was shifted from materials to energy, decreasing the flow without
changing the duct size could result in Bawpressure drop and consequently smaller
fan power demand.

Operationassociated emissions dominate always over matesalsciated ones (this

will be shown in Sectio®.5.3, so concentrating on minimizing pressure drops rather
than ducts diameter seememsonable. However, this conclusion was made with some
simplifications and in practice increasing flow, pressure drops and ducts size can
happen simultaneously, so eventually it can be stated that decreasing air flow creates
the potential to limit matericbased C@e emissions.

Modifications that has undeniable potential are rearranging the space in a way
enabling use of shorter ducts or using alternative, more enviroirmedly
materials. Both these solutions can be used with all combinations of /swoaly air
temperature and air flow, so analysis from this perspective would not help in
assessing ventilationOs environmental impact.

Hybrid ventilation requires more ducts than FTX system. Even though in hybrid
solution the big saving is made on lack@turn and exhaust air ducts, total amount of
materials is higher due to long and wide underground ducts leading from the intake
tower to the culvert. However, it is worth to notice that these proportion will decrease
the more departments there is in freschool, but only until a need of additional
supply duct occurs. The relation between number of buildingOs wings and number and
diameter of underground ducts is a separate optimization question that requires further
investigation. For this report, is hhsen assumed that hybrid ventilation for a given
indoor environment parameters setup will always have bigger materials use than FTX
system with the same design conditions.

5.5.2.& Materials use for components

Any component added to the system would increaswthkpressure drop, electricity
demand and need for materials.

Theoretically, both FTX and hybrid system could work without any additional
components such as heating coil, cooling coil or humidifier. In practice, it should be
first decided what is a pnity in indoor climate design. If focus is on environmental
impact, risking with users® comfort could be accepted. If providing optimal indoor
environment is more important, adding components should be considered. Below it is
described for some of the cooments how their presence or absence would influence
the total performance of the whole system:

Heating coil:
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¥ if present:

o! additional pressure drops and increased fan power demand, bigger
COze generation for district heating;

o! in hybrid system location ohé coil may be @aroblem as system lacks
AHU;

¥ if removed:

o! for FTX system: risk that heat recovery will not be able to always
provide required supply air temperature, leading to either increased
power demand for radiators, generating additional pump power
demand and shifting district heat consumption from heating coil to
radiators, or low thermal comfort and users feeling too cold;

o! for hybrid system: a big risk of insufficient supply air temperature if
heat exchange between ground and ducts is smaller Kpetted,
leading again to either increased demand for radiators or bad thermal
comfort.

Cooling caoil:

¥ if present:

o! additional pressure drops, increased fan power demand, power demand
for cooling coil;

o! in hybrid system location of the coil may berablemas system lacks
AHU;

¥ if absent:

o! for FTX it inevitably means too high indoor air temperatures on
summer, when outdoor air has temperature similar to or even higher
than indoor air and heat gains are the biggest; even including thermal
inertia of the room, @mperature rise will occur fast, leading to
unacceptable conditions, worsening significantly comfort and
performance;

o! for hybrid: less risk than for FTX as some cooling will occur in the
underground ducts, however this effect is expected to be too low to
provide optimal indoor climate anyway.

Humidifier:

¥ if present:

o! it could significantly increase indoor RH in winter, when even with
small air flow it quickly reaches down to around 25%, which is too low
from health point of view;

o! adding humidifier would inease materials use, pressure drops and
power demand;

o! depending on the type of humidifier, dry bulb temperature of the air
will be affectedbin the one where water is injected it will decrease,
increasing demand for preheating;

¥ if absent: in winter, anth case of very high indoor air temperature rise even
in summer, it will not be possible to maintain preferred relative humidity in
the room.

Filters:
¥ if present:
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o! filters are normally responsible for quite big pressure drop compared to
other componentspsadding them will increase required fan power;

o! air quality can be controlled

¥ if absent:

o! for FTX removing filters is not recommended as there will be high risk
of damages to systemOs components and their repair or replacement
would definitely increase th®tal environmental impagt

o! for hybrid system negative consequences for air quality could be
avoidedbif system was designed with low air velocity, particles could
have time to sediment in the large intake ducts and the underground
culvert, but as it wamentioned before in this report, effectiveness of
this mechanism needs to be confirmed.

5.5.% The reference caseb CO: equivalents for ventilation in
Grsnskan

Feldt and Nilsson (2018) it in their bachelor thesis prdidzased on the project for
Grsnskan pregred by VCON VVS&konsult AB in March 2017, investigated how
changes in the basic design can affect different parameters of the HVAC system and
consequently its environmental footpriexpressed in C£. They comparedFTX
system with several variationsut as smaller, bigger or shorter ducts, basic hygienic
flow or alternative ducts materialas well as hybrid system with preheating in the
ground Their findings allowed to point out the most promising solutions.

The results were originally obtained fordépartments setup of the preschool. Thanks

to the buildings design, assumingpeatablevings of same arrangement, it can be
roughly estimated that with changing size of the preschool, ventilation parameters and
resulting CO2e amount will increase proportionally to number of departments. This
allowed to define the reference case fedepartment building: FTX system with
supply air temperature i@ and VAV, maximal flow 3340 I/s and average fldv

2700 I/s. Considing number of people in the reference case building, it can be
translated to around 17.34 |/s per person and 13.05 I/s per person at maximum and
average, respectively, in the whole department. Recalculating this further, air flow in
the room examined latén this report can be estimated to 4.50 |I/s per person and 3.45
I/s per person at maximum and average, respectively.

The CQ equivalents for different aspects of different ventilation solutions are
presented in Table 5.1.
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Table5.1 Environmental impdc of reference FTX system, FTX system with
modifications and hybrid system (adapted from Feldt and Nilsson,
2018).

Aspect | COze [kg] (50 years analysis)

Refe | Smat | Big- Shor | Hygie- | Alter- | Alter- Hybrid
rence | ler ger ter nic air| native | native
FTX | ducts | ducts | ducts | flow mater | compo
ials nents

Opera 17101 | 28125 | 14767 | 14789 | 10047 | 17101| 13137 | 8122
tion
Materials| 10437 | 10662 | 10437 | 10437 | 4343 10437 | 9336 0
PAHU

Material | 9971 | 8218 | 12572 | 6107 | 9971 3385 | 9971 16847
Pducts

Air pre- | 559 559 559 559 559 559 559 185872
heating

Sum 38068 | 47564 | 38335 31892- 31482 33003 | 210841

Smaller ducts would requireeds materials, including these used for insulation.
Moreover, decreased dimensions would result in less space needed for installation and
fewer transportsHowever in small ducts pressure drops will increase, so to keep air
flow unchanged, fans euld require more poweand they would have to be bigger.
Using bigger ducts on the other hand would give exactly opposite ré&ssitsll
pressure drops would allow for te¢an power, but the material use will increase
Instead of using smaller ducts, an idea can be to use shortédlopdésat appropriate

air flow would not be jeopardized, less materials would be used, and the system
would be characterized by smaller m@® drops. This solution, howevevpuld

imply aneed of change of the interior design of the spsacehat the rooms requiring
more air were placed as close to technical room as posslbl. modification,
replacing the design air flow with hygieming constantwould resultin smaller size

of required AHU and consequently decreased, ®&Pindoor air quality would be put

at risk. Then, s alternative material, ducts consisting only of hard, compressed
insulation have been considerddis change wuld not result in any difference in
terms of power demand. Steel sheets would be removed from ventilation system, but
the total amount of insulation woustightly increaseFinally, last alternative for FTX
system was to design it without heating coitl diters b components which are not
used in hybrid ventilation. This solutiamould result in decreased pressure drops and
consequently fan powerbut simultaneouslyalso in risk of increased particles
concentration indoors and higher need for system@semance due to penetrating
dust

When all abovenentioned modifications have been investigated, it turned outhihat
biggest opportunities can be found in reducing the air flow, designing the system with
shorter ducts and using more ecological matgriab thesehree options decrease
COe amount or leave it unchanged for adpectsThe hybrid system has not been
assessed as especially promidmgdecrease of the environmental impact

68 '"789:;<= Architecture and @il Engineering MasterOs ThesAdCEX30-19-NN



However, several factorghat may have biased the results can roticed. To start

with, in order to maintain consistent assumptions, based on case study of a specific
building with fixed characteristics of HVAC system, hybrid solution was considered
to have the same air flow and supply air temperature as the IEFW&s not clearly
stated what functional requirements were the base for the ventilation system design
except for room temperature jZI) which raises the question about the ventilations
main goal and if its parameters were set optimally to readbuitent TKA were
followed without investigating if they could be adjusted in order to describe rather
space performance aspects than ventilation design paramétass. approach
practically erased thpossiblebenefits of hybrid ventilation. Moreover, the degree t
which air can get preheated in the ground was calculated based on data fr@) Ume
which is characterized by colder weathed consequently lower ground temperature.
Furthermore, most of proposed modifications for FTX system could be applied to
hybrid ore as well, but such an option was not examined.

5.5.4& Hybrid systems performance in chosen schools

Meanwhile, theeatlife exampleshow that hybrid systems with preheating bawme
low-energy performancefor instance in Vargbroskolan in Storfors, which was
rebuilt from scratch in 2008 with extra focus on low enargg this kind on system

was used together with other measures, sucthiak insulation or solathermal
collectors.The culvertin the grounds about 100 m longUnder normal operation
conditions, the school is mainly heated by gains from people, lighting and equjpment
which is completed by a small number of radiators. Windows are not operable. The
school manages to keep energy demand for heating of 35 KWhém year
(ElmstSm, 2017. The indoor environment in Vargbroskolan water asubjectof
research in bachelor thesis of Gustafson a@@ngson (2009jheir resultshave been
slightly ambiguousbon one hand, noise level caused by ventilatias beerassessed

as unacceptable onlyy 4% users and CQevel hardly ever exceeded 1200 ppm,
which is a bit more than regulations require, but should not imply health or comfort
problems, especially if bccurstemporarily. On the other hand, thermal comfas
beenassessed as rather ba@mperature has been kept almost constant between 20
and 23C, as ventilation is temperatdoentrolled. These was considered to be
Osometimes too lowO by 47% of users, it is however worth mentioning that only adult
members of staff have been question8drprisingly, 31% users found thermal
environment Osometimes too warmO, which proves again that human response can
vary significantly. Moreover, 20% thought that it was draughty sometimes. Even this
rather low temperature setting could not prevent RH ffaling temporarily under

20%. Finally, particles filtration in the culvert has been judged as insufficient, but the
result could be affected by bad cleaning routines.

