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SUMMARY

Due to envirmmental problems, such as climate change, ozone layer depletion and air
pollution, the European Union has introduced various Energy Policies. The Energy
Performance of Buildings Directive (EPBD) is one of them, which sets requirements for Nearly
ZeroEnery Buildings (NZEB). These requirements focus on four building features, dwellings,
utility buildings, educational buildings and healthcare buildings. These NZEB requirements
sets standards for the energy demand, the primary fossil energy consumption arshé#ne

of renewable energy. The energy demand stands for the energy used only for heating and
cooling a building. The primary fossil energy consumption means the energy used for heating
and cooling, but also for ventilation and hot water preparation.Ha primary fossil energy
consumption also system losses are taken into account. Based on the new requirements, all
new buildings must meet the NZEB requirements after the end of 2020. In addition, the
abolishing of net metering scheme, which might be impdaited after 2023, will enhance the

role of energy storage systems.

The focus of this research is on primary and secondary school buildings. The quality of school
buildings in the Netherlands varies, just like the financial resources on local andakdgicel.

There is a research gap identified from literature review that the preferences of energy
efficiency technologies by school building users are mainly not taken into account during
construction or renovation.

The aim of this research is to invigste which energy efficient technologies are technically
applicable in school buildings and what are the school building user preferences for these
technologies.

In the literature study, several energy efficient technologies are described. These are
technologies for heating/cooling, ventilation, renewable energy, energy storage and building
automation. To meet the NZEB requirements, the technologies must (1) reduce the energy
consumption, (2) improve the level of energy efficiency and (3) increase the sifa
renewable energy. For the abolishment of the net metering restrictions, technologies for
energy storage are also important.

The technologies which can be technically applied in school buildings to reduce the energy
consumption are cogeneration aridgeneration, balanced heat recovery systems, eaih

tube ventilation and three building automation technologies, namely automatic lighting,
automatic sun blinds and automatic daylight control. These seven technologies are also
proved to be energy effient. Other energy efficient technologies which can be technically
applied in school buildings are low temperature heating, high temperature cooling, radiant
wall and ceiling panels and thermally activated building system (TABS). TABS is not applicable
in existing buildings, according to the literature. To increase the share of renewable energy,
technologies such as horizontal and vertical ground source heat pumps, groundwater heat
pumps, air to air and air to water heat pumps, heat pump water heaterar sater heaters,

PV panels and PV glazing can be technically applied. These nine technologies are also energy
efficient because of the use of a natural energy source. To capture the generated energy, three
energy storage systems can be used, namely théenargy storage, battery energy storage

and smart grid.



After the literature study, the energy consumption pattern of ten school buildings is described.
These ten school buildings are both primary and secondary school buildings. The energy
consumption p#ern show that the school buildings mainly consume the energy between 7
o'clock in the morning and 8 o'clock in the evening. Influencing factors on the energy consumption
pattern are the outdoor temperature, the amount of pupils, the application of sp&arels and

the implementation of a cooling system.

Thereafter, a panel data regression analysis is performed to analyze the energy consumption of
school buildings. The most influencing factors on the energy consumption of school buildings are
the educaton time and the EPC value. As expected, during vacation time less energy is consumed
and during education time more energy is consumed. During the winter, the most energy is
consumed and the least energy is consumed during spring. On Mondays and Tuésdast
energy is consumed and as expected the least energy is consumed on Sundays. Also the results
prove that the higher the area @nper pupil, the higher the energy consumption. A high efficiency
boiler combined with a ground/air heat pump and a balad heat recovery system appears to
have the lowest energy consumption. An air handling unit and natural ventilation consumes the
most energy. For the EPC value and the amount of solar panels, contradictory results are shown
in the estimated model. It imssumed that this contradiction is caused by one of the school
buildings with inexplicable energy use. It is important to keep in mind that the analysis includes a
small sample size of only ten school buildings.

Finally, the school building user prefecas for the energy efficient technologies are investigated.

To explore the user preferences, a discrete choice experiment is conducted with the aid of
questionnaires. The respondents are teachers of primary and secondary schools and pupils of
secondary sabols.376 valid questionnaires are completed by the respondertiie questionnaire
consists of three parts, a personal characteristics part, an environmental behavior part and the
part with hypothetical choice situations. In the environmental part, theulessshow that the
teachers are more likely to be environmental friendly and energy conscious in comparison with
pupils. In the hypothetical choice situations, conventional and energy efficient technologies for
heating, ventilation, lighting and sun blindee included. For each choice set, talassrooms with
O2Y0AYSR (SOKy2f 2 3pboh& #ISiA2 ¥ YIRNG OINRYSYy PFR (2
requested to choose the most preferred one among these three options. These technologies are
presented wih their advantages and disadvantages. For example for PV panels a disadvantage
can be that classrooms might be less warm in comparison with no PV panels. Respondents might
make their choices based on the room temperature instead of the technology. Thiseunoted

while interpreting the results.

376 valid respondents including both teachers and pupils were used for model estimation. Each
respondent answered 12 choice sets. Mixed logit models have been applied to asses differences
in preferencesbetween respondents. The discrete choice experiment results proved that the
preferences of the respondents are widely spread and show significant variation. The ventilation
system is for both pupils and teachers the most influencing factor on the choice of lege®in

a class room. The energy efficient ventilation system is chosen above the conventional system.
This also account for the heating system. For lighting system and sun blinds, both the pupil and
teachers are likely to choose the conventional systdmove the energy efficient system. For PV
panels, the teachers slightly prefer to have PV panels while pupils prefer not having PV panels,
probably because the linked disadvantage of less comfortable classrooms. Teachers are more
likely to choose the eneygefficient technologies in comparison with pupils. There can be
concluded that teachers are more energy conscious in comparison with pupils.



SAMENVATTING

Door verschillende milieuproblemen, zoals klimaatverandering, aantasting van de ozonlaag en
luchtvervuiling, heeft de Europese Unie haar energiebeleid aangescherpt. De richtlijn
energieprestatie van gebouwen (EPBD) stelt eisen aan bijna energieneutrale gebouwen (BENG).
Deze eisen zijn gericht op vier typen gebouwen, namelijk woningen, utiliteitsgeguw
onderwijsgebouwen en zorggebouwen. Deze BENG eisen stellen normen voor energiebehoefte,
primair fossiel energiegebruik en het aandeel hernieuwbare energie. De energiebehoefte staat
voor de energie die alleen verbruikt wordt voor de verwarming en kgelsm een gebouw. Het
primair fossiel energiegebruik omvat de energie die wordt gebruikt voor verwarming en koeling,
maar ook voor ventilatie en warm water. In het primair fossiel energiegebruik worden ook
systeemverliezen meegenomen. Alle nieuw te bouwgebouwen moeten na 2020 voldoen aan

de BENG eisen. Daarnaast heeft de salderingsregeling ook invioed op de energievoorziening van
gebouwen. Met de salderingsregeling kan de overtollige energie teruggestuurd en verrekend
worden met de netbeheerder. Deze ®mg zal na 2023 in Nederland verdwijnen. Daarom zal het
opslaan van energie belangrijker worden.

Dit onderzoek richt zich op basisscholen en middelbare scholen. De kwaliteit van de
schoolgebouwen in Nederland varieert, net als de financiéle middekomliokaal en regionaal
niveau beschikbaar zijn. Op basis van een literatuurstudie blijkt er weinig onderzoek gedaan te zijn
naar energieefficiénte schoolgebouwen en daarnaast worden de meningen van de gebruikers van
deze gebouwen vaak niet meegenomephat realiseren of renoveren van schoolgebouwen.

Het doel van dit onderzoek is in kaart te brengen welke eneffi@énte technologieén technisch
toepasbaar zijn in schoolgebouwen en wat de voorkeuren van de gebruikers zijn met betrekking
tot deze tebnologieén.

In de literatuurstudie worden verschillende energiciénte technologieén beschreven. Dit zijn
technologieén voor verwarming / koeling, ventilatie, hernieuwbare energie, eneggiag en
gebouwautomatisering. Om aan de BENG norm te valdoeoeten de technologieén (1) het
energieverbruik verminderen, (2) het niveau van eneggfieciéntie verbeteren en (3) het aandeel
hernieuwbare energie verhogen. Door de toekomstige afschaffing van de salderingsregeling zijn
technologieén voor energieofsy ook belangrijk.

De technologieén die technisch kunnen worden toegepast in schoolgebouwen om het
energieverbruik te verminderen, zijn cogeneratie en trigeneratie, warmteterugwinning
balansventilatie, grondbuisventilatie en drie technologieén voor gelauomatisering, namelijk
automatische verlichting, automatische zonwering en automatische daglichtregeling. Deze zeven
technologieén zijn ook energiezuinig. Andere enegjfeciénte technologieén die technisch
kunnen worden toegepast in schoolgebouwerjnziage temperatuur verwarming, hoge
temperatuur koeling, klimaatwanden eplafonds en betonkernactivering. Betonkernactivering
kan niet worden toegepast in bestaande gebouwen. Om het aandeel hernieuwbare energie te
vergroten, kunnen technologieén zoalsrtzontale en verticale groraiater warmtepompen,
water-water warmtepompen, luchtucht en luchtwater warmtepompen, warmtepompboilers,
zonneboilers, Pyanelen en P\beglazing worden toegepast. Deze negen technologieén zijn ook
energiezuinig vanwege heegruik van een natuurlijke energiebron. Om de gegenereerde energie
op te vangen, kunnen drie energieopslagsystemen worden gebruikt, namelijk thermische
energieopslag, battegjn en smart grid.
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Na de literatuurstudie wordt het energieverbruikspatroon vantschoolgebouwen beschreven.
Deze tien schoolgebouwen zijn zowel basis als middelbare schoolgebouwen. Het
energieverbruikspatroon laat zien dat de schoolgebouwen tussen 7:00 uur en 20:00 uur de meeste
energie verbruiken. Factoren die invloed hebben op lk@ergieverbruikspatroon zijn de
buitentemperatuur, het aantal leerlingen, de toepassing van zonnepanelen en de implementatie
van een koelsysteem.