Other schools with hybrid system with underground ducts are mentioned in a report
from MEDUCA ((Model EDUCAtional buildings forintegrated energy efficient
design project (Blomsterberg et al., 2002)Grongskolan in Norway and
HSkegErdsskolam iGothenburg. Both of them have been refurbished within
aframework of the project and ventilatidras been improved or redesigned. On the
contrary to Vargbroskolan, both of them performed rather poorly in emdéfigiency,

but were able to provide satisfying thermal environment for the udergever, it is

worth noticing that the buildings are oldban Vargbroskolan and their modification
was not equally extensive. A very interesting feature can be found in the system
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installed in Grongskola®it is provided with heat recoverin the exhaust air tower,
placed in the middle of the building,flaid heat exchanger with efficiency around
50% is placedThis is arather low performancealevertheless any possibility of heat
recovery in hybrid system is promising with thought about how it was considered
impossible in Feldts and Nilssons (2018) project.

Summarizing, it seems thatassessing hybrid ventilation a&xplicitly worse than
traditional FTX system may be a little hasty. Preheating in the ground has a potential
that can be exploited with a proper design of the ventilation system and building as
awhole. All possible improvements should be always consideard control and
maintenance routines should be carefully followed to ensure systemOs optimal
operation.It is also really important to already from the beginning clearly set the
goals for a partglar building in question. If the focus is put on indoor environment,
perhaps it is better to use FTX system with variety of components, able to quickly
change parameters such as supply air temperature or hurntiditg environmental
impact is vital, malge a better choice would be hybrid system with minimized amount
of used materials, even if usersO comfort is sometimes put at risk. In any case, the
decision should always be preceded with a thorough analysis of specific conditions,
including elements of CA.
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6& Consequences offunctional requirements for
indoor climate on ventilation systen3 design
parametersand environmental impact

In the following chaptethe relations between different aspects of indoor climate are
investigatedas well as the way in which they are translated to basic design parameters
for ventilation systemmwhat these parameters in turn imply for chosen technical
solutions and, finally, how these solutions affect environmental impact.

Severalsets of requiremegs concerning operative temperatarel CQ concentration
arechosen with the idea of fulfilling requirements for one of the following asg®cts
health, comfort or work performance. They amntrolled in winter and summer
conditionsto check whaflow and supply air temperature would satisfy them in the
most optimal way. In addition, for every $&#l is obtainedas well as PPD and PMV
according to basic and modified calculation mo&easoning the other way around,
it is checked what conditions would beguired to maintain certain levels of RH and
PPD. Finally, some aspects of thermal inertia are considered.

Furthermore, a simplified environmental impact for different solutions of ventilation

is investigated. The analysis includes mainly energy needexpévation of fans and

for preheating of the supply air. Other aspects discussed are pumps energy demand,
materials use and need for additional components in the system.

6.1& Methodology

In this section it is described how room model and outdoors have beemnedsdhow
functional requirements were set dralv environmental impaawill be discussed.

6.1.1& Room model

Relations between parameters describing indoor climate are investigated in a room
which has been considered typical for a prescBaola preschooklassroom intended

for use by a group of children and teachers during bigger part of tHerdagtivities

such as playing and learninfihe roomOs characteristics where it was possible are
based on the projects of GrSnskan and Hoppet, in case of misdgorghation
assumptions have been madeesults in the following input data:

¥ two identical rooms but with different placement were considered for winter
and summer case:

o! summemsecond floor, facingouth

o! winter bfirst floor, facing north;
room dimesions: area 40 n¥, height 27 m, volume 11F m?;
occupancy: 18 children in preschool age, 2 adult teachers;
presence: 70%;
CQO; generation rates:

o! childrenB0.018) m¥h (assuming activity of around2met)

o! adultsb0.0375 n#/h (assuming activity of around2met)
vapour generation rates:

o! adultsb0.081/h;

K
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o! childrenb0.02 I/h;
o! no other sources were assumed as in the room for daily stay no
cooking or cleaning activities take place;
¥ U-values: 01 W/n?K for a wall, Q9 W/nPK for windows; 0.1 W/n¥YK for
afoundation slab, 08 W/n?K for a roof;
¥ [-value for air leakage:.D I/n?s;
¥ internal heat gains:
o! adultsb80 W/person;
o! childrenB60W/person;
o! solar heat gain®26.64 W/m?in summer caseneglected in winter
o! equipment lighting B neglectedit has been assumed that gains from
lighting will be small compared to gains from people and equipment
generating most heat is expected to be located incansidered
kitchen;
o! losses from warm water installati@neglected
¥ it has keen assumed that the maximum time spenbe room without going
out for a meal or outdoor activities2ours.

6.1.2&% Outdoor conditions

Outdoor conditions chosen for the simulation were supposed to reflect the typical
weather duringlay inwinter and summeseason, respectivels the calculations are

not aiming for finding critical conditions for the design, there was no need to identify
extreme casesValues has been based on the report of Wert (2013) for SMHI
(SverigesMeteorologiska ocliHydrologiskalnditut) that gives averages of different
weather parameters collected between 1996 and ZDd2ditions are chosen for
Gothenburg region.

For winter case January day has been chosath average temperature of 2 and
absolute humidity of 4 g/f(resulting in RH of7 2%).

For summer case a July day has been chosen. The average tempeEiteand
absolute humidity 11 g/fr(resulting in RH of 81%). However, as this averaggans

that temperature during the day is higher and is compensated by cooler night
conditions,to make results more relevant for the time when a building is occupied, air
temperature 019;C was used instead, with resulting RH GP&.

Ground temperature waassumed constani@for calculation of transmission losses
through the foundation slab.

6.1.3 Functional requirements- the procedure and sudied cases
The simulationis carried out inhe following way:

1.! A fixed CO; level is set, as it itself is returning a certamnimum air flow
required to keep it belowa choserimit for given time and C@generation
rate indoorsThe concentration at the starting point is assumed to be equal to
outdoors concentration, which is 350 ppiris assumed that the part of thie
flow varying in different cases connected to removing pollutants originating
from users, flow due to material emissions is constan8§ s per 1 rh The
equation(B.1) used to obtain CPlevel after given time can be found in
AppendixB.
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2.! Winter or summer conditions are chosen for further investigation. For
assumed outdoor air temperatthe transmission losses and heat losses due to
air leakage are calculated. Internal heat gains dussécs and solar radiation
are obtained. Finally, total heat gains are calculated

3.I A fixed indoor air temperature is set. For previously obtained air flow and heat
gains a supply air temperature required to maintain chosen indoor air
temperatureat flow asclose to minimum as possibige found (see equation
(B.2) in Appendix B). However certain limits were putb supply air
temperature was not allowed to drop belowCQ.OMoreover, in summer two
cases were considered, so the supply air temperature could looter than

al CaseA D outdoor air temperaturé9C b for FTX systemwithout
comfort cooling

b.! CaseB B 10;C bto account for possibiltof precooling in the ground
in hybrid ventilationor cooling coil in FTX.

It must be understood thassumption for Case B means neither that supply air
temperature can be set so low without considering risk for userOs thermal
(especially local) discomfort nor that precooling in the ground would be able
to provide it. This is just an extreme case usethwestigate if significant
change in minimum supply air temperature has a potential to improve IEQ and
decrease energy use.

4! For a given indoor air temperature and obtained air flow, RH level is
examined. It is assumed that at the starting point indoordridi® 40%.
5.I Finally, for every set of indoor conditions PMV and PPD are calculated in two
different ways:
al!l According to classical model.
b.! Using model modified to better match childrenOs physiology.
Modifications have been made according to work of Teli g28l12):
the most promising solution, in which body surface area correction of
resting metabolic rate was applied to PMV equation and 1 met
calculation has been used.

Parameters which were not examined in more detailed way are assumed as
follows: air velodty constant and equal to 0.15 m/s, operative temperature
used and assumed to be equal to air temperature (surroundings radiation
neglected), clothing insulation assumed 0.5 clo in summer and 1 clo in winter.

Two different activity levels are checked: folaying 2.7 met is assumed for
children and 2.3 met for adults (as teachers do not necessarily participate as
actively as pupils), for sedentary activities 1.2 met for both children and
adults.

The pairs of requirements that have been examined are gegetihe Table 6.1:
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Table6.1  The sets of investigated indoor air requirements

No. | CO concentration [ppm] Indoor air temperaturg €]
Winter cases

1. 1000 19
2. 1500 19
3. 3000 19
4. 1000 20
5. 1500 20
6. 3000 20
7. 1000 24
8. 1500 24
9. 3000 24
Summer case® and B

10 | 1000 20
11. | 1500 20
12. | 3000 20
13. | 1000 23
14. | 1500 23
15. | 3000 23
16. | 1000 26
17. | 1500 26
18. | 3000 26

The CO, concentration levels to investigatave beerthosen based on results from
theoretical study: 1000 ppm is a value recommended by most of legal docaments
1500 ppm is used in LFOs technical specification of ventilation sygiertestlimit

5000 ppmwas checked at first, asig by some of studies considered to be the value
below which none health effects associated only with carbon dioxide can be observed.
However, since such a level was not obtainable under assumptions of the simulation,
3000 ppm has been tested instead.

Similarly with temperatures, for winter 20 and 24C are the ends of range given by
FOHMFS 2014:17 Temperature of € has beenexamined to check if slightly
lowered requirements could improve RH indoors. For summef; 28d 26C are
again defined byFoHMFS 2014:17 Since temperature lower than j@0seems
impossible to achieve without comfort cooling and abovigCa8 highly undesirable
from comfort perspective, a value from the middle of ranggC2dhas been
additionally investigated.

74 '"789:;<= Architecture and @il Engineering MasterOs ThesAdCEX30-19-NN



After the maincalculations had been carried out, additional questions arising from the
results obtained were investigated:

¥ What indoor air temperaturgould provide at least 40% RH in winter? Above
which indoor air temperature RH may drop below 46Ptexceed 60%n
summer?

¥ What indoor air temperature would prde PPD below 10% in winter and
summer, for adults and children, at different activity level?

¥ Limiting flow to realistic values, how much would the indoor temperature
increase in summendow including thermalnertia would delay temperature
rise?

6.1.4% VentilationOs environmental impact

Since obtaining exact values of efor all different indoor and supply temperatures

in two systems would be vergborious and complex, the analysis aims rather at
identifying if acertain change of design parameters has a potential to decrease
environmental impact or if it would increase ithe detailed explanation of
considered aspects of environmental impact and relations between different
characteristics of ventilation systenupported by results from a case study, can be
found in Section 5.5

6.28% Results

In to following section only brief description of results is given along with references
to corresponding appendices. Interpretation of results can be found further in Section
6.3.

6.2.1& Air flows, supply air temperaturesand PMV/PPD

The results from simulations are summarized in Tah® and in TableC.3 in
Appendix C.Column @O, after 20 in Table C.2 shows theoretical level used to
obtained minimum required air flow per person, not the actual air flow resulting from
need of heat gains removal, which in all cases would be I&veen colour in Table
C.3 marks cases when PPD is kept beld®b. In AppendixD diagrams showing
change of C® level and RH under examined conditioqsder actual air flow
resulting from heat gains removaBn be found.

6.2.2& Providing acceptable PPD

Assuming same conditions as for previous calculation of PMV/PPIRbheaching
steady statethe conditions providing PPD below 10¢@unded up to integersjre
presented in the Table.1 in Appendix C. OMinimumO and OmaximumO for every
case describes minimal or maximal indoor air temperature value with corresponding
RH under steadsgtate conditions, providing PPD below 10%, OoptifBat@oor air
temperature with corresponding RH giving PMV closest to 0.
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6.2.3& Effect of thermal inertia

Air flow obtained for summer case, when indoor air temperature & »as been

kept, isunreasonably high (986 I/s per person)in reality, the system would be
designed based on less extreme assumptions. On critical days it would be exploited up
to its maximal ability and uncontrolled temperature raise above it would have to be
accepted, iho comfort cooling was available in it. However, the change of conditions
would not happen immediately, therefore it has been examined how including thermal
inertia of the building would delay the temperature change.

It has been assumed, based on ardhitacdesign of Gnskan that the room has

light thermal mass. Since the biggest allowed air flow was set to 13 I/s per person,
which is quite high, the resulting time constant was low and equal 0.87 h. Considering
later the transient problem, the tempera change would be as pictured in the Figure
6.1 below:
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Figure6.1 Temperature rise over time in summer at air flow of 13 I/s per person
and supply air temperature J© (equal tooutdoor air temperature).

6.3& Analysis of results

In the following sectiorthe obtained results are discussed with regard to three aspects
of indoor environmenbhealth, comfort and work performance. For each of them the
reasoning explained introduction inFigure 1.1 is applied.

76 "789:;<= Architecture and @il Engineering MasterOs ThesAdCEX30-19-NN



6.3.1& Functional requirements for health

Based orfindings from Chapter A4t is assumed that requirement for healtimanly
relative humidity within range of 460%.

With assumption that the only source of moisture indoors is its generation by humans
in processes ofranspiration and respiration, thésalute humidity in infiltrating
ventilation air will always be determinant for relative humidity in the ragmder

given conditions in terms of room temperature and air.flow

In winter case, when mean absolute humidity of the outdoor air is¥% igloa RH
of 40% could only be kept if indoor air temperature wgsClassuming no additional
humidification.

In summer case, when mean absolute humidity of the outdoor air is 3limgoor

RH would drop below 40% if indoor air temperature exceedgdC.2B the room
temperature was lower than jZI RH would exceed 60%. However, absolute
humidity of 11 g/m would not be kept in supply air that underwent cooling process
due to condensation in the cooling coil.

In Table 62 below selectedsimulation results for winter case are presented. It can be
seen that change of air floss of marginal importance compared to room air
temperature in terms of determining RH. Foet19C even 67% reduction of air
flow (see case 1 and Bps no effect oiRH. Comparing cases 3 and 8 it can be
seen that at similar air flow increase 9by only 1;C reduces RH by 2% and IbyC
reduces RH by 6%.

Table6.2 Selected esults from indoor conditionsimulations for winter case®
air flow, temperature, relate humidity

No. | CO, Min. air | Min. ta tsuppy | Actual air| Actual | RH
after 2h | flow per| total air| [iC] |[iC] | flow per| air flow | after
[ppm] person flow pers. [I/s| [I/s] 2h

[I/s pers] | [I/s] pers] [%]

Winter cases

1. |996.0 7.9 132.85 |19 |16 8.77 145.88 | 25

2. | 14953 | 4.0 74.35 19 |14 4.88 87.53 25

3. 12928.3 | 0.9 27.85 19 |10 2.29 48.63 25

5. 1495.3 | 4.0 74.35 20 15 4.74 85.52 23

8. 1495.3 | 4.0 74.35 24 19 4.21 77.46 19

The results show that in none case preferable RH of minimum 40% can be obtained in
winter without additional means of humidification. The best outcome can be observed
in case 3Drelative humidity is the biggest and air flow, thanks to low supply air
temperature of 3@, is low as well. Taking this setup further to technical solution
choice, sme consequences foentilation systems design can be considered. In FTX
system it could be possible to remove heating battery and depend only on heat
recovery. This in turn would reduce energy use for fans, distract heating demand and
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materials use for thcomponent itselin hybrid system removal of heating coil may
be possible (with same benefits for environmental impact) if dt degability to
preheat the air underground up tq@0

If, on the other hand, healthy environment was defined as noswifigiently humid,

but also characterized by low concentration of.Ci@dicating low content of other
possible pollutants in the air, result would be the best in case 1. Such a set of
requirements would put more demands on technical systems. In FTXxdipgov
supply air temperature of 16 would require intensified heat recovery, especially at
relatively low room temperature, which would increase power use. In hybrid such
asupply airtemperature is unlikely to achieve without a heating tmiboth syséms
increased air flow would require more fan power.

In Table 6.3 below selected simulation results for summer case are presented. It can
be seen that for most of the examined requirementsedatsre humidity lies within
desired rangeSame as in wintetase, indoor air temperaturetige most determinant

for RH Bfrom cases 10A, 13A and 16A it can be seen thatj@siiScrease result in
around 10% decrease of relative humidity. On the contrary to winter case, since the
air flow is generally higher as must handle massive internal heat gains, in none of
cases there is a risk of significant IAQ decrease due too€Gther compounds&Vith
smallest actual air flow in case 17B, &fiter 2 hours would reach around 1300 ppm.

Table6.3 Selected resultom indoor conditionssimulations for summer cases
air flow, temperature, relative humidity

No. | CO. Min. air | Min. ta tsupply | Actual Actual RH
after 2h | flow per| total air| [iC] |[iC] |air flow|air flow | after
[ppm] | person | flow per pers| [I/s] 2h

[I/s pers] | [I/s] [I/s pers] [%]

Summer cases

10A.|996.0 |7.9 132.85 |20 |19 98.26 1488.29 | 64

13A.1996.0 |7.9 132.85 |23 |19 23.34 364.48 |54

16A.|996.0 |7.9 132.85 |26 |19 12.64 203.93 | 45

10B.|996.0 | 7.9 132.85 |20 |10 8.97 148.83 | 54

13B.|996.0 | 7.9 132.85 |23 |13 8.76 145.79 |54

14B.| 1495.3 | 4.0 74.35 23 |10 6.52 112.15 |46
16B.|996.0 | 7.9 132.85 |26 |16 8.56 142.75 |45

17B.| 1495.3 | 4.0 74.35 26 |10 4.99 89.22 39

From health perspective cases 13A, 10B, 13B and 14B could be assessed as equally
good D characterized byRH of 4654% and indoor air temperature that should
generally not result in overheating. But for each of them implications for technical
solutions would be different.

Case 13A was calculated with assumption that the minimum supply air temperature is
equalto outdoor air temperature. In sugbase the obtained air flow is high, probably
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higher than would be allowed in rddke case. Such a high air exchange would result

in very high fan power demand, ducts diameter would also have to be increased to
prevent too high air velocity. In FTX system cooling coil would not be necessary.
Considering implications for hybrid system has no point for such a Betutgloor air

would be, even if in minimal grade, cooled in the underground ducts. To regcit 19
would have to be warmed wggain, which would be absurd.

At this point it is also worth mentioning that the assumption of outdoor air
temperature equal to {IO can be discussed. On the hottest days, when heat gains are
the highest, the outdoor apuld be warmer than that. flthis casefor FTX with no
possibility of cooling, the preferred air flow, on the contrary to results obtained for
cases 10A, 13A and 16A, would be as low as possible, as long ae@frement

was met. In such a caseloor air emperature would rise rather quickly due to small
thermal inertia (see Figure 6.1) and RH of at least 40% would only be kept until
around 28C. Predicting consequences for the hybrid system would require better
knowledge about its precooling capability.

Cases 10B13B and 14Bare similar.If FTX system was used to provide supply air
temperature of 10 or 1B, it would have to be equipped with cooling coil, which
would increase pressure drops, required fan power and electricity demand. Neither
hybrid systen would be able to provide so low temperatures, but thanks to precooling
in the ground power demand of cooling battery would be lower. Comparing cases 13B
and 14B it can be seen that higher supply air temperature is associated with higher air
flow. Assessng both setups effect on environmental impact would require
comparison of fans and cooling coilOs energy consumption.

6.3.2% Functional requirements for comfort

As can be deduced from Chapter 4, defining comfort is complicated. However, for the
purpose of the ilowing analysis itcanbe described with RH of 30%lue to sensory
irritation) and, based ortlassical PPD thermal comfortmodel for adults with
assumption of 08.m/s air velocity and 1.2 met activity, operative temperature around
22.5;C in winter and 8;C in summer.

Without additional means of daumidification in the examined room such a set of
parametersvould not be obtainable. Considering local conditions, e&teptimal
operative temperature and RH pairs for users at different age and diffetieity ac
level are presented in Table 6.4 below. Full results can be found in Table C.1 in
Appendix C.

It must be understood that in some cases, due to very high activity level combined
with thick clothing insulation, optimal temperatures obtained from tloeleingo
extremely low, even to minus values. It does not mean that the author suggests that
such a temperature should be kept inside. It is rather a way to highlight that extreme
cases cannot be used as a base for indoor environment design as welhathésat

cases users cannot expect the environment to provide perfect thermal comfort.
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Table6.4 Indoor climate characteristics for minimal PPD for adults and children
at low and high activity level.

Case Indoor  air| Relative PMV / PPD /%]
temperature | humidity
[iC] [%0]
Winter (va= 0.15 m/s, clo = 10)
Adult 2.3 met 13 35 -0.03/5.0
Adult 1.2 met 23 19 0.03/5.0
Child 2.7 met -5 100 0.01/5.0
Child 1.2 met 14 31 -0.02/5.0
Summer(va= 0.15 m/s, clo 0.5
Adult 2.3 met 18 72 0.06/5.1
Adult 1.2 met 25 48 -0.07/5.1
Child 2.7 met 4 100 0.02/5.0
Child 1.2 met 19 67 0.06/5.1

When sets of parameters investigated earlier in order to obtain required air flow and
supply air temperature due to €é@nd heat gains were checked for PMMIRBnly

some of thenfand only in some casegjovided PPD below 10%. They are presented

in Table 65 below; full results can be found in Table C.3 in Appendix C.