Daarna wordt een paneldata regressieanalyse uitgevoerd om het energieverbruik van
schoolgebouwen te analysen. De meest bepalende factoren voor het energieverbruik van
schoolgebouwen zijn de schooltijden en de BR@rde. Zoals te verwachten, wordt tijdens de
vakantie minder energie verbruikt en tijdens schooltijd wordt er meer energie verbruikt. In de
winter wordt de meeste energie verbruikt en de minste energie wordt verbruikt in de lente. Op
maandagen en dinsdagen wordt de meeste energie verbruikt en zoals verwacht wordt de minste
energie verbruikt op zondag. Ook blijkt dat hoe groter de opperviakt fp@r leerling is, hoe
hoger het energieverbruik. Een HBtel in combinatie met een grontlucht-warmtepomp en een
gebalanceerd warmteterugwinningssysteem blijken het laagste energieverbruik te hebben. Een
luchtbehandelingsunit in combinatie met natuurlijkentigatie verbruikt de meeste energie. Voor

de EP@vaarde en het aantal zonnepanelen worden tegenstrijdigheden gevonden in het geschatte
model. Deze tegenstrijdige resultaten worden waarschijnlijk veroorzaakt door een van de
schoolgebouwen met een onverkldmar energieverbruik. Bovendien omvat deze analyse maar
een kleine steekproef van slechts tien schoolgebouwen.

Ten slotte worden de voorkeuren van gebruikers van schoolgebouwen voor esdfigiénte
technologieén onderzocht. Om de gebruikersvoorkewaan te geven, wordt een discrete keuze
experiment uitgevoerd met behulp van enquétes. De respondenten zijn docenten in hetdrasis
voortgezet onderwijs en leerlingen in het voortgezet onderwlijs.totaal zijn 376 bruikbare
enquétes ingevuldDe enquétebestaat uit drie delen, een deel met persoonlijke vragen, een deel
over het gedrag ten opzichte van het milieu en een deel met hypothetische keuzevragen. In het
tweede deel wordt aangetoond dat de docenten meer geneigd zijn om milieuvriendelijk en
energebewust te zijn dan de leerlingen. In de hypothetische keuzesituaties zijn emdfigiénte
technologieén voor verwarming, ventilatie, verlichting en zonwering inbegrepen. Deze
technologieén wordein de vragenlijst vergeleken met het conventionelegsgm. Daarnaast zijn

ook zonnepanelen inbegrepen. Voor zonnepanelen kan worden gekozen tussen wel zonnepanelen
of geen P\panelen. Daarbij zijn de vooen nadelen van de technologieén ook gepresenteerd.
Voor zonnepanelen kan een nadeel bijvoorbeeld zigt Klaslokalen minder warm zijn in
vergelijking met geen zonnepanelen. Respondenten kunnen hierdoor hun keuzes maken op basis
van de kamertemperatuur in plaats van de technologie. Dit moet worden meegenomen tijdens
het interpreteren van de resultaten.

De12 keuzes van 376 respondenten zijn gebruikt voor het schatten van discrete keuzemodellen.
De resultaten van de mixed logit modellen tonen aan dat de voorkeuren van de respondenten erg
verspreid zijn en veel variatie vertonen. Het ventilatiesysteem isr vaowel leerlingen als
docenten de meest bepalende factor bij de keuze van technologieén voor een klaslokaal. Het
energiezuinige ventilatiesysteem wordt gekozen boven het conventionele systeem. Dit geldt ook
het verwarmingssysteem. Voor verlichting enwening kiezen, zowel de leerling als de docenten,
het conventionele systeem boven het energiezuinige systeem. Met betrekking tpafalen
kiezen de docenten voor Ranelen, terwijl leerlingen liever geen zonnepanelen hebben.
Waarschijnlijk speelt hierdt mogelijke nadeel van een minder warm lokaal een rol. Op basis van
de resultaten zijn de docenten geneigd eerder de eneeffieiénte technologieén te kiezen in
vergelijking met de leerlingen. Er kan worden geconcludeerd dat leraren meer energiebgwust z
dan leerlingen.
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ABSTRACT

The focus of this research is apgrading the level of energy efficiency pfimary and
secondary school buildings the Netherlands. The aim of this research is to investigate which
energy efficient technologies are tedbally applicable in school buildings and what are the
school building user preferences for these technologies.

In the literature study, several energy efficient technologies iakestigated based on the
NZEB requirements. Thesenergy efficient technolgies can (1) reduce the energy
consumption, (2) improve the level of energy efficiency and (3) increase the share of
renewable energy. Moreover, considering the abolishment of the net metering scheme,
technologies for energy storage are also taken intosideration.

The energy consumption pattern of ten school buildings is described. The ten school buildings
are both primary and secondary school buildingfluencingfactors onthe energy pattern

are identified based on the energy use pattern which ane outdoor temperature, the
amount of pupils, the application of solar panels and the implementation of a cooling system.

Thereafter, a panel data regression analysis is conducted on the energy consumption data of
the ten schools. The results of thisadysis show that the most influencing factors are the
education time and the EPC value. In this analysis, some contradictions are shown, probably
caused by one of the school buildings. Besides, this analysis includes a small sample size of
only ten schoobuildings.

Finally, the school building user preferences are investigated with a stated choice experiment.
The data is collected among teachers of primary and secondary schools, and pupils of
secondary schools. The 376 valid respondents were presentelddi@e sets each. Mixed logit
modeling is applied for model estimation. The results indicate tfat,both pupils and
teachers the ventilation system is the most influencing factor on the choice of a class room.
For heating and ventilationhe energy #icient system is chosen above the conventional
system. For lighting system and sun blinds, both the pupid teachersprefer the
conventional system above the energy efficient system. For PV panels, the tepotferso

have PV panels while pupilsgber notas the class temperature may be low&ased on the
results in this questionnaird, can be concluded that teachers are more energy consdciwars

pupils.
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1. INTRODUCTION

This chapter describes ¢hbackground information of the subject and the context in which
the research is situated. In addition, the problem definition and the research questions are
discussed. Finally, insight is given in the methodology and the research model.



1.1. Backgrood

Environmental issues, such as global warming, ozone layer depletion and air pollution, are
seen as concerning problems worldwide (Calabrese et al., 2015; Martins, 2017; Sellami et al.,
2016). In the past decades the world's energy consumption incresigadicantly and it will
continue to ircrease if theenergy consumption patterremains the sam¢Fouad, Shihata &
Morgan, 2017; Sellami et al., 2016; Skandalos & Karamanis, 2015). According to
Mostafaeipour et al. (2017), the sea level and the eartemperature will rise due to
continuation of tke energyconsumption trend Buildings are the mayor energy consumers
worldwide and are responsible for 40% of the total energy consumption (Branddo de
Vasconcelos et al., 2016; Cuce, 2016; Dongellini, Naldiréay2015; Skandalos & Karamanis,
2016).1t meansthat buildings are the leading greenhouse gas (GHG) emitters (Cuce, 2016;
Dongellini, Naldi & Morini, 2015; Skandalos & Karamani$5R0rhe European Union (EU)
haveintroducedtheir energy policyue toenvironmental problemgMartins, 2017).

These changes in the EU energy policy are made to combat this climate chre8g69 the
European Union has set their 20-20 goals for improving the climate (Brunsgaard et al.,
2014; Gaglia et al., 201®litka, 2016. By setting these targets, all EU Member States must
ensure that 20% less GHG is emitted within the EU, 20% of the EU energgendratedby
renewable energy sources (RES) and 20% energy efficiency improvieyn2020(Popa, lon

& Popa, 2016)The goal should be achieved in cooperation with all EU Mengtates (Visser,
2016). In 208, these targets are set at0% reduction of GHG emissions in comparison with
the level of 199027% share of renewable energy sources and 27% improvement of energy
efficiency(European Commission, n.d.).

For the renewable energy targeff the Netherlands, 14% of the total energy consumption
needs to be produced by renewable energy sourses2020 TheNetherlands are lagging
behind on achieving this gody 2014, tle share of RES wa$%, according to D'’Adamo &
Rose (2016)The Netherlands belongs to the 'Flop five', when it corteesenewable energy
production(D'Adamo & Rose, 2016).

1.1.1. Energy Performance of Buildings Directive (EPBD)

The Energy Performancé Buildings Directive (EPBD) is established in 2002 to decrease the
amount of energy consumption and to combat the environmental problems. In 2040 th
directive has been revisedightened up and is rearranged to the EPBD recast directive
(Majcen, Itard &Visscher, 2013). To integrate renewable sources and to improve energy
efficiency of buildigs, the European Commission have s¢andards for every new
construction built after the end of 2020. According to the EPBD recast directive, these
buildings must b nearly zereenergy buildings (NZEB). It is at the discretion of the EU Member
States to translate the requirements of NZEB into their national situations, according to the
principle of subsidiarity (Dongellini, Naldi & Morini, 2015; Skandalos & Karar2aais). The
Dutch government have set up requirements for nearly zemergy buildings (in Dutch: bijna
energieneutrale gebouwen (BENG)). Requirements for the nearlyeren@y buildings are
separated in three categories: energy demand, primary fosgitgghconsumption and share

of renewable energy (Blok, 2015). These requiremérage been establishetbr different
building features ad are displayed in table. For governmental buildings, new buildings must



be nearly zereenergybuildingby the end 0f2018. All other new buildings must be NZEB by
the end of 2020 (RVO, 2017).