80 '"789:;<= Architecture and @il Engineering MasterOs ThesAdCEX30-19-NN



Table6.5 Selectedresults from indoor conditions simulatio®sconditions with

PPD belowl0%.

No. |t |RH|PMV/PPDEF/%]

[iCT 1 1%] Faquie Child

2.3 met 1.2 met 2.7 met 1.2 met

Winter cases @= 0.15 m/s, clo = 1)
7. 24 |18 |1.33/41.7 0.25/6.3 >3.00/100.0 | 1.36/43.6
8. 24 119 |1.33/41.9 0.25/6.3 >3.00/100.0 | 1.37/43.8
9. 24 |22 |1.35/42.7 0.27 /6.6 >3.00/100.0 | 1.38/44.6
Summer cases {+ 0.15 m/s, clo = ()
10A. |20 |64 |0.40/8.4 -1.54/53.0 2.671/96.4 0.25/6.3
11A. |20 (64 |0.40/8.4 -1.54/53.0 |2.67/96.4 0.25/6.3
12A. 120 (64 |0.40/8.4 -1.54/53.0 |2.67/96.4 0.25/6.3
16A. |26 |45 |1.44/47.6 0.22/6.0 >3.00/100.0 | 1.43/46.9
17A. 126 |45 |1.44/47.6 0.22/6.0 >3.00/100.0 | 1.43/46.9
18A. |26 |45 |1.44/47.6 0.22/6.0 >3.00/100.0 | 1.43/46.9
10B. |20 |54 [0.36/7.7 -1.59/55.8 |2.63/95.7 0.22/6.0
11B. |20 |54 |0.36/7.7 -1.59/55.8 2.63/95.7 0.22/6.0
12B. |20 |54 |0.36/7.7 -1.59/55.8 2.63/95.7 0.22/6.0
16B. |26 |45 |1.44/47.6 0.22/6.0 >3.00/100.0 | 1.43/46.9
17B. |26 |39 |1.41/45.8 0.17/5.6 >3.00/100.0 | 1.39/45.1
18B. |26 |39 |1.41/45.8 0.17/5.6 >3.00/100.0 | 1.39/45.1

It can be seen that in casé children model with activity level of 2.7 met, none
conditions are even close to fulfilling the 10% PPD requirement given by some of
current regulations. One explanation could be an error in the calculation model, which
was built from scratch for this this based only on a description from a scientific
paper. However, the original model was in fact developed based on empirical results
from a study conducted in certain conditiddsutside the heating season, with low
activity level and assumption of rathght clothing insulation. Looking at the results

in Table C.1 it can be seen that for such a case the results are quite reasonable, which
may indicate that the model needs improvements to fit wider range of input
conditions.

Comparingtheoreticalcondiions with results of simulations it can be seen, thased

on adults at low activity level, cases 9 for winter and 17B for summer are the closest
to optimal. To discuss consequences of lack of cooling possibility, also case 16 A is
consideredThey are realled in Table @& below:
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Table6.6  The optimal conditions for adults at low activity level in winter and

summer.
No. | CO Min. air | Min. ta tsupply | Actual air| Actual | RH
after 2h| flow per| total air| [iC] | [{C] |flow per|air flow | after
[ppm] person flow pers. [l/s| [I/s] 2h
[I/s pers] | [I/s] pers] [%]
Winter case
9. 2928.3 [ 0.9 27.85 24 |11 1.03 29.79 22
Summer case
16A.|996.0 |7.9 132.85 |26 |19 12.64 203.93 |45
17B.| 1495.3 | 4.0 74.35 26 |10 4.99 89.22 |39

The temperature of 2% C in winter was not originallgxamined, but for 3000 ppm
limit it would give results similar to caseBtsupply Of 10;C, air flow of 1.19 I/s per
person and RH of 22%.

Fulfilling the above requirements again would imply certain consequences for the
technical solutions of ventilation.

In winter case FTX system would be expect to have great perfornfarisg
difference between indoor and supply air temperatweasdd support heat recovery

and make heating battery unnecessary. Very low air flow, almost 7 times lower than
required currery by regulations, would contribute to decreased fan power demand,
small size of AHU and ducts. Hybrid system would get the same benefits as long as it
would be able to maintain supply air temperature giClly preheating, which as
mentioned many times fw¥e, is questionable. RH resulting from this setup is slightly
lower than recommended, thus adding humidifiers could be considered in both
systems.

In summer cas&7B, if conditions were to be maintained by FTX systé&nwould

have to be equipped withcaoling battery A hybrid system, if it was able to precool

the air to such a low level, would not require comfort cooling and consequently its
energy demand, pressure drops and resulting required fan power would be lower, that
is however not very likelyCooling in the system would probably be required, but in
such a case, thanks to partial precooling, power of the cooling coil could be lower
than in case of FTX. Summer case 16A can only be considered with FTX $stem
when supply air temperatuveas the same as outdoors, no extra componevasid be
required, which would reduce energy consumption and pressure drops, but due to the
need of handling heat gains the required air flow (and resulting fan power) is so high
that it would overbalance possible sasn

As it was already discussed for health, this is only valid with the assumption of
outdoor air temperature lower than desired room temperature. On extremely warm
summer daysescribed relations between air flows and supply air temperatures would
change.

If comfort stood in focus of the design, comfort cooling should be considered in the
system even if it would imply impaired energy performance. Without it, providing
optimal room temperatures would require unreasonably high, not realistic air
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exchange rats, moreover it would only be possible if outdoor air temperature was at
least slightly lower than the desired room temperature, which is not posiiipéar
round. As it has been shown in the Figure 6.1, with realistic air flow of 13 I/s per
person, evie rather cool room gets warm fast. Under conditions of the simulation, for
an adult threshold for comfort in summer is a82C, a temperature likely to occur in
noncooled room. Considering childrenOs higher thermal sensation, conditions would
become uneceptable for them much earli¢towever, supply air temperature as low
as 1QC, even if providing comfortable environment all over the room, may cause
local discomfort, especially if users were dressed lightly. Therefore, in reality it is
more likely to @ply parameters as in case 1BBvith tsuppy Of 16;C for the price of
higher air flow.

Finally, it is worthto mention that there is no full certainty about what factors would

be determinant for comfort in a given space. For the purpose of the abowssidiscu

it has been assumed that RH close to 30% is important, thus case 9 in winter has been
assessed as best. In reality, ventilation rate and resulting concentration of bioeffluents
may have bigger impaddin such situation case 7 would be optimal. Hogreair

quality is not included in any quantitative comfort model, therefore analysis in this
section focused mostly on thermal comfort.

6.3.3& Functional requirements for performance

Drawing again on the finding from Chapter 4, space supporting effectiveparfoe

can be described by moderate temperature aroun@ 2@d air exchange rate
sufficient to remove pollutants impairing cognitive skills. As there are no specific
limits for compounds other than G@nd also C@)s concentration in blood can to
someextent have separate influence on mental work, 1000 ppm value would be used
as indicator of good ventilatiolBased on this, optimal conditions for performance
have been summarized in Tabl& Below:

Table6.7 Theoptimal conditions for efficient perfoance in winter and summer.

No. | COz Min. air | Min. ta tsupply | Actual air| Actual | RH
after2h | flow per| total air| [{C] | [{C] |flow per|air flow | after
[ppm] | person flow pers. [l/s| [I/s] 2h

[I/s pers] | [I/s] pers] [%]

Winter case

4. 996.0 | 7.9 132.85 |20 |17 8.55 142.53 | 23

Summer case

10B.|996.0 |7.9 132.85 |20 |10 8.97 148.83 | 54

Maintaining preferable conditions in winter would require FTX system with heating
coil, as the difference between indoor and supply air temperature is small and supply
air temperature isignificantly higher than outdoors. Hybrid system would perform
worse in this case, as its preheating capability would be much lower than heat
recovery in FTX, so the additional heating coil would have higher power demand.

"789:;<= Architecture ancCivil Engineering MasterOs ThesAdCEX30-19-NN 83



In the summer case FTX systemula have to be equipped with a cooling battery.
This applies most likely also to hybrid system, as it probably would not be able to
lower temperature down to {@©, but power demand for the comfort cooling would be
lower than in FTX thanks to partial prediog in the underground ducts.

It is worth to notice that when performance is prioritized, air flows obtained for
summer and winter case are almost the same, which would be beneficial for
ventilation design, as it would simplify dimensioning.

6.3.4& Functional requirements for environmental impact

If focus was switchetb environmental impact instead @§paceOs effect on users, the
reverse way of thinking could be appli€dit could be investigated how different
measures to reduce the impaciuld affectfulfilment of functional requirements.

Decrease of the air flow would reduttee amount of Cee associated with required

fan power.In winter t would also affect positively heating demand, either for
systemOs components or complementing equipment indtre (radiators). In FTX
systemAHUOs size and heat recovery unitOs power demand would be smaller. In
summer, on the other hand, decreased air flow would increase cooling demand.
Reduced ventilation rate in winter may support indoor RH, but as it was shown
Section 6.3.1 it is of rather secondary meaning compared to room temperature.
Looking from any other perspectivéow air flow would be expected to impair IEQ

due to high bioeffluents concentration, feeling of stagnant air and risk for
uncontrolled terperature rise.

Another way to work towards low environmental impact is to remove components
from ventilation systenblack of heating and cooling batteries, filters and humidifiers
would result in significant decrease of total pressure,dstych in turnwould allow

for lower fan power. In addition, energy demand for componentsO operation would
disappear as well as need for district heat supplied to the ventilation slfsteever,

for IEQ such a move woulchuse risk ofincomfortablevide and uncontrollethdoor

air temperature range both in summer and winter, as it would strongly depend on
outdoor conditions and heat generation indoors. This could be to somé exten
counteracted bheat recovery and radiators, but in such case these components would
have hgher power and heating demand. Without humidifiers RH in winter would
never be able to reach level 40% preferable from healthOs perspective. Lack of filters
would result in increased level of particles concentration indoors, causing both health
hazards athinconvenience, and high need for systemOs maintenance.

Alternatively, reduced Cg generation could be achieved by decreasing amount of
materials used for the system. This would require ducts with small diameter and small
size of the AHUDecrease of dus size without changing the air flow would result in
higher pressure drop and increased fan power demand, but also in increased air
velocity, which could cause inconvenience for users due to draught and high noise
level. If on the other hand duct size wetion were made with assumption of constant
pressure drop and decreased velocity, air flow would have to be reduced, which
consequences have already been mentioned before.

Considering aboweescribed relations, cases most beneficial for ventilationOs
environmental impact have been presented in TalBl®é&ow:
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Table6.8 Cases most beneficial for environmental impact.

No. | CO Min. air | Min. ta tsupply | Actual air| Actual | RH
after 2h | flow per| total air| [iC] | [{C] |flow per|air flow | after
[ppm] person flow pers. [l/s| [I/s] 2h

[I/s pers] | [I/s] pers] [%]

Winter case

9. 2928.3 [ 0.9 27.85 24 |11 1.03 29.79 | 22

Summer cases

16A.|996.0 |7.9 132.85 |26 |19 12.64 203.93 |45

16B.| 996.0 | 7.9 132.85 |26 |16 8.56 142.75 | 45

17B.| 1495.3 | 4.0 74.35 26 |10 4.99 89.22 |39

In summer a few cases have been marked owhassing the optimal one would
require calculation of the difference in e@Ogeneration by decreasing the air flow

while increasing cooling demand.

Comparing results from the table above with results f&eutions 6.3-6.3.3 it can
be seen that requirements for environrabmhpactshow quite good correlation with
these for comfort, but understood only as thermal comfort for adult, usdcsilated
with classical PMV/PPD model
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7& Discussion

After analysingseparately different aspects of indoor environment and making an
attemptto combire them through environmental impadtappears thathey are like
puzzle pieces that do not exactly fit togetl@rery time one factor &voured some

of the remaining ves are not anymore handled in a lvesy. Thereforeasuspicion

may arise thatlesign of an indoor space is a question of optimization. Howaver,
the following discussioralternative approach is applied it is investigated what
would it mean for diffeent aspects if one of them was strictly prioritized regardless of
all possible negative outcomes for a building as a whole.

When onsideringfirst only functional requirements for a space in terms of providing
healthy, comfortable environment supportirffceent work or educationijt can be

seen that already these three basic aspects are in partial contradiction to each other
Admittedly, it is complexto clearly set boundaries for thelnit is not likely that
auser feeling sick will perform well even theoretically surrounding is favourable,

he or she will probably neither feel comfortaldae to health symptoms. Good
performance is not obtainable if users will experience inconvenielaem also be
discussed if a certain physiological response is just a threat to comfort or a health
issueb for instance feeling of dryness in the nose may be only unpleasant unless it
also indicates that RH already reached the level at wimobusOs futions are
impaired and the tipping point may be very difficult to defiNeverthelesssuch
asimplified distinction is carried out below.

Defining health as minimized risk for spreading of bacteria and viruses, asthma,
allergies and respiratory diseasgscurrence, if it was given priority in the indoor
environment it would imply thathe biggest focus would have to be putrelative
humidity indoors.Keeping RH at level around 4D% would guarantee decreased
pathogens survival, mites and fungi occucesland particles resuspension. However,

to achieve it without additional humidification, in winter conditions indoor air
temperature would have to be minimizeglow reasonable leveAs it was showed in
Section 63.1, with average absolute humidity wirtiere, indoor air temperature of

11;C would have to be kept to result in RH of 40%. &dditional measureould be

to decrease the air flow, but simulation shows that it is not an efficient solution: if
temperature was kept atijI® even air flow of 0.35 ¢ per 1 M without any addition

for number of users would decrease RH from initial 40% to 34% within an Hour. |
initial RH was higher, the decrease would take longer (for example if starting RH was
50%, after 1 h with 0.35 I/s per 1?rih would drop to 4%), but there is no reason to
believe that any extra vapour generation will occur in the room; indaen the 40%

initial RH assumption is quite optimistic. Neverthelessecreased air flow would

have a positive effect on particles being raised fhamzontal surfaceswvhich also
supports healthFor work performance suchsatup would have ambiguous efféxt

on the one hand low temperature seems to support it, on the other hand small air
exchange leading to increased level @O, and bioeffluents impairs it. Comfort

would be even more problematic as RH in the suggested range may make the air feel
stuffy and low temperature could be unacceptable, especially for adult @setise

other hand PPD forfollowing conditions: operative temperaturejC9 air velocity

0.1 m/s, RH 40%, activity level 1.2 met and clothing insulation 1 clo is around 13%,
only slightly above desired value. It could be easily reduced to 10% just by increasing
clothing to 1.1 clo but guestion arises if wearing such a thickdagf clothes would

not decrease comfort understood as freedom of movement. It is worth to add that the
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same set of indoor environment parameters wouldh ikeoryalmost perfect (PPD
5.1%) for children if clo value was reduced to G-mwever, in practie the comfort
may be againvorsenby higher concentration of bioeffluerdaad perception of stuffy
air, especially perceptible at low air velocity.

If a priority was on the opposite given to comfamderstood here mainly as thermal
preferred RH could bestimated to around 30%a level at whiclsensory irritation in
airways and eyes should not be problematiatic electricity issues would cause none
or only slight inconvenience and the air should yet feel stuffy as odours and
material emissions wid not be intensifiedventilation rates should be kept high it
usually improves perception of air quality which is assessed as tiestever,
definingtemperature limits becomgsry complex. Using as a reference case classical
PPD for adults and caditions of 30% RH, 0.3 m/s air velocity and 1.2 met activity,
optimal operative temperature would be around5iZ2 in winter and BiC in
summer.But in practical terms iis more complicated as perception of thermal
comfort is different for children anddalts, for people with different clothing
insulation level and in some cases it just differs between users without an obvious
reasonAnother issue it that RH of 30% may be hard to maintain both in summer and
winter without additional means of -dend humidificationrespectively, which can be
seenin TableC.2.

A vital question is whee comfortshould be prioritizeé in a preschoobuilding and
according to the author it should obviously be chil@sifhey are main users of
aspace which most important purpose is to provide them with environment
supporting their learning and development, both physical and mental, in the best
possible wg. Moreover, they outnumber adults significantly (144 to 26 in the- case
study preschoo))they have also much smaller adaptive abilities and tendency of not
reporting perceived discomforThis suggest thaespecially air temperature which
perception is chracterized by biggest divergence between kids and guparshould

be designed with regard to the former. However, as results from Chapter 6 indicates,
this should be done carefully, with reasonable assumptions anetaeveloped,
reliable thermal comfontnodel. Even though children play a lot duringyaical day

at preschool, metabolic rates resulting from high activity level cannot be used for the
design as they return extremely low temperature values; in addition, intense games do
not last long and ovheating due to them can be considered temporary.

An interesting observation is how big influendething insulation has on perceived
thermal comfort. It is often forgotten as this parameter is not dependent on indoor
spaceOs desigaerwho focus more oremperature, humidity and air velocity.
However, at the same environmental conditions but with different clothéngeption

of comfort can vary drastically, from completely unacceptable to idkeaddicates

that this factor should be carefully conseldralready at the early stage of design and
expected clothing routines should be examined in advance. Another idea is to keep
users aware of clo value used when other parameters were défipedents of
children attending a preschool were informed hbeytshould dress them, risk of
situationin which environment cannot be adjusted to biggest possible number of users
would be minimizedlt is even more important with thought about that adults in
general have tendency of dressing children too thickly, which is pointless considering
childrenOs higher thermal sensation.

Putting the focus on comfort affects in turn performance and heaktbtaspVhile for
performance the effect is partially favourable, as it benefits from high ventilation rates
(but not from warm environment)for health defined as before it would be
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unfavourabledue tolow RH in winter Bit can be seen for example r@suls section

in winter case 7: it provides thermal comfort (PPD below 10%, but only for adults at
low activity level) (see TableC.3) and keeps C{below 1000 ppm but for a price of
RH equal to 18%, much belominimum level defined for healtl® 40% (see Table
C.2).

It could be cautiously questionedtifereis any point prioritizingthermalcomfort at

all asit neverreally results in obtaining values which could be trusted as absolutely
objective. Moreover, thermal comfort, being a mixture of numerous factors is
sensitive to varying conditions and even if designed in the best way possible, it can be
lost under operatin phase. In addition, faulty thermal environment can relatively
easily be compensated by usersO adaptive behavRertsaps a better approach
would be to design with focus on more measurable aspects and then within remaining
flexibility of shaping a spax create best possible prerequisites for optimal thermal
comfort.

It is worth noticing that term OcomfortO does not necesdaaile to mean only
thermal comfortlt is a wide concept including aspects such as sas$atysfaction

with acoustics, lightingspaceOs functionality etc., and some of them may be more or
less indirectly connected tadoor climate design. For instan@equate lights may
generate increased heat gains leading to temperature rise and air flow may be limited
by requirements on na@sFor that reason, in real life casemfort should be analyzed

in more comprehensivaanner than for the purpose of this discussion.

Finally, when putting erformanceas priority,focus in indoor space design should lie

on relatively low air temperaturand highair flow, two factors which, as it was
reasoned in Chapter 4, support concentration, memory and other cognitive functions.
Such a setup is partially beneficial for both health and conddtie former is
supported by cool environment, the latter éfficient ventilation. It seems that
concentrating on performance may have the biggest potential to balance different
requirements, which is quite logidakffective work would not be possible if a person

got distracted by discomfort or poor health. tBa contrary, comfort and health (in
slightly limited meaning) seem to be in oppositign.simplified idea about dw
fulfilling requirements forhealth, comfort and performanceunterweigh each other

can be seen more vividly in the Figut4.
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Health Ccomfort

Figure7.1  Weighing health, comfort and performance against each other.

One difficulty may be how to describe performance of a preschool p8pidies
mentioned in Chapter 4 were all based either on office workers or on school children
and test usetio assess performance under various conditions were either complex
problems to be solved @imple tasks resembling routine office/school work: basic
calculations, proofreading etc. Activities at preschool are significantly diffédent
even if some morerganized forms of education are introduced, most of learning
takes place through playing, which does not require same concentration on details and
errorfree results. One may therefore wonder if in case of younggiei$ormance

would not besimply suppaed by providing healthy and comfortable environment,
which unfortunately leads back to already stated contradiction.

If instead of prioritizing one of aspects, an attempt to optimize the environment was
made, the following could be done: high ventilatrates supporting performance and
comfort should be combined with moderate air temperature and additional
humidification working mainly in winter. In summer comfort cooling should most
likely be installed to prevent space from overheating. Air velocitylshbe utilized

to increase the acceptable air temperadmck prevent the sensation of stagnant, stuffy
air. Cleaning routines should be carefully followed to avoid particles resuspemgon
perhaps installation of air purifiers should also be considasedven the best
ventilation may not have a capability of removing all solid pollutants from the indoor
air.