Table 1. Requirements for nearly zerergy buildings in the Netherlands (RVO, 2017)

1. Energy 2. Primary fossil energ| 3. Share of

Building feature demand consumption renewable

(KWh/mz2.yr) (kWh/mz2yr) energy (%)
Houses and apartment blocks 25 25 50
Utility buildings 50 25 50
Educational buildings 50 60 50
Healthcare buildings 65 120 50

1. Energy demand

With energy demand is meant, the energy consumption only used fodibgiheating and
cooling.For utility buildings, the energy consumption of lighting is also taken into account.
This energy requirement can be met with both renewable and fossil energy (RVO, 2017).

2. Primary fossil energy consumption

The primary fossigénergy consumption consists of the energy consumed for heating, cooling,
hot water and fans (if present). For utility buildings, the energy used for lighting is also
included. In the calculation of the primary fossil energy consumption, the generatedyeiserg
deducted from renewable energy sources (RVO, 20E®). educational buildings and
healthcare buildings the requirements are more flexible, according to Van der Heide,
Vreemann & Haytink (2016), for healthcare buildings, this is due to the fact tleseth
buildings use more hot water for care purposes.

Difference between energy demand and primary fossil energy consumption

Besides the energy used for hot water purposes and fans (if present), in the calculation of the
primary fossil energy consumptioalso system losses and auxiliary energy are included. This
is not necessary when calculating energy demand (RVO, 2017).

3. Share of renewable energy
The share of renewable energy is calculategquation 11 (RVO, 2017).

QD QE QO HHVIMG (1.1

The requirements for nearly zemnergy buildings are not yet been finalized. In 2018, the
Dutch government will test the NZEB requirements. If @ldéitionalcostsfor implementirg

the requirementsare at an optimal level, the amendment of the law will be made definitive
(RVO, 2017).

1.1.2. Net metering restrictions

In addition to EPBD recast directive, there is also another restriction that affects the energy
supply of buildingsthe net metering restriction (in Dutch: salderingsregeling). The policy of
net metering represents the surplus electricity may be returned to the electricity service
provider (utility). The utility must deduct the surplakectricity from the purchasedlectricity

for the same retail rate (Comello & Reichelstein, 2017; Kamp, 2017). The surplus electricity is
mainly produced by solar installations.



The amount of solar panels in the Netherlands is increasing rgielysika, Dolla & Van Sark,
2017). If althese solar installations generate excess electricity from sunrise till sunset, the
electricity generation will be higher than the electricity demaddring the day time
Therefore, the net metering restrictiain the Netherlands will be abolished aft2023. It is
intended that the energy from these renewable sources is storegitanfrom 2023 by using
batteries so that the energy can be used at a later time (Kamp, 2017).

1.2. Context

A lot of research is conducted in the field of upgrading the le¥slstainability and energy
efficiencyof office buildinggCarlson & Pressnail, 2018; Jia & Lee, 2@8ly a fewstudies

have been conducted on energy efficient school buildings. $helieson smart school
buildingsthat areconducted aremainly abot implementing smart ICT technologies, such as

a smart board (Ibrahim, Razak & Kenayathulld,®2daleb & Hassanzadeh, 20IT)e EPBD
recast directive and the requirements for nearly zemergy buildings also account for
educational buildings. Study dhe energy efficiency of school buildings must be conducted
before the implementation of the EPBD recast directive. According to RVO (2016), the
property of school buildings belongs to school boahisg,the municipalitiesare involved as

well as theinvegment budget forthe construction ofthese buildings will come from
municipalities. It is therefore very important that school boards, but definitely also
municipalities, have insight in the developments in the field of upgrading the level of
sustainabiliy and energy efficiency of school buildings. In addition, these buildings are mainly
used by teachers and pupils. It is important, to have a focus on what these people think about
the new sustainate developments (Penders, 2017).

1.2.1. Nearly zerenergyschool buildings

As mentioned irsectionl.1., there are also requirements for educational buildings according
to the EPBD recast directive and the nearly zemergy buildings' requirements. These
requirements are shown in table(RVO, 2017)'he maximm energy demand for heating or
cooling a school building is 50 kwh/mz2.yr. The school buildings built after the end of 2020
should be provided with insulation that meets these requirements. In addition, the maximum
primary fossil enagy consumption is 60 kkYmz2.yr. The primary fossil energy consumption
also includes energy used for lighting, hot water preparation and system losses, as mentioned
in subsection 1.1.1The energy generated from renewable sources may be subtraicted

the primary fossil energyomsumption Also, according to the EPBD recast the minimum share
of renewable energy must be 50%, for example this energy is generated by solar panels or a
heat pump (RVO, 2017).

New buildings must meet the NZEB requirements by the end of 2020. Newngosetal
buildings must be nearly zemnergy by the end of 2018. According to RVO (2017),
educational buildings are private institutions with a public duty. Property of school buildings
belongs to school boards, according to the educational legislationthEiNZEB requirements,
school buildings are not considered as governmental buildings, therefore new built school
buildings must be nearly zemnergy by the end of 2020 (RVO, 2017).



1.2.2.Indoor environmental gglity of schoobuildings

In addition tothe NZEB requirements for school buildings, it is also important to pay attention
on the soft side of this property. The primary function in these buildings is education.
According to Turunen et al. (2014), the indoor environmental quality (IEQ) inflaethee
health and welbeing of pupils. Poor IEQ eventually causes absence and decreased
performance of pupils (Toyinbo et al., 2017). The indoor environmental quality of school
buildings is influenced by various building characteristics, for exampleatenibnd sunlight.
According to MacNaughton et al. (2016), relocation to a green building with a better IEQ,
pupils experience fewer symptoms of disease. Besides pupils, poor indoor environmental
quality influences also the webeing of educators, bothhysically as mentally (Sadick & Issa,
2017). Upgrading the quality of school buildings is important for the-egtig of pupils and
educators. Since pupils will eventually run our society, it is important to focus on upgrading
the quality of primary andexondary school buildings.

The municipalities and the school board take care of almost 10.000 school buildings in the
Netherlands. Morethan 25 million pupils are educated in these primary and secondary
schools.Study of Albers et al. (2016) provdthat age and functional and technical quality of
school buildings vary and the financial resources spent on educational buildings show
substantial regional and local differences. This study also investigates that school buildings
regularly fail to comply withelgal requirements and enforcement does not take place. The
current rate at which new constructions are being realized is relatively low: buildings are used
on average for 69 years before they are replackta glance for the future, it is needed to
invesigate the opportunities for new school buildings, because these pupils belong to our
future (Albers et al., 2016).

1.3. Research problem and research questions

In this section, the problem analysis and the research questions are discussed. Besides, the
objectives and limitations are explained.

1.3.1. Problem analysis and research questions

After the end of 2020, all new school buildings must comply the requirements for nearly zero
energy buildings, according to the EPBD recast directive. According tieetiaist directive, it

is relevant for school boards and municipalities to have knowledge of the improvement of
buildings' energy efficiency, reduction of energy consumption and the generation of
renewable energy, because standards are set for these tluaegories. According to
abolishment of the net metering restrictions by 2023, it is also useful for school building
owners to have knowledge of storing generated eye because surplus energy can be
deducted anymore.

Only a fewstudies have beedone about energy efficiency of school buildings. It is therefore
relevant to give insight in which energy efficient technologies can be implemented in these
buildings. Besides, it is important to understand the preferences of the school building users,
suchas teachers and pupils.



To figure out what possibilities can be applied in school buildings according to the
requirements for nearly zerenergy buildings and which are relevant for users, the
following research question is established:

"Whichenergy dficient technologies areechnicallyapplicable in school buildings
according to the requirements for nearly zenoergy buildings and what are the
school building user preferences filvese technologies?"

To answer the main research question, the folilegvsub questions are determined:

l.  Which energy efficient technologies can be implemented to decrease the school
buildings energy consumption according to the requirements for nearly zero energy
buildings?

II. Which technologies can be implementadimprove the school buildings energy
efficiency according to the requirements for nearly zero energy buildings?

[ll.  Which technologies can be implemented to increase the amount of renewable
energy in school buildings and how can the surplus elestita stored?
IV. What is the energy consumption pattern of school buildings?

V. Whichof the energy efficientechnologies are useful according to the energy

consumption pattern of school buildings?
VI. Which factors influence the school buildingisergy consumption?
VII. What are the school building user preferences on the energy efficient technologies?

1.3.2. Research objectives and limitations

The goal of this research is to investigate which energy efficient technologies are relevant for
schml buildings according to the requirements for nearly zero energy buildings and to give
insight in the user preferences of these technologies. The focus of this research refers to new
built primary and secondary schools in the Netherlands, but there Vel be taken into
account that it can be applied to existing school buildings.

1.4. Research design

In this section, the various methodologies of this study will be explainexelimethodologies
will indicatehow the research (sylguestions, identifiedn sectionl.3., will be answered.

1.4.1. Methodological justification

This research consists of six parts: literature study, energy consumption pattern, energy
efficient technologies for school buildings, energy consumption analysis, user prefereces a
conclusion/discussion. In these parts, multiple research methloage beenused. The
research modeis displayedn subsectionl.4.2.