Combining the previously described relations between health, comfort and
performance with an effect they have tachnical solutions and the environmental
impact ofventilation systenis a second step in finding the balance.
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Starting again with healt®it was concluded that it mostiyeedshigh humidityin
range of 4860%, supported by low air temperature and, imter, low air flow. For
the design of FTX system it would bring the following consequences:

¥

¥

¥

in winter B with efficient heat recovery a heating coil could be unnecessary,
low flow will result in small required fan power, humidifier should be added;

in summe DRH is not a problem unless indoor air is vergrmand air flow
very low; without comfort cooling, if outdoor air temperature was much
higher than desired indoor air temperature, ventilation should be decreased to
prevent hot air from entering ttspace but temperature rise would still take
placeand at some point RH may fall below 40&6th comfort cooling on the
other hand absolute vapour content in supply air would berland at high
indoor air temperature RH may drdpeecasesl7B, 18B in Tale C.2); in
practice however it is not likely to allow for high air temperature once comfort
cooling is installedsummarizing, if health was a priority, it seems reasonable
to keepeitherhumidifier or cooling colil in the system as a safety measure

all the yeaefficient filters to minimize the amount of dust and particles.

For thehybrid systenon the other handonsequences are falows:

¥

in winter BDsame as for FTX, small air flow would reduce fan power and low
supply air temperature may eliminatee need of preheating, this however
depends on underground ductsO heat exchange capability; humidifier should be
added which may require untypical solutions as hybrid system lacks central
AHU;

in summerb since the system can to some extent cool thadeutsr in the
underground ducts perhaps comfort cooling would not be reguioseever it
depends on heat exchange efficiency; if it is not sufficient same issues as
described for FTX may occuwhich indicates that humidification may be
needed sometimes.

If bigger focus was put on comfort and performance, understood here mostly as high
air exchangeates,it would imply the following for the ventilation:

¥

¥

in winter, when internal heat gains are moderate, high air exchange rate would
result in high supplyiatemperature, which in turn will require more work for
heat recovery unit in FTX system and bigger efficiency of preheating in the
hybrid one and in worst case installation of a heating;coil

in summer, if no comfort cooling is installed, flow does affect supply air
temperature as in any case the coolest available air will be usedase=e
10A-18A in TableC.2); however, this applies only if outdoor air temperature
is lower than indoor, otherwise high air flow would result in excessive
overheatingthese outdoor conditions variations make choic€EAV system,
recommended by TKA, highly questionabl#) on the other hand comfort
cooling (or precooling possibility) is considered, higher air flow allows for
higher supply air temperature so energy dedfor cooling coil or demand on
hybrid systemOs efficiencysiightly reduced:

in any case, high air flow will always result in increased fan power and
required energy for operation.

One way to, in both systemsduce energy use due to high required air flow without
compromising IEQ, is to utilize possibility of supplying the air directly to usersO
breathing zone. It would require alternative inlet devices and ducts distribution, but if
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demands on air exchange neenot applied to the whole space, total air flow and
resulting fan power could be decreased.

If also thermal comfort, understood this time as providing optimal air temperisture,
to beconsideredit will be a bit difficult to predict exact consequendes ventilation
system since grasping the very idea of thermal comfort is already complex, as
explained before. Nevertheless, thinking about thermal comfonbsjeability it
seems reasonable to provide ventilation system with all components possidert®
ability to quick adjustment.

It is difficult to with full certaintystatethe advantage of one ventilation solution over
the otherHybrid ventilation is said to surpass classical FTX because of low air flow
that is possible thanks to low supply &mperatures, which in both winter and
summer should be obtainable without additional mearg by heat exchange with

the ground. An additional benefit is supposed to be low fan power detmamics to

lack of filters and other components. While removifigers from FTX is not
areasonable actioas the AHU should be protected fronsjwecreasing the air flow

and supply air temperature seem like improvements that codddigapplied there,
especially in winter when it would only require turning daothe heat recovery unit.

In general, if clear choice of functional requirements is at the root of the selection of
ventilation systemit cannot be stated that any solution can have ObetterO air flow or
supply air temperatur® systems must provide samenttions and their parameters
must be chosen so that requirements are fulfilled. Only once this is secured,
consequences for the construction of different systems can be disddeseaolver, as
indicated by the results ifable C.2, in winter casessupply air temperature
significantly lower tharthis usually seen in practiae only occurring when air flow is

so low that it would probablyimpair perceived IAQ because of increased
concentration of bioeffluentén addition, supply air temperature anou1312;C may

be discussed as too low, causing risk of discomfort due to cold downdraught or
requiring alternative distribution patternsor@paring data from ByDemandOs project
of ventilation for Hoppet and energy analysis foBiizkan, the designed ailofv in

the hybrid system was around 90% of maximum air flow in FTX, a difference which
is rather smalllt seems als@ bit baseless to assume that hybrid system will be
always able to condition the incoming air sufficiently as none results from actual
meaurements in Gothenbutigge climate were available at the time of writing this
report.lIf components for air conditioning, such as heating/cooling coil or humidifier
were to be mounted, FTX would have an obvious advantage because they will all
easily fitin AHU. In case of hybrid system their location would be a proliehey

could be installed either in the chamber in the basement, where they would have to
handle a big volume of air, which could make it enargfficient, orin every
individual supply dict, which would make the whole system complex from control
perspective and would require more space and energy. Placing the components in the
main undergroundsupply ducts seems unfeasible with thought about maintenance.
Alternatively, compensation for sufficient air conditioning would have to be
provided by room components such as radiators or split air conditioners, but that
would result invorseenergy performance.

On the other handyybrid ventilation may have some less obvious advantages. For
instance, as the underground culvert is constructed in concrete, under first years of
operation it has a potential to decrease.Q@ncentration indoors thanks to
carbonation of concrete. This effect may however be of small importance 8% CO
influence orealth is questionable.
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To be able to definitelyassess which system works better in a given case, more
thorough analysis than presented here would be necekdsamot unlikely that under
certain preferable conditiortg/brid systemwithout additionalcomponentsvould be

able to provide optimal supply air temperatures allowing for minimizingtassure
drops and fan powerThis would require firstly, calculation of heat exchange
capability, secondly, investigation of many more indootdoor conditbns
combinations.In this thesis project simplified assumptsofor both winter and
summer case were madeuch as estimation of constant average temperatures and
absolute humidity leveldbecause main goal was to show effect on indoor air quality
under tyical operationln practiceventilation is often designed with consideration of
extreme conditions, which would change relations obtained in Chapter 6. Moreover,
calculations were made assuming CAV system, which is in accordance with TKA, but
reference cse systems in Gnskan and Hoppet are both designed as VAV
demanedcontrolled VAV system supply air temperature is constart the air flow
changes, in CAW on the oppositePresented results did not includay transient
aspects and were carried out for steatdye conditions, neglecting also thermal mass
of the building. Summarizing® assessing simultaneously two different systems
working in two different operation modes, with numergagables in terms of goor

and outdoor conditions is an approach too broad to give answers more specific than
observations of trends on very general level. Thisbheapointed out as a source of
possible errors.

One observation, independent of all abaventioned uncertaintiess that the range

of reasonableoperative temperature indoors in relatively narrow compared to the
range in which outdoor temperature can vary between seasons and times of day
Therefore|t feels that hybrid ventilation may perform better in climate atimrized

by rather constantand mild weather conditions With currently ongoing climate
change, resulting in more and more common heat waves and extreme weather
phenomena it can be carefully forecast that the demand fooraglitioning solutions

more effcient than natural regulation will rather increase than decrease.

Of coursejwo presented ventilatiosolutions are not the only ones possible. Perhaps
a certain chosen indoor environment could be easier obtained with different type of
hybrid system whe mechanical installation is supportedaging through windows

or different ways of using natural drivirfgrces. Another option, although it is not
likely to work well in a space characterized by big density of occupancy and high
generation of bioefflants, is waterborne cooling systeithe general conclusion is

that taking shortcuts is not recommended when designing indoor climate.
A ventilation system should not be chosen in advance because it may lead to
asituation when IEQ parameters are comprothige match systems most efficient
operationmode Design should happen in the opposite wagnce the prioritized
aspectn spacds chosen, a variety of conditions and solutions should be examined in
order to find the suitable ones.

Since the base for the whole project was a féss# preschool with intention of
minimizing the environmental impact of constructiafso this perspective should be
considered as possible priority instead of afyaspects of indoor environmenh
suchcase in ventilation system design process focus would lie on

¥ decreasing air flow to minimize required fan powed AHU size
¥ reducing number of components to decrease pressure drops;
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decreasing heating and cooling demand
maximizing heat recovergapability;
benefitting from natural driving forces;
decreasing length and diameter of ducts

Results from previous worfiresentedn Section5.5.3were obtained with aumber

of delimitations and while they work well as a simplified tool to compare pbissgh

of different modifications, they cannot be treated as full information about absolute
amount of CQreleased to atmosphere because of ventilation system in thstedge
building. Just to mention two of them, aspects such as radiators power demand
concrete needed for construction of the culvert in hybrid solution were neglected.
Moreover, different variations in the FTX system were mainly limited to one
parameter without adjustment of the remaining ones, which makes them difficult to
translate mto reallife practice. CQe values were calculated fMAV system with

fixed characteristics and for that reason using them to assess environmental impact of
CAV system with variety of settings could only be done on general level, talking
rather about treds, risks and possibilities.

In general,optimal system would be the one with minimum interference, as self
regulating as possibleas any additional componentslecrease environmental
friendlinessdue to increase in energy demand and materials Heeiever, as
discussed before, due to variety of outdoor conditions and complex relations between
health, comfort and performance, simplifying a system as much as possible would
probably result in impossibility of providing optimal IEQess developed vafdtion

could be to some extent compensated with other methods, for instance increased (or
reduced, depends on the case) thermal mass, shading, location, orientation, chosen
building materials etc., but every of these means would imply some changed in tota
environmental impag¢twhich should be always considered as a whakng LCA

tools.

Working towards decreased environmental impact of building industry, which
nowadays is responsible for a big share in totat @@issions is an important goal,
especialf looking at some of alarming signals that can be recently observed. In
Gothenburg only between 2017 and 2018 amount ageQ@nerated in production of

1 kKWh district heating increased wi#2% Just a few years ago global concentration

of CO: in the air grmanently exceeded 400 pp@ounteracting these dangerous
changes is of great interest. Nevertheless, it can be questioned if a preschool,
addressed to users with quite specific needs and more than normally sensitive, should
be a proving groundor this knd of innovative approach, especially considering
limited time frame fothe design stage.

Finally, going back to the starting poiflegal regulations for indoor climate and
ventilation,it can be seen that in current shape they do not really suppant design
practice.

In Section 4.7t was already discussed how current lattempts to ensure good
indoor environment and conclusion was not optimitienit values for temperature
are not related to usersO age or expected behaviour, netustiyorthy PPD is used

as indicator, air velocity is limited instead of being benefitted from and ventilation
rates are unrelated to actual levels of .G other, more relevant for health and
comfort, chemical compounds.This way of expressing functionakquirements
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releases designers from responsibility for thorough analysis of localspasiic
conditions.The suggested solution of this issue was to let the requirements be more
generic and focus on followp control of building performance in opeacat phase.

An interesting observation is that R1 guidelines, which are not technically seen
alegal regulation and thus do not need to be followed unless directly referred to in
project specification, more detailed information about air quality carolnedf Air

quality classes are referring to factors such as for instance expected percentage of
users dissatisfied due to mucous membranes irritation and they define limits for
concentration of different pollutants and bacteria. Considering findings girthect,
perhaps these guidelines should be returned to and used as starting point for the
discussion about update of applying regulations.

In terms of environmental impact, Section 3.2 proves that so far no detailed limits,
expressed in measurable indws, are set.There are naturally some single
requirements that need to be fulfilled, swshSFP or buildingOs total primary energy
consumption butthe scale of information they give is almost negligible compared to
desired knowledge about buildingOmltenvironmental impact during its whole life
span.Developing limits for, for instance, G® emissions per area unit of a building
would be a great help in environmentditiendly design but considering the number

of variables describing every individyaroject it would be extremely complicated to

do and consequentlgould result in creation of law that would nemoughmatch
redity.

A part of this projectOs aim was to investigate if functional requirements for indoor
climate can in some way be trarislhdirectly to decrease of environmental impact.
However, with suggested generalization refyulations regarding air quality and
ventilation, the best way to secure environmentOs interest seems to be to introduce
separate set of documents regulating #spect, for example through demand on
specific building materials or energy sources.

7.1& Model for final evaluation

Ideally, this thesis project would be able to givieage for development of universal
model for design of indoor climate in preschool buildingsfortunately, due to
variety of circumstances and approaches, guidelines can be only very general:

1.! Define clearly the prioritized aspect of a building/spacel{imgacomfortable,
supporting efficiency, environmentally friendly, fosBie?).

2. Define indoor environmentOs characteristics necessary to fulfil requirements
for a given prioritized aspect (RH, air quality, etc.).

3.l Consider buildingOs specific prereqaisit(analyse usersO routines, site
characteristics, climate, etc.).

4! Choose ventilation system most suitable to maintaiioritized indoor
environmen®s parameters.

5. Adjust the systemOs design so that fulfilment of requirements for remaining
non-prioritized aspects is optimized and in accordance with legal regulations.
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7.28% Further studies

The findings from this thesis project bring to mind several fighds/hich further
studies should be conducted.

First of all,it would be very beneficial for the future design of indoor environment if
individual impact of different chemical compounds and bioeffluents on users was
investigated and quantified. Currently there are some limits for several pollutants but
in practice AQ is almost alwaysssessednly by CQ level indicating efficiency of

air exchange. Since it is not even fully agreed upon in scientific world if carbon
dioxide itself causes any damage or not, using its concentration as design parameter
may lead to misag harmful impact of other compounds. Obviously, aiming in design
for very low CQ levels would most likely ensure relatively good air quality since the
flow would have to be high, but at the same time the risk of too low RH and
overdimensionedentilation would occur. Having knowledge about exact influence of
different pollutants and being able to identify their source in a building would allow
for more optimized ventilation, perhaps applying local solutions instead of increasing
the total flow.

Another aspect that would be interesting to investigate is a potential of hybrid
ventilation with preheating in the ground. Such a system should undergo thorough
measurements in climate conditions matching Gothenburg in all sessdhat its
possibility of gaining heat or cold could be quantifiedl. separate optimization
question is finding a relation between underground ductsO length, diameter and
number, heat exchange capability and environmental impact of required materials.
Moreover, a study similato FeldtOs and NilssonOs (2018) but concerning hybrid
solution could be carried out to identify possible improvementstier system
adjusted to its decentralized structure.

Third field recommended to examine is thermal comfort model for children. The
mockel adapted for calculation in Chapter 6 has been developdér summer
conditionsand for low activity level. It seems to work fine with similar assumptions
but values given by it for winter case are not realistic. Moreover, research on
childrerOs metabiol rate at different activity level could be conducted
simultaneously to obtaiplausiblevalues. One more idea is to look into differences
between various age groups of child®ncurrently working on development of
models for school kidsistead of adus is being considered innovative, but a further
distinction is needed. The term Oschool kidsO may comprise young people aged
between around 7 and 18 yeashose physiology differs significantly, especially that

it is under childhood when human body urgtess most extensive and fast changes.

In addition, also methodology aiming fordoor climate assessment fible youngest

kids should belevelopedsince, as it was discussed briefly in Secto®, they may

not be able to understand what aspects theyxaetly asked to give their opinion on.
Perhaps in their case it would be recommended to rather measure physiological
response than collect any, even most simplified, questionnaires, but on the other hand
it may be controversial to conduct any testsuchyoung subjects.
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Conclusions

Current legal regulations for indoor space in a preschool are strict, not well
grounded and prevent designers from including -sgseific conditions.
Functional requirements are expressed in indicators which reliability can be
guestioned. Environmental impact is treht@ather vaguely in law, which
allows for free interpretations.

Health in indoor space is supported mostly by RH within rangé040,
moderate air temperature aroundi@Q performanceb by moderate air
temperatureand high ventilation rate, which currently, due to lack of better
indicators, can be associated with Ct@vel below 1000 ppm. Thermal
comfort is a complex issue, varying significantly between different age groups
and individuals, vulnerable to changingonditions, which makes it
guestionable if it should be used as a primary design criterion.

Functional requirements for health and comfort are the most contradictory,
while these for work performance support partially others aspects as well.
Thus, if compraise between these three were searchiegign for work
performance seems to be a good starting point.

When designing an indoor space, generally the order Ofunctional requirements
b ventilation design parameter® ventilation technical solutionsb
environmental impactO should be followegdventilation system should not be
chosen in advancleut oncethe prioritized aspect in spabas beerdefined
along with suitable functional requiremeraisd avariety of conditions and
solutionshas beemxamined

If focus in a given project is put strictly on environmental impact, the opposite
reasoning may be appli€da system best in fulfilling demands for ventilation
within limitations set by for instance energy or materials use can be chosen
and in next stefhe effect on functional requiremengbould be checked. They
may be compromised to some extent, however without significantly impairing
the spaceOs functionality.
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Appendices

Appendix A: Local discomfort criteria

Draught

Air velocities in range ©.2 m/s are usually considered as imperceptible. Above these
values air movement can cautiscomfort due to draughthhe percentage of people
complaining about draught is expressed in draught rate, DR [%] and can be calculated
from the equation given by ISO 7730:

ch ' z+Al ledZUel )3 {07 2) %>, U, }- 4 +*A{K (A.2)
where:

¥ | gPlocal air temperaturéa 7- model applies when between 20 angd@6
¥ UgPlocal mean air velocitQ%_- min. 005 m/s;
¥ }_ Plocal turbulence intensitfp 7- when unknown, 40% may be used.

However, this calculation model is quite limited as it agpitestly to people at light
sedentary work with nearly neutral thermal sensation and expected to experience air
movement at the level of the neck (the effect is not as strong at the level of hands or
feet as there is not so many heat sensors in skin there)

As it was already mentioned in Section 4.1.1.4, increased air velocity can under

appropriate conditions beneficially counteract increased operative temperature. It

highlights that draught rate should be used as a support rather than a determinant
while assessing local discomfort and considered together with other factors.

Vertical air temperature difference

A temperatue difference between head level and ankles level can bause of
discomfort, mainly when the temperature increases upwards. ISO 7vY86 gi
aformula to calculate percentage dissatisfied, which applies to differences j{j to 8

] vOO
$C vl €+g zBxu<ODBudvp ¢ { (A-Z)

where:

¥ dl.gDvertical air temperature difference between head anddeét

Similarly as in case of discomfort caused by draught, this indicator should mostly be
applied tolightly clothed persosmiengaged in near sedentary physical actiwifith

better insulation and more intensive activities the risk of experiencing local
discomfort is bw (ASHRAE, 2004).
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Warm and cool floors

Both too high and too low temperature of floor surface can cause discomfort. 1ISO
7730 gives a following formula to predict percentage dissatisfied:

$c ' ;) L1?A,-J z1;%6>4)%6 1 1)9)5 ,IP{K (A.3)
where:

¥ 1; DPfloor temperaturéa 7.

This model applies only to users wearing light shoes and it is not suitable to either
barefoot occupants or persons sitting on the floor (ASHRAE, 2004). It also cannot be
used for spaces with underfloor heating.

Radiant asymmetry

The last indicator for local thermal discomfort is radiant asymmetry. It describes the
situation where thermal radiation field over a body is nonuniform (ASHRAE, 2004).
Analogically to vertical temperature difference, this effect is the strongest with
temperature increasing upwardd therefore radiant asymmetry resulting in warm
ceiling is much more disturbing than for instance warm wall. For that reason, every
direction of asymmetry is described with separate equation in ISO 7730:

Warm ceiling:
] vOO .
$c vl €+g ZPDHOvxH,dwy { 1t ”K“g" Vota K (AHK
Cool wall:
] vOO .
$c vl €29 ZPDH OvxH dwy {”K“g" Via K (A.5)
Cool ceiling:
] vOO .
$C vl €29 ZPDH OvxH dwy {”Kj!g" Via K (A.B)K
Warm wall:
] vOO .
$c vl €29 z=%P< OOBRdw; { 1+ ”K“g" V+a K (ANK
where:

¥ dly Dradiant temperature asymme(ey 7.
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The relation between radiant temperature asymmetry and PD for every direction is
pictured by the Figure 4.1 below:

[l Key
o PD percentage dissatisfied, %
80 - Aty radiant temperature asymmetry, °C
60 I- 2 1 Warm ceiling.
40 + 2 Cool wall.
| 3 Cool ceiling.
4 Wam wall.
20
3 L
10
8 -
6 -
4
2 -
1 | | | | | | | -
0 5 10 15 20 25 30 35 Aty
Figure Al Local thermal discomfort caused by radiant asymmetry for different
surfaceqSIS, 2006).
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Appendix B: Equations used for modelling the indoor
climate

CO, concentration:

CO, concentration was calculated based on mass balance model, accortiieg to
equation (B.1) below:

O3 g, nﬁ,j—fs4 A4 45,8 1 - n1T,j—fs<K 0C; 3K

where:

¥ tDbtime(l 7
¥ . D concentration when the source of contaminant 2JC® introduced
(s 7

¥ & Dair row"Z.—Z_;

¥ & Proom volume(s =7 )

¥ < Prate of generation of contaminant (QOZ.—Z_;

¥ 4 Dconcentration of contaminant (G)n the suppliedir (/7.