1. Literature study

In chapter2, the literature studyhas beenconducted. This studgaveinsight in energy
efficient technologies that can be applied in school buildings. These technologies are based
on the nearly zereenergy buildings' requirements. This step foetisn the three categories:
energy demand, primary fossil energy consumption and renewable en&lpseenergy
efficient technologies are divided in multiple building features, such as heating/cooling,
ventilation, renewable energy and building automation. According to the abolishment of the
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net metering restriction, this part also includes technologiesfoergy storageAfter this the
energy consumption pattern is described and the user preferences based on energy efficient
technologies.For this literature review, scientific articles, theses and webdit@ge been
approached. In thishapterthe first three subquestionswere discussed.

2. Energy consumption pattern

In chapter 3the energy consumption pattern of school buildsmgdetermined. This research

Is conducted by means of ten case studies, which include six primary scrablfour
secondary shools. These cases are obtairfesin the smart energy measurement system of
HEVQConstruction management & consultandihese school buildings have a smart energy
management system which stores and analyses the energy consumption data. This energy
consumipion pattern will give insight in the energy consumption of the school buildings during
summer, winter, day, night, etc. In this part, answer is given on the fourthgsielstion.

3. Energy efficient technologies for school buildings

After determining theenergy consumption pattern, there is checked if the energy efficient
technologies fit this energy pattern. This insight is needed to adjust the energy efficient
technologies to the energy consumptions and to make sure the energy sources meets the
needs ofthe energy use of the school buildings. Only the technologies, which benefits the
energy consumption will be included in further research. This part will answeqsestion

five.

4. Energy consumption analysis

In this part, an energy consumption analyg@scarried out. In this analysis the energy
consumption data of the ten case studies aalected together with the school buildings'
characteristics. To investigatevhich factors influence theschool buildings' energy
consumption, a regression analys@sonducted. In this part, stdpuestion six is answered.

5. User preferences

Besides the insights in the energy efficient technologies, it is useful to map what the user
preferences of these technologies are. istpart a questionnaire isonducted anong the
teachersof primary and secondary schools and secondary school pupils. In this ptated
choice experiment is conducted to give insight in the school building user preferences on
energy efficient technologies.

6. Conclusion/discussion

The lIat part will include the conclusions of this study. It will give insight in which energy
efficient technologies can be applied in school buildings according to the requirements for
nearly zereenergy buildings. Hereby is taken into account what the schset preferences

are regarding these technologieBesides, there is described whidctors influence the
school buildings energy consumption. This part will answer the magareh question of this
study.



1.4.2.Conceptual framework

In the previoussubsection the six
research parts of ti3 study are
explained. Figure &n the right, shows
the links between the six researcl
parts.

The literature study, together with the
energy consumption pattern give:
input for the energy efficient
technologies thatcan be applied in
school  buildings. The energ
consumption pattern also gives inpu
in the energy consumption analysis.

The energy efficient technologies ar
implemented in the questionnaire to
give insight in the school building user
preferences. Tagther with the energy
consumption analysis these three part
will give answer to the main researc

1. Literature
study

Research questions I, IT & III

2. Energy
consumption
pattern

Research question IV

3. Energy-efficient
technologies
School buildings

Research question V

4. Energy
consumption
analysis

Research question VI

5. School
building user’s

preferences

Research question VII

6. Conclusion/
discussion

Main research question

question in the last part.

Figure 1 Research model
1.5. The scientifical importan@nd social relevancef the thesis

For the scientifical importanceheére is a research gap on the energy efficiency of school
buildings.Only a fewstudies havebeen conducted on energy efficient school buildings. The
research on smart school buildings that is conducted is mainly about implementing smart ICT
technologiesThe research is a contribution to the literatuta.addition, it issociallyrelevant

to reflect the preferences of the useaom the energy efficient technologies. This result will be
used to inform the school boardsbout these preferences. School boa then use the
results for constructing new school buildings or for renovating existing buildings.

1.6. Reading guide

This report consists of fivehapters In the firstchapter, the literature review is described. In
this chapter multiple energy eftient technologies are discussed.dhapter 3, the energy
consumption pattern of school buildings is presenté&thapter 4 contains the energy
consumption analysis. kchapter5, the user preferences on the energy efficient technologies
are described. Thiastchaptercontains the conclusions of this research.



2. LITERATURE REVIEW

In the first section of this chapter, state of the art literature is used to identify multiple energy
efficient technologies. These technologi@re separated in five categories, heating and
cooling, ventilation, renewable energy, energy storage and building automation. In section 2,
the energy consumption pattern idescribedand the influencing factors on the energy
consumption are explainednlsection 3, the user preferences are specified. Finally the
conclusions and limitations are described.



2.1 Energy efficient technologies

As described in the first chapter, applying energy efficient technologies is very important, due
to environmenal issues such as air pollution, depletion of the ozone layer and global warming
(Calabrese et al., 2015; Cuce, 2016). According to Benli (2016), economic growth and
sustainable development is encouraged by the use of efficient energy sources. So, use of
energy-efficient technologies is not only needed for climate concern, but also for
improvement of the society.

2.1.1. Technologies heating/cooling

The energy consumption for heating, ventilation andainditioning (HVAC) increased rapidly

in the past fev years to almost 50% of buildings total energy consumption, according to
Skandalos & Karamanis (2016). That is why it is vital to increase the use of sustainable and
energyefficient solutions for heating, cooling and ventilation.

2.1.1.1. Radiant caily/wall panels

A radiant ceiling/wall panel is a plaster/gypsum or metal panel where heating or cooling of a
building is controlled by means of hot or cold water, see figure 2. Couplings are connected to
the panels that allow the water to flow along the rpel. Energy transfer takes place via
radiation (60%) and via convection (Rhee, Olesen & Kim, 2017; Zhang, Liu & Jiang, 2013). These
panels are used in both residential and a@sidential buildings for heating or cooling (Li et

al., 2015; Rhee, Olesen &Ki2017).

Ceiling concrete Ceiling concrete
g Alrgap Thermal insulation
Thermal insulation Plaster/gypsum
a N b

Aluminium panel
Figure 2. (a) Metal radiant ceiling panel. (b) Plaster/gypsum radiant ceiling panel (Kosonen, 2017)

Radiant ceiling/wall panels are energy efficient and provide a pleasant indoor climate. It
causes less draught due to the fact thlaé air is not blown into the building, but because of

the use of radiant heat. In addition, this system ensures more comfort in a building. It produces
little to no noise and is very suitable for low temperature heating and high temperature
cooling. The wstem can be equipped with several features, such as ventilation and acoustic
solutions (Li et al., 2015; Rhee, Olesen & Kim, 2017; Zhang, Liu & Jiang, 2013). On the other
hand, the system has some limitations. Radiant ceiling/wall panels have higheal casits

than convective systems. Installation and adjustment must be done carefully. After
installation, it is difficult to check the system and to approach the remaining installations in
the ceiling (Rhee, Olesen & Kim, 2017). Also condensation can wbeuwr the surface
temperature is lower than the dew point of the air (Bruggema, 2007; Zhang, Liu & Jiang, 2013).

2.1.1.2. Thermally activated building systems (TABS)

Thermally activated building systems (TABS) activates the thermal mass of the buiding b
means of a water supply network that is included in the floors, see figure 3. The water through
these pipes is cold if the building needs cooling and warm if the building needs heating. The
thermal energy is stored in this way and delivered through theré and ceilings (Bruggema,

2007; Helsen et al., 2013; Saelens, Parys & Baetens, 2011). TABS can be applied in both
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residential and nofresidential buildings for heating and cooling. It can only be applied in new
buildings, not in renovation projects (Banen, 2017; Rhee, Olesen & Kim, 2017).

Ceiling concrete
Figure 3. Thermally activated building systems (TABS) (Kosonen, 2017)

Thermally activated building systems provide a high level of comfort by delivering gradual
radiation, less affection of draughts and minimurhrwise disturbance (Bruggema, 2007;
Helsen et al., 2013; Rhee, Olesen & Kim, 2017; Saelens, Parys & Baetens, 2011). According to
Kosonen (2017), TABS are energy efficient with the aid of low temperature heating (LTH) and
high temperature cooling (HTC).réquirement for TABS with LTH/HTC is that the building
must be insulated very well, otherwise heat losses arise. The investment costs of thermally
activated building systems are low in comparison with traditional systems (for example
underfloor heating), his also applies to the running costs of TABS (Helsen et al., 2013;
Kosonen, 2017). If this system is combined with a geothermal heat pump, the system is called
GEOTABS, a very energy efficient solution (Kosonen, 2017; Rhee, Olesen & Kim, 2017). TABS
are celivering heat/cold radiation both up via the floor and down via the ceiling. This has also
disadvantages, if two spaces located one above the other and have different heat demands.
Heating and cooling for individual spaces is also an issue (Bruggema S2@0éns, Parys &
Baetens, 2011). While developing a building with TABS, extra attention must be drawn to the
design, both for the layout and the acoustics. Acoustic facilities cannot be processed into the
ceiling. Besides, thermally activated buildingteyns has a slow operation. In some cases, an
additional heating system is required during peak demand (Bruggema, 2007; Kosonen, 2017,
Rhee, Olesen & Kim, 2017). Also, accordingao de Cruijs (2009), TABSmatrbe applied in
renovation projects.

2.11.3. Low temperature heating (LTH)

Low temperature heating (LTH) is used for heating a building by means of warm water. In
comparison to traditional heating, LTH uses water with a much lower supply temperature.
Traditional heating uses water with a temp&ree from 55 to 90 °C, LTH uses water
temperatures from 30 to 55 °C (Jiang et al., 2015; Jstergaard & Svendsen, 2016). To be energy
efficient, LTH must be applied with large surface heat emitters (for example radiant ceiling
panels, TABS or low temperatuiadiators) to make sure the building can be heated with low
temperatures. It is also necessary to apply LTH only in very well insulated buildings, to reduce
heat losses (Hesaraki, Ploskic & Holmberg, 2015).

Low temperature heating provides a comfortaleled healthy indoor environment with less

air movement, due to a stable, even and pleasant ambient temperature. The system is
environmental friendly and very energy efficient, when using large surface heat emitters
(Hesaraki, Ploskic & Holmberg, 2015; Jieh@l., 2015; Jstergaard & Svendsen, 2016). A
limitation of this system is, that it is difficult to apply in renovation projects with convective
heating systems (dstergaard & Svendsen, 2016).
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2.1.1.4. High temperature cooling (HTC)

High temperature coatig (HTC) is way of cooling a building with cold water, the same as
traditional cooling systems. The difference between HTC and traditional cooling systems is the
amount of degrees of the supply temperature. The supply temperature of HTC systems is
much hidner. Traditionally water/liquid with a temperature of 6 °C is used, with HTC the
temperature of the water is between 10 to 16 °C. The temperature of HTC is thus considerably
higher (Saber, Wai Tham & Leibundgut, 2016; Zhai et al., 2015). High temperailing can

also be used such as low temperature heating only in cooling systems with a larger surface
area, to make sure LTH is efficient (Zhai et al., 2015).

High temperature cooling is used to make buildings more energy efficient. When used in well
insulated buildings, HTC will provide energy savings. It also ensures a comfortable and healthy
indoor environment, because of the gradual space cooling (Jiang et al., 2015; Liu et al., 2017,
Zhai et al., 2015). In combination with radiant ceiling panelseduces the chance of
condensation (Saber, Wai Tham & Leibundgut, 2016).

2.1.1.5. Cogeneration or combined heat & power (CHP)

Cogeneration or combined heat & power (CHP) is a method of heat generation that generates
both electricity and heat with a sirgfuel. The electricity is released during the generation of
heat. This can be based on natural gas, petroleum or even pellets. Cogeneration works the
same as a common boiler, if the heat is needed, the boiler will turn on. In addition to heat, the
CHP als generates electricity at the same time (Al Moussawi, Fardoun & Louahlia, 201-7; Siler
Evans, Granger Morgan & Azevedo, 2012; Strachan & Farrell, 2006). This heat generation
system can be applied both in residential buildings as in largerresidential lildings. In
residential buildings the system is applied as a mCHP system. It is a smaller system usable

by one household (Al Moussawi, Fardoun & Louahlia, 2017).

Advantages of combined heat & power are that only one system is used for both heat and
electricity. The system is more efficient than central energy stations. The greenhouse gas
emissions are lower in comparison with conventional energy generators (Gvozdenac et al.,
2017; Silefevans, Granger Morgan & Azevedo, 2012; Strachan & Farrell,. Z086)heat
generation system is energy efficient and reduces costs (Al Moussawi, Fardoun & Louahlia,
2017; Gvozdenac et al., 2017). Disadvantages of cogeneration is that the heat and electricity
generation must be adjusted, otherwise too much unnecessagrgy is produced and will

be lost (SileiEvans, Granger Morgan & Azevedo, 2012).

2.1.1.6. Trigeneration or combined cooling, heat & power (CCHP)

Trigeneration or combined cooling heating and power (CCHP) is a heat generation system
which initially genertes heat and electricity, the same as with a combined heating and power
(CHP) system. The heat produced by this generator can be partly converted into cold by means
of an absorption chiller. By means of this application, this cooling can be used for air
conditioning. This system can be used in both residential as largeresidential buildings.

For the residential building mictG6CHP systems are used (Al Moussawi, Fardoun & Louahlia,
2017; Ebrahimi & Keshavarz, 2013; Farahnak et al., 2015ES8des, Ganger Morgan &
Azevedo, 2012).
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According to SileEvans et al. (2012), CCHP can produce heat for heating in the winter and
cooling for airconditioning in the summer. Trigeneration is also saving energy costs, flexible
and reducing greenhouse gas emissi¢gbrahimi & Keshavarz, 2013; Farahnak et al., 2015).
This system is more expensive than CHP, because of the additional absorption chiller (Siler
Evans, Granger Morgan & Azevedo, 2012).

2.1.2. Technologies ventilation

2.1.2.1. Balanced heat recoverytsgss

In the case of balanced heat recovery ventilation, both the amount of fresh air supply as the
amount of polluted indoor air are equal. Heat recovery ensures by means of a heat exchanger,
that the heat of the exhausted air is used to heat the fresltiEiFouih et al., 2012; Fernandes
Seara et al., 201XGuillénLambea, Rodrigue2oria & Marin, 2017). This ventilation system
can be used in both residential as nmsidential buildingsEl Fouih et al., 201Zuillén
Lambea, Rodriguegoria & Marin, 201).

Balanced heat recovery systems provide more comfort in the building and reduce the amount
of heat losses. By means of the heat exchanger, this system saves energy, because the heat of
the exhaust air is reised for heating the fresh air. According Eb Fouih et al. (2012) a
requirement for this system is that the building must have high thermal insulation and air
tightness. Besides, opening windows is still necessary to increase the amount of fresh air. The
investment costs of this heat recovery st are much higher than traditional systems. Also
energy savings are up against the energy usage of the ventilators of the mechanical ventilation
system (El Fouih et al., 2012; Fernan&esrra et al., 201GuillénLambea, Rodriguegoria &

Marin, 2016; Gilién-Lambea, Rodriguegoria & Marin, 2017).

2.1.2.2. Eartkair tube ventilation

Earthair tube ventilation is a method whereby heat or cold is extracted from the soil to heat
or cool the supplied ventilation air, see figure 4 below (Yang & Zhang, Za1Bx2 meters,
horizontal tubes are used as heat exchanger for warming the supplied air in the winter and
cooling the supplied air during summer (Baglivo & Congedo, 2017; Gan, 2014, 2015, 2017,
Yang & Zhang, 2015). Ea#dh tube ventilation was origirly applied to greenhouses, but is

now also used in residential and commercial buildings (Gan, 2014).

Internal thermal mass
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-
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Flgure 4. Schematic view of an eadin tube ventilation system (Yang & Zhang 2015)
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According to Gan (2015), eardr tube ventilation reduces eneygcosts for heating and
cooling. It provides a better comfort, because the supply air is constant (Yang & Zhang, 2015).
It is also very energy efficient, because it uses warmth of the soil to warm up the ventilation
air (Baglivo & Congedo, 2017; Gan, 202@15, 2017). However, Gan (2014, 2015, 2017)
proved that earthair tube ventilation can cause moisture problems through the underground
tubes. Also a large site is required to install the underground system (Baglivo & Congedo,
2017).

2.1.2.3 Bauer Optintigation ventilation technology

Bauer Optimalisation is a climate control technology without directed ventilation flow. This
system uses a slow, natirectional, chaotic airstream (De Installatie Adviseur, 2015; Lieshout,
2013). This ventilation technologyses sensors to control the ventilation requirement
(Theodoridou & Valk, 2015). The technology is mainly applied in public buildings and atriums
(De Installatie Adviseur, 2015).

Limited scientific research is conducted on this innovative ventilationnelcgy. According

to Theodoridou & Valk (2015), this is due to a patenttatechnology. Bauer Optimadison
ventilation systems provide no draught, an optimal comfort and energy savings (De Installatie
Adviseur, 2015; Lieshout, 2013). The criticale@vof Theodoridou & Valk (2015) specified

that energy savings cannot be mentioned as an advantage, because the investment costs are
not declared. Besides, the installation procedure is complicated and there are still some
problems in practice with this veitation system (De Installatie Adviseur, 2015).

2.1.3. Technologies renewable energy sources (RES)

Renewable energy is seen as the problem solver for the environmental problems, such as
global warming and ozone layer depletion (Foaud, Shihata & MordHy; Sellami et al.,
2016). But it is also a solution for the finite stocks of fossil fuels, because it provides clean,
secure and affordable energy (Benli, 2016; Kim et al., 2016; Martins, 2017). Renewable energy
includes among others aerothermal, geoth&al and hydrothermal energy, solar energy and
wind energy (Dongellini, Naldi & Morini, 2015; Vasseur & Kemp, 2015).

2.1.3.1. Heat pump

A heat pump consists of four processes which are continuously repeated: the evaporator, the
compressor, the condensend the expangn valve see figure 5. Through these four parts a
cooling fluid is pumped around. In the evaporator, the liquid is heated. For this heating, heat
is extracted from the heat source (air, water or ground). The liquid absorbs the heat, lbils an
evaporates, the liquid is now turned into vapour. The pressure of this vapour is then increased
in the compressor, causing the temperature to increase rapidly. This warm vapour emits
warmth to a liquid used for the central heating. Then the vapour erttegscondenser, where

the vapour is converted into liquid again. Finally, the fluid enters the expansion valve, which
also reduces the pressure, this will also cause a drop in temperature. After that, the liquid is
suitable for repeating the process agéRees, 2016; Sarbu & Sebarchievici, 2016).
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Figure 5. Schematic diagram of the operation of a heat pump (Rees, 2016)

2.1.3.2. Geothermal heat pumps

Geothermal heat pumps use the heat of the soil as a heat source for the heat pump (Yoon,
Lee & Go, 2015)Geothermal heat pumps are used with open and closed sources. An open
source heat pump is a heat pump which uses open pipelines. This heat pump pumps the
groundwater through these open pipes, extracts the heat from it and pump the used
groundwater back ito the soil. This heat pump is called a ground water source heat pump
(Dasare & Saha, 2015). The closed source heat pumps uses a closed pipeline system. In these
systems fluids passes through the pipes. The liquid does not come in contact with the soil. It
only extracts heat from the soil. This can be done by using horizontedrtical pipe systems
(Dasare& Saha, 2015; Yoon, Lee & Go, 2015).

Geothermal heat pumps benefit from the uniform and stable temperature of the
ground(water). Therefore, these hepumps are very energy efficient (Dasare & Saha, 2015;

Kim et al., 2016; Li et al., 2017; Luo et al.,, 2017; Yoon, Lee & Go, 2014, 2015). Besides,
geothermal heat pump have lower operation costs in comparison with traditional heating
systems and due to these of renewable energy geothermal heat pumps reduce greenhouse

gas emissions (Dasare & Saha, 2015; Lu et al., 2017; Madessa et al., 2017; Shang, Dong & Li,
2014). According to Adamovsky et al. (2015) ground source heat pumps are complex systems
and moredifficult to install relative to aerothermal heat pumps. Ground source heat pumps
have also higher investment costs in comparison with air source heat pumps (Adamovsky,
Neuberger & Adamovsky, 2015; Lu et al., 2017).

2.1.3.2.1. Horizontal ground source hpamp

Horizontal Ground Source Heat Pump (GSHP) is a heat pump with a horizontal pipe network.
The pipes in the heating network are placed at a depth-@friieters, see figure 6. Through

these pipes, liquid flows that attracts the heat of the soil (Adaskygy Neuberger &
Adamovsky, 2015; Dasare & Saha, 2015; Li et al., 2017). According to Kim et al. (2016) heat
absorption of horizontal GSHP is improved by rainfall and sunshine. This system emits heat to
the soil in the summer and absorbs heat during winf@asare & Saha (2015) mentioned that
these heat pumps are mainly used in rural area with a low urban density. Because the
Netherlands is densely populated, this can be seen as a limitation.
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Figure 6. Horizontal ground heat exchanger with differen¢ gipnfigurations (Yoon, Lee & Go, 2015)
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there are no limits on land usage. Horizontal GSHP has lower installation costs than vertical
systems, because excavations &ess expensive than drilling boreholes (Dasare & Saha, 2015;

Li et al., 2017; Yoon, Lee & Go, 2015). This system is a compromise between efficiency and
costs, because it is not the most expensive system but it has not the highest coefficient of
performance (COP) (Adamovsky, Neuberger & Adamovsky, 2015; Dasare & Saha, 2015; Kim et
al., 2016; Yoon, Lee & Go, 2015). The COP values differ between several locations because of
differences in moisture and mineralogical composition of the soil. Efficiency dfatizontal

ground source heat pumps are also influenced by the pipe configuration, the type of pipe and
the depth (Adamovsky, Neuberger & Adamovsky, 2015; Dasare & Saha, 2015; Kim et al., 2016;
Yoon, Lee & Go, 2015). By using this type of heat pumpge fanface area is required for
excavation of the soil (Dasare & Saha, 2015; Kim et al., 2016).

2.1.3.2.2. Vertical ground source heat pump

A vertical ground source heat pump consist of three components: the heat pump, the ground
heat exchanger and indoamits. These components provides that the thermal energy of the

soil is used for the heating or cooling of a building. A circulation fluid is passing through the
ground heat exchanger. During winter, it extracts the heat of the ground to warm up the
building and in the summer it uses the cold of the ground for cooling, see figure 7 below (Lu
etal., 2017; Luo et al., 2017; Madessa et al., 2017). According to Lu et al. (2017), the boreholes
are typically less than 100 meters, but other research specifiatittte most commonly used

depth for the vertical GSHP is between 18I meters (Kim et al., 2016; Yoon, Lee & Go,
2014, 2015).

Winter Summer

“ Ground Heat
= Exchanger

Wii 1:1:1
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Figure 7. (a) The principle of a vertical ground source heat pump system during winter. (b) The principle of a wentical gro
source heat pump system during summer (Lu et al., 2017).
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Vertical GSHP is the most efficient system in comparison with other heat pumps and for this
system is only a small surface area needed (Adamovsky, Neuberger & Adamovsky, 2015;
Dasare & Saha, 201lKong et al., 2017). According to Kong et al. (2017), the vertical GSHP is
the most popular heat pump in high densely populated areas. Limitations of these vertical
systems are that the installation costs are much higher, because of the deep borehstes. Al
implementation of this system is not always possible due to groundwater protection areas
(Adamovsky, Neuberger & Adamovsky, 2015; Dasare & Saha, 2015; Galgaro & Cultrera, 2013;
Kim et al., 2016; Kong et al., 2017; Li et al., 2017; Yoon, Lee & G0o2Q0%3}4;

2.1.3.2.3. Groundwater heat pump (GWHP)

As mentioned above, a groundwater heat pump operates with an open source. Groundwater
is pumped from the aquifer through the heat exchanger. After extraction of the heat, the
groundwater is ranjected into he aquifer (Galgaro & Cultrera, 2013; Gai@ibet al., 2016).
According to Zhou et al. (2013), the groundwater is a heat source in the winter and a heat sink
during the summer.

Advantages of groundwater heat pumps are: 1) the high efficiency due tonatamt
groundwater temperature (Sciacovelli, Guelpa & Verda, 2014); 2) operational and energy
usage is lower than traditional systems (Zhen et al., 2017) and 3) in comparison with other
ground source heat pumps it has higher energy density, faster tranapd lower costs (Zhou

Si Ff®d®X HamMoLD® [AYAGllIGA2Yya 2F D{ltQa IINB @K
requires an aquifer (Galgaro & Qelta, 2013). According to Sciacovelli et al. (2014),
temperature difference between the pumped watand the reinjected water can influence

the performances of other heat pumps in the neighborhood. Just as vertical GSHP's,
implementation of this system is not always possible due to groundwater protection areas
(Galgaro & Cultrera, 2013).

2.1.3.3. Aerotarmal heat pumps

Aerothermal heat pumps uses the ambient air as heat source. Two types are distinguished, air
to air heat pump (AAHP) and air to water heat pump (AWHP). These two systems can use both
outdoor air and exhaust air extracted from the buildirexhaust aito-air heat recovery
systems are used as ventilation system and is already explained in subsection 2.1.2.1.
Aerothermal heat pumps have lower investment costs than geothermal heat pumps, but the
efficiency of these systems are also lower (Nddwbngellini & Morini, 2015; Thalfeld, Kunitski

g [FipO20T HAamMyO D

2.1.3.3.1. Air to air heat pump (AAHP)

An air to air heat pump (AAHP) is a heating system by using air heating. With the aid of warm
air flow the building is being warmed up. This systemstst of an outside and an inside unit.

The outside unit extracts heat of the outdoor air, the inside unit ensures that the heat is
transferred to the heating air which flows into the building. This system can be applied as
heating system and both as véation system in small dwellings, but also in large commercial
buildings (Calabrese et al., 2015; Kim, Choi & Kim, 2015; Mortada et al., 2012).

Advantages of this system are, also for the other air source heat pumps, 1) simple to install;
2) high energyaving potential and 3) efficient solution (Ma et al., 2017; Tran et al., 2013).
Besides, for air to air heat pumps, it is more comfortable and more quickly warmed up, due to
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air heating (GrasHanssen, Christensen & Petersen, 2012). Disadvantages ofisie dteat
pump system is that it is 70% less efficient in cold temperature climates than in warm
temperature climates (Mortada et al., 2012).

2.1.3.3.2. Air to water heat pump (AWHP)

An air to water heat pump (AWHP) uses the same principle as an air hea pump, but

instead of heating air, this heat pump system heats water for heating or cooling purposes
(Madonna & Bazzocchi, 2013). This system can also be used for tap water heating. Advantages
and disadvantages are similar to air to air heat pumps.

2.1.3.3.3. Heat pump water heater (HPWH)

A heat pump water heater is just like an air to water heat pump system, but instead of using
outdoor air as heat source the heat pump water heater uses exhaust air (Kensby, Trischel &
Dalenbéack, 2017). According Yieira, Steward and Beal (2015), air source heat pump water
heaters are the most popular systems for water heating purposes. Advantages of HPWH are
the lower implementation costs than other heat pump boilers and it has also a less complex
system. Disadvdages of this systems are the higher initial costs in comparison with other
water heating systems and this system is not able to heat water on high demand. (Vieira,
Steward & Beal, 2015; Wanjiru, Sichilalu & Xia, 2017; Willem, Lin & Lekov, 2017).

2.1.3.4 Solar energy

Solar energy is the largest renewable energy sources of all renewable energy sources (Vasseur
& Kemp, 2015). This is because solar energy is available and feasible in many countries all over
the world (Fouad, Shihata & Morgan, 2017; Mart@317). Besides that, according to Comello

& Reichelstein (2017), the implementation of solar energy sources has grown rapidly in the
past few years due to government subsidies. Solar energy can be captured by photovoltaic
(PV) modules.

PV's are able ttransform sunlight directly into electricity (Skandalos & Karamanis, 2015), by
means of among other solar panels. PV modules are common made of crystalline si$tpon (c

or amorphous silicon (8i) (Gaglia et al., 2017). These silicon PV modules, aresweité
dimensions of 10 cm x 10 cm x 0.3 mm. The wafers consists of 2 layers of silicon with an electric
field built-in it, which captures the energy from sunlight. If the solar energy captured by the
electric field is above an amount of energy, the selaergy will be transformed into electricity

by means of photons and electrons (Fouad, Shihata & Morgan, 2017).

2.1.3.4.1. Photovoltaic (PV) panels

Photovoltaic (PV) panels are panels filled with silicon PV wafers. PV wafers convert light into
direct curent. With the aid of a converter, direct current is transferred into alternating
current, it is then converted in a useful form of electricity (Fouad, Shihata & Morgan, 2017).
According to Verhees et al. (2013), PV panels are likely to be the most impeteewable

energy source after 2010. PV panels also absorb energy on a cloudy day, only if the panels are
covered with snow or leafs, they do not perform well.

Advantages of PV panels are their efficiency and energy saving potential. And according to
Gaglia et al. (2017), the silicon cells are warranted for 25 years. Disadvantages of this
electricity generating system are that the efficiency depends on the performance of the
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materials. Amorphous silicon wafers are thinner and less expensive than kngstilicon
wafers, but they are also less efficient (Gaglia et al., 2017; Martins, 2017).

2.1.3.4.2. Photovoltaic (PV) glazing

In the past decades, glazing technologies, such as windows, are more often used in facades
due to their main benefit: providig daylight (Skandalos & Karamanis, 2015; Wang et al.,
2016). But, windows also ensure more heat loss in wintertime in comparison to other building
elements, due to their higherMalue (Cuce, 2016; Skandalos & Karamanis, 2015; Wang et al.,
2016). In summetime, windows can provide problems such as overheating, due to their lower
insulation capacity.

Photovoltaic (PV) glazing can block the heat of the sun and at the same time generate
electricity (Cuce, 2016; Skandalos & Karamanis, 2015; 2016; Wang 2018; 2017). PV
windows consists of two layers of glass filled with a PV cell captured in two ethylene vinyl
acetate (EVA) sheets, a layer of reflection glass and an air gap, see figure 8 below (Skandalos
& Karamanis, 2015; Wang et al., 2017). PV window$®y now mainly used in office buildings,

but also in residential and other commercial buildings (Cuce, 2016; Wang et al., 2016).
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Figure 8. Schematic diagram of a PV window with crystalline siliedi) wafers (Skandalos & Karamanis, 2015)

Besideslectricity generation and blocking sunlight, there are more advantages of PV glazing.
According to Skandalos & Karamanis (2016), by blocking heat of the sun, also cooling loads are
reduced what maintains into energy savings for air conditioning. P\hglézialso useful in
renovation projects, because of the simple installation and replacement of traditional glazing
(Cuce, 2016; Wang et al., 2016). Contrary to the advantages, PV glazing has also downsides.
Wang et al. (2016) mentioned that it providesdevisibility to the external environment. It is

also an expensive technology due to the high initial costs of silicon PV cells (Cuce, 2016). And
at least, the integration of the PV windows must be extensively investigated in both new and
existing building due to the building energy balance (Skandalos & Karamanis, 2016).

2.1.3.4.3. Solar water heater
Water heating is after heating, cooling and lighting the largest energy consumer in commercial
buildings (Zou et al., 2017). Since the uprising awarenesmsefvable energy sources, solar
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water heaters have become more popular (Sellami et al., 2016). Solar water heaters uses solar
energy by means of solar collectors for water heating purposes (Mostafaeipour et al., 2017,
Sellami et al., 2016). After the watierheated by the sun, it is stored into an insulated water
tank. This tank is needed to provide hot water in times when there is lack of sunshine. Besides
a storage tank and solar collectors, transfer pipes and a circulatid@nsyse necessary, see
figure 9below (Mostafaeipour et al., 2017; Sellami et al., 2016).
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Figure 9 Schematic diagram of a solar water heater with a passive system (Sellami et al., 2016)

Solar water heaters are widely used in various building sectors, also in the educatitinal se
Sellami et al. (2016) proved that using solar water heaters in this sector, not only provide hot
water, but also give insight in the operation of such sustainable techniques. Of all the solar
energy technologies, solar water heaters have the simpleshnique and are the most
affordable (Sellami et al., 2016). It has potential to save up to 38% of the energy supply. Solar
water heaters are mainly used for smaike consumption and they must have access to a
large storage tank. Payback time of thystem varies through different countries, it is very
affordable in the South of Europe, due to the warm climate (Mostefaeipour et al., 2017).

2.1.3.5. Wind energy

Another renewable energy source is wind energy, as it says it captures energy from the power
of the wind. According to Martins (2017), wind energy is together with solar energy the main
renewable energy source for electricity generation. For wind energy generation, not only large
wind turbines are available, also small systems consists usedsiogk building electricity
generation (Taylor et al., 2013).

2.1.3.5.1. Micrewind turbine

A microwind turbine is such a small system which captures energy and transfers it into
electricity. Wind turbines can be categorized into 3 types: large winkires, small wind
turbines and micrewind turbines. Large wind turbines, with a hub height of around 105
meters and a diameter of 90 meters, can produce 3000 kW per hour, these turbines can be
used for electricity generation of a whole community (Breefd4,& Taylor et al., 2013). Small
wind turbines are specified in different ways, generally they are specified as wind turbines
with a height up to 30 meters and a production from 1 to 10 kW per hour. These wind turbines
can be installed roemounted or freestanding (Breeze, 2016; Grieser, Sunak & Madlener,
2015). Micrewind turbines produce up to 1 kW per hour and can be used to supply a small
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building with electricity. These turbines are mainly roodunted and produced in various
heights, generally withlades of maximun2 meters (Breeze, 2016; Ledo,séeih & Cooper,
2011; Taylor et al., 2013).

Generally, wind turbines are mainly applied in rural areas egolf systems, but nowadays

also more and more in urban areas (Grieser, Sunak & Madlener, 20{c5p-wind turbines
generates electricity in a usable form and in addition this system provides a high degree of
technical reliability (Grieser, Sunak & Madlener, 2015; Ledo, Kosasih & Cooper, 2011). Linked
to a battery storage system, micwind turbinescan supply continuous power generation
(Breeze, 2016). Disadvantages of these wind turbines are the high levels of noise generated
by the turbines and the limited performance in urban areas. The higher the density in these
areas leads to decrease in elecity generation (Abohela, Hamza & Dudek, 2013; Breeze,
2016; Grieser, Sunak & Madlener, 2015; Taylor et al., 2013).

2.1.4. Technologies for energy storage

Many renewable energy sources, mainly solar energy and wind energy, produce energy on
moments whe& no electricity is needed. Also, solar and wind energy is unpredictable and
uncontrolled (Reddy et al., 2018). This provides, in combination with the probable abolition of
the net metering restrictions, as mentioned in the first chapter, that it will l@erimportant

to storage electricity (Comello & Reichelstein, 2017). In this section, a few possible energy
storage systems are specified.

2.1.4.1. Thermal energy storage

Thermal energy storage can be used for two main purposes, storage of heat/cotdather
energy or storage of electricity. Storage of heat/cold thermal energy can also be seen as a
geothermal heat pump, by using an aquifer for extracting heat/cold (Lizana et al., 2018;
Sommer et al.,, 2015). These types of thermal energy storage have hseunsskd in
subsection 2.1.3.2. Thermal energy storage for electricity storage purposes are explained in
this subsection.

Thermal energy storage (TES) systems consists of a boiler in which heat or cold thermal energy
is stored, which can be used later felectricity generation (Davenne et al., 2017; Reddy,
Mudgal & Mallick, 2018). TES systems consists mainly of a closed circuit filled with gas, which
flows through the compressor and the expander and exchanges heat or cold with tlee ho

cold boilers, sedéigure 10 The three most important modes of these TES systems are: direct
energy transmission, charging mode and discharge mode (Davenne et al., 2017). This system
is by now mostly used for high consumption combined with a field of solar panels,dhiets

a concentrated solar power (CSP) plant (Alva, Lin & Fang, 2018; Davenne et al., 2017; Reddy,
Mudgal & Mallick, 2018).
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Figure D. Schematic diagram of a thermal pumping cycle (Davenne et al., 2017)

Advantages of this system is that it is an@éint method for energy storage, it has a better

life cycle and is more durable (Alva, Lin & Fang, 2018; Davenne et al., 2017). TES are also able
to storage energy directly, because it does not have to be converted in another form of energy
(Reddy, Mudgal&k Mallick, 2018). But this system has also disadvantages, namely as
mentioned before it is by now mainly used for high consumption purposes. Also it is, in
comparison with batteries, less suitable for energy storage from wind and solar energy
sources (AlvaLin & Fang, 2018).

2.1.4.2. Battery energy storage

Battery energy storage systems are used to store energy generated by renewable energy
sources such as solar panels. It is stored during periods of high generation and can be later
used during peak hosr(Prada et al., 2017; Vieira, Moura & de Almeida, 2017). The three main
types of battery systems are: lead acid, sodinitketchloride and lithium ion. Lithium ion
batteries are proved to perform the best in comparison with the other two types (Vieira,
Moura & de Almeida, 2017). Battery energy storage systems can be applied in both
commercial buildings and dwellings (Nair & Garimella, 2010).

Due to the battery energy storage, less generated energy is being wasted. By storing the
energy in batteries, ther are also less energy costs during peak hours. Because of this system,
more and more efficient cleaner energy can be used (Nair & Garimella, 2010). On the other
hand, this technology is uncertain and challenging, due to the capacities, energy yields and
investment costs (Mariaud et al., 2017). Moreover, the batteries are made of toxicities, which
are not sustainable (Alva, Lin & Fang, 2018).

2.1.4.3. Smart grid

Another way to storage energy generated by renewable energy sources, is by means of a
smart grd. A smart grid is an electricity network connected with electricity generators and
electricity consumers. This network can be locally distributed, but it can also be arranged
regionally or nationally (Bulut et al., 2016; Lawrence et al., 2016). Withimaat 5yrid,
buildings are connected with each other. If more electricity is generated than needed, other
buildings on the grid can use this electricity for their own consumption (Lawrence et al., 2016).
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Benefits of buildings in a smart grid are cost mization and energefficiency (Lawrence et

al., 2016). But smart grids have also drawbacks. It creates uncertainty for the consumers and
it is a source of energy losses before reaching theeset (Nair & Garimella, 2010; Vieira,
Moura & de Almeida, 2017Also the smart grid must be available at the location, or else a
grid must first be implemented (Lawrence et al., 2016).

2.1.5. Technologies building automation

Energy efficiency of buildings can be optimized with building automation technologies.
Compaed to other implemented technologies, implementing these building automation
technologies is simple and quick and it is one of the most cost effective ways (Nagy et al.,
2015).

2.1.5.1. Automatic lighting

Automatic lighting is based on occupancy behafypmeans of motion sensors. If a motion is
detected, the lighting automatically switch on. And if no motion is detected for an amount of
time, the lighting is switched off. Advantages of this technology are that it reduces energy
consumption and it savesnergy costs. It can save up to 38% of energy in comparison with
manual lighting systems. Drawbacks of automatic lighting is that if someone is out of reach of
the motion sensors or is not moving, the lights will be switched off (Nagy et al, 2015).

2.15.2. Automatic sun blinds

Automatic sun blinds are controlled by using sensors for indoor illuminance. The blinds will be
lowered if there is a high level of illuminance and otherwise this level is low (Gunay et al.,
2017). Advantages of automatic sumbls are savings on cooling load, because of automatic
shading, more warmth of the sunlight is blocked. This will lead to less energy consumption of
the cooling system. Drawbacks of this technology is that occupants are annoyed if the sun
blinds are loweredf it still feels glary, and otherwise if it feels bright (Gunay et al., 2017).

2.1.5.3. Automatic daylight control

Automatic daylight control is a technology to control the illuminance of the lighting system.
The lighting illuminance is dimmed automaliy based on the daylight illuminance
(Meerbeek et al., 2014; Taleb & Mannsour, 2012). This technologies saves the energy
consumption, is more energy efficient and provides occupant comfort (Nagy et al., 2015; Taleb
& Mannsour, 2012).

In appendix Aa summary of the advantages and disadvantages of the energy efficient
technologies is included.

2.2. Energy consumption

To apply energy efficient technologies, the energy consumption pattern will change. The
energy consumption will decrease due to the moffecgent use of energy. In this section, the
energy consumption pattern of commercial buildings will be investigated and after that the
influencingfactors on the energy consumption of buildings will be described.
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2.2.1. Energy consumption pattern of coercial buildings

The energy consumption pattern shows the amount of energy consumed during each hour of
the day. In this energy consumption pattern the weekends are not taken into account.
According Menezes et al. (2014), the amount of energy consumpfioommercial buildings

iIs around 10% in comparison with weekdays. If the weekends are taken into account the
average energy consumption during the day will be lower and ndtsteafor weekdays. In
figure 11, the energy consumption pattern of small o#ibuildings is displayed (Menezes et

al, 2014). This energy consumption in measured and predicted based on weekdays. The
measured energy consumption is displayed as black lines and the predicted energy
consunption in grey lines. In figure 1dan be seenhat most of the energy is consumed
between 8 o'clock in the morning and 8 o'clock in the evening. Also can be seen that less
energy is consumed around 2 o'clock in the afternoon. According to Menezes et al. (2014), the
share of energy demand for computeis 25%, during lunchtime the computers are on
standby mode. This is why the energy consumption decreased at lunchtime with around 25%.
(Menezes et al., 2014; Rafsanjani, Ahm & Eskridge, 2018).
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Figure 11 Predicted and metered weekday power demand grofilsmall office buildings (Menezes et al., 2014)
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2.2.2. Influencing factors on the energy consumption of commercial buildings

Even as turning on or off computers, there are also other factors influencing the energy
consumption of commercial buildingscéording to Lindberg, Korpi & Vinha (2008), also
weather factors have an influence on the energy use of a building, such factors are outside
temperature and amount of sunlight. It is expected that more energy is consumed in winter,
because the outside tengvature is lower and there is less amount of sunlight (Lindberg, Korpi
& Vinha (2008).

A study of Paul et al. (2012) proved that there are four main subjects influencing the energy
demand of industrial and commercial buildings. These factors are (Bsinicture; (2)
building specific; (3) social, cultural and peer influence and (4) environmental corareins
attitudes, see also figure 1(Paul et al., 2012). The infrastructure factors contains the type of
the building, the insulation level, the numbef floors, the building size and the age of the
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building. The building specific factors contains the work duration, type of industry, base
consumption, equipment used, number of thermostats and number of occupants. For the
social, cultural and peer influes accounts, when providinigedback on the energy bill of
consumers, the energy consumption decreases. This feedback is based on energy
consumption from equal buildings and provided every quarter of the year. For the
environmental concerns and attitudethis depends on the behavior of the energy consumers.

In the consumer is energgonsciousand more environmental friendly, the energy
consumption is reduced (Paul et al., 2012).

Social
Infrastructure Cultural and Building Specific
Peer
Type of the LI Work duration
building e.g. brick u
Type of industry
Factors
Insulation level influencing
demand .
(Industrial Base consumption
Number of floors Sector)
Equipment used
— <=
Building size Number of
Q thermostats
Environmental
Age of the building Concerns and
Attitudes Number of
Occupants

Figure 12Influencing factors on the energy consumption behavior ictimemercial/industrial sector (Paul et al, 2012)

2.3. User preferences

In the first two sections of this chapter, the energy efficient technologies, the energy
consumption pattern and the influencing factors on the energy consumption are described
and expained. In this section, the user preferences on the energy efficient technologies are
identified. In addition, is described whether the environmental behavior of persons influence
the energy consumption of a building. In this section also a differenoade between pupils

and teachers.

2.3.1. Energy efficient technologies

User preferences on energy efficient technologies depends on different factors. Firstly,
Guthridge (2010) proved that the consumers are less familiar with energy efficiency than they
say. This study showed there is a misperception between understanding and saying to
understand. Thereafter the price of the energy efficient technologies influences their choice
to adopt. If the price of the energy efficient system is higher than the canweal system,

most of the energy consumers are likely to adopt the conventional system. In addition,
consumers are not inclined to change their behavior to optimize their energy consumption if
it decreases their electricity bill.
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2.3.2. Environmental balvior

As mentioned in subsection 2.2.2., also the environmental behavior of energy consumers
influences the energy consumption. Consumers which are more energy conscious and
environmental friendly are consume less energy (Paul et al., 2012). This iscaled pySapci

& Considine (2014).

According to Sutterlin & Siegrist (2014), the perceptof the environmental behawoof
persons show contradictions. In this study is proved that individual are likely to say they are
energy conscious but instead theyake choices that are not linked with energfficiency
(Satterlin & Siegrist, 2014).

2.3.3. Behavior of teachers and pupils

As mentioned in subsection 22., the environmental behauioinfluences the energy
consumption. According to Wiernik, Ones &cbdrt (2013), the environmental behavior of
individuals differs between particular age groups. This study proved that older individual are
more likely to be engage with nature and avoid environmental harm than young individuals.
Also elderly are more likglto conserve raw materials and natural resources. Assumed is that
teachers are related to older individuals and pupils to younger individuals (Wiernik, Ones &
Dilchert, 2013). Studies of Damerell, Howe & Mil@arlard (2013) and Eilam & Trop (2012)
proved that the environmental behavior of adults are contrasting the environmental behavior
of children. Adults are more likely to be environmental friendly and energy conscious than
children (Damerell, Howe & Milngsullard, 2013; Eilam & Trop, 2012).

Accordng to Roose & Kerklaan (2012), energy and environmental awareness is responsibly
high amongst pupils from 128 years old. Pupils are aware of the origin of energy, the energy
consumption of applications and renewable energy. But despite the knowledge and
awareness of energy, the behavior of pupils with respect to the environmental remains poor
(Roose & Kerklaan, 2012).

2.4. Conclusion

In this sectionthe conclusions of the literature review are described. Firstly the conclusion on
the energy efficienttechnologies are described. Secondly the conclusions on the energy
consumption are specified. Finally, the user preference part is concluded.

2.4.1. Energy efficient technologies

2.4.1.1. General conclusion

In this chapter, various energy efficient tewiogies are introduced. For heating and cooling,
heat emission systems are discussed, such as radiant wall and ceiling panels and thermally
activated building systems. These systems can generate considerable energy savings in
combination with low temperaire heating and high temperature cooling. In addition,
cogeneration and trigeneration are described, which are energy efficient heating sources. In
comparison with traditional heating sources, these systems ensures less energy loss and can
also generate aditional electricity.
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Forthe ventilation section, three energy efficient ventilation systems are discussed. Balanced
heat recovery systems saves energy costs by extracting heat from exhausted aaiEaibe
ventilation also extracts heat, but hetbe heat is extracted from the soil. Besides, Bauer
Optimalisation ventilation technology is discussed. This technology provides energy savings,
because this system uses no ventilation flow. It provides ventilation by means of a slow
airstream. Due to agtent on this technology, only a few studies are conducted, therefore
this technology has not been scientifically tested.

Also multiple renewable energy technologies are described. The renewable energy sources
used for these technologies are geothermakr@hermal, solar and wind energy. For
geothermal and aerothermal energy technologies, heat pumps are used to extract the heat
from the source and transfer it to asable form of energy. Geothermal heat pumps, such as
horizontal and vertical ground sourbeat pumps and groundwater heat pumps