Required supply air temperature:

Supply air temperature required to remove heat gains at a given air flow was
calculated based on equation (B.2) below:

« &, o, o dIK 0E5XK

¥ « Dinternal heat gain@® 7.

) G.

& bair flow ",

‘ c bdensity of the aif- ;

' g Pspecific heat capacity of the &jF—_;

d! b difference between indoor air temperature and supply air temperature
(-7

Absolutehumidity:

Absolute humidity was similarly to GOconcentration calculated based oprass
balance model:

w3 U, -/ nﬁ,j—fs4 n%*:—04 Us,S 1-/ mt,j—fsm OB+ 3K

where:

¥ tDbtime(l 7
¥ UyDbvapour content when the source of moisture is introdﬁzegg
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, z?2
& bair flow "— ;
& Broom volume(* 7, )
YA
 Drate of generation of moistuf‘é—_;

U, DBvapour content in the supplied ail-@_
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Appendix C: Full results of the indoor climate simulations

TableC.1 Indoor climate characteristics for sufficient PMV/PPD.

Case Indoor  air| Relative PMV / PPD /%]

temperature | humidity

[iC] [%]
Winter (va= 0.15 m/s, clo = 1)
Adult 2.3 metBminimum 10 43 -0.39/8.1
Adult 2.3 metboptimal 13 35 -0.03/5.0
Adult 2.3 metbmaximum 17 28 0.49/9.5
Adult 1.2 metBminimum 21 22 -0.38/8.0
Adult 1.2 metoptimal 23 19 0.03/5.0
Adult 1.2 metbmaximum 25 17 0.45/9.3
Child 2.7 me®minimum -9 100 -0.46/9.5
Child 2.7 metoptimal -5 100 0.01/5.0
Child 2.7 mebmaximum -1 88 0.47 /9.6
Child 1.2 me®minimum 11 40 -0.43/8.9
Child 1.2 metoptimal 14 31 -0.02/5.0
Child 1.2 mebmaximum 17 28 0.39/8.2
Summer(va= 0.15 m/s, clo 0.5
Adult 2.3 metBminimum 15 86 -0.45/9.2
Adult 2.3 metboptimal 18 72 0.06/5.1
Adult 2.3 metbmaximum 20 64 0.40/8.3
Adult 1.2 metBminimum 24 51 -0.37/7.9
Adult 1.2 metboptimal 25 48 -0.07/5.1
Adult 1.2 metbmaximum 26 45 0.22/6.0
Child 2.7 me®minimum 100 -0.32/7.1
Child 2.7 metoptimal 4 100 0.02/5.0
Child 2.7 mebmaximum 6 100 0.35/7.6
Child 1.2 me®minimum 17 76 -0.32/7.2
Child 1.2 metoptimal 19 67 0.06/5.1
Child 1.2 mebmaximum 21 60 0.45/9.2
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TableC.2  The results from indoor conditions simulations in a typical preschool
classbair flow, temperature, relative humidity

No. | CO. Min. air | Min. ta tsupply | Actual Actual RH
after 2h | flow per| total air| [iC] |[iC] |air flow|air flow | after
[ppm] | person | flow per pers| [I/s] 2h

[I/s pers] | [I/s] [I/s pers] [%]

Winter cases

1. 996.0 |7.9 132.85 |19 |16 8.77 145.88 | 25

2. 1495.3 | 4.0 74.35 19 |14 4.88 87.53 25

3. 2928.3 | 0.9 27.85 19 |10 2.29 48.63 25

4, 996.0 |7.9 132.85 |20 |17 8.55 142.53 | 23

S. 1495.3 | 4.0 74.35 20 |15 4.74 85.52 23

6. 2928.3 | 0.9 2785 |20 |10 1.89 42.76 24

7. 996.0 |7.9 132.85 |24 |22 11.95 193.65 |18

8. 1495.3 | 4.0 74.35 24 |19 4.21 77.46 19

9. 2928.3 | 0.9 2785 |24 |11 1.03 29.79 22

Summer cases

10A.|996.0 |7.9 132.85 |20 |19 98.26 1488.29 | 64

11A. | 1495.3 | 4.0 7435 |20 |19 98.26 1488.29 | 64

12A.|2928.3 | 0.9 2785 |20 |19 98.26 1488.29 | 64

13A.1996.0 |7.9 132.85 |23 |19 23.34 364.48 |54

14A. | 1495.3 | 4.0 7435 |23 |19 23.34 364.48 |54
15A.|2928.3 | 0.9 2785 |23 |19 23.34 364.48 |54

16A.|996.0 |7.9 132.85 |26 |19 12.64 203.93 | 45

17A.| 1495.3 | 4.0 74.35 26 |19 12.64 203.93 |45

18A.|2928.3 | 0.9 2785 |26 |19 12.64 203.93 | 45

10B.|996.0 | 7.9 132.85 |20 |10 8.97 148.83 | 54

11B. | 1495.3 | 4.0 7435 |20 |10 8.97 148.83 | 54

12B.| 2928.3 | 0.9 27.85 |20 |10 8.97 148.83 | 54

13B.|996.0 | 7.9 132.85 |23 |13 8.76 145.79 |54

14B.| 1495.3 | 4.0 74.35 23 |10 6.52 112.15 |46

15B.|2928.3 | 0.9 2785 |23 |10 6.52 112.15 | 46

16B.|996.0 | 7.9 132.85 |26 |16 8.56 142.75 |45

17B.| 1495.3 | 4.0 74.35 26 |10 4.99 89.22 39

18B. | 2928.3 | 0.9 2785 |26 |10 4.99 89.22 39
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TableC.3

The results from indoor conditions simulations in a typical preschool
classbPMV and PPD

No. [to |RH|PMV/PPD /%]
LiCT %] FAquie Child
2.3 met 1.2 met 2.7 met 1.2 met
Winter cases @= 0.15 m/s, clo = 1)
1. 19 |25 |0.71/15.6 -0.79/18.3 2.77197.5 0.67/14.3
2. 19 |25 |0.71/15.6 -0.79/18.3 2771975 0.67/14.3
3. 19 |25 |0.71/15.6 -0.79/18.3 2771975 0.67/14.3
4. 20 |23 |0.83/19.6 -0.59/12.3 |2.88/98.5 0.80/18.6
5. 20 |23 |0.83/19.6 -0.59/12.3 |2.88/98.5 0.80/18.6
6. 20 |24 |0.84/19.7 -0.59/12.2 |2.89/98.5 0.81/18.8
7. 24 |18 |1.33/41.7 0.25/6.3 >3.00/100.0 | 1.36/43.6
8. 24 |19 |1.33/41.9 0.25/6.3 >3.00/100.0 | 1.37/43.8
9. 24 |22 |1.35/42.7 0.27/6.6 >3.00/100.0 | 1.38/44.6
Summer cases {+ 0.15 m/s, clo = (®)
10A.|20 |64 |0.40/8.4 -1.54/53.0 |2.67/96.4 0.25/6.3
11A.|120 |64 |0.40/8.4 -1.54/53.0 |2.67/96.4 0.25/6.3
12A. 120 |64 |0.40/8.4 -1.54/53.0 |2.67/96.4 0.25/6.3
13A. |23 |54 |0.92/22.9 -0.66/14.2 | >3.00/100.0 | 0.84/19.9
14A. 123 |54 |0.92/22.9 -0.66/14.2 |>3.00/100.0|0.84/19.9
15A. |23 |54 |0.92/22.9 -0.66/14.2 |>3.00/100.0 | 0.84/19.9
16A.| 26 |45 |1.44/47.6 0.22/6.0 >3.00/100.0 | 1.43/46.9
17A. 126 |45 |1.44/47.6 0.22/6.0 >3.00/100.0 | 1.43/46.9
18A. |26 |45 |1.44/47.6 0.22/6.0 >3.00/100.0 | 1.43/46.9
10B. |20 (54 [0.36/7.7 -1.59/55.8 |2.63/95.7 0.22/6.0
11B. |20 (54 [0.36/7.7 -1.59 /55.8 2.63/95.7 0.22/6.0
12B. 120 |54 [0.36/7.7 -1.59/55.8 |2.63/95.7 0.22/6.0
13B. |23 |54 |0.92/22.9 -0.66/14.2 | >3.00/100.0 |0.84/19.9
14B. |23 |46 |0.88/21.5 -0.71/15.7 |>3.00/100.0|0.80/18.6
15B. |23 |46 |0.88/21.5 -0.71/15.7 |>3.00/100.0 | 0.80/18.6
16B. |26 |45 |1.44/47.6 0.22/6.0 >3.00/100.0 | 1.43/46.9
17B. |26 |39 |1.41/45.8 0.17/5.6 >3.00/100.0 | 1.39/45.1
18B. |26 |39 |1.41/45.8 0.17/5.6 >3.00/100.0 | 1.39/45.1
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Appendix D: CO2 concentration and RH change in the
studied roomfor different functional requirements sets

Winter cases:
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FigureD.1 CO; concentration and RH change over time in winter case 1.
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FigureD.2 CO: concentration and RH change over time in winter case 2
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FigureD.3 CO: concentration and RH change over time in winter case 3.
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FigureD.4 CO; concentration and RH change over time in winter case 4
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FigureD.5 CO; concentration and RH change over time in winter case 5.
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Figure D6 CO: concentration and RH change over time in winter case 6.
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Figure D.7 CO; concentration and RH change over time in winter case 7.
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Figure D8 CO: concentration and RH change over time in winter case 8.
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Figure D9 CO; concentration and RH change over time in winter case 9.
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Summer cases:
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Figure D10 CO; concentration and RH change over time in summer case 10A, 11A,
12A.
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FigureD.11 CO; concentration and RH change over time in summer case 13A, 14A,
15A.
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Figure D12 CO; concentration and RH change over time in summer case 16A, 17A,
18A.
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Figure D13 CO; concentration and RH change over time in summer case 10B, 11B,
12B.
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Figure D14 CO; concentration and RH change over time in summer case 13B.
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Figure D15 CO: concentration and RH change over time in summer case 14B and
15B.
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FigureD.16 CO: concentration and RH change over time in summer case 16B.
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Figure D17 CO: concentration and RH change over time in summer case 17B and
18B.
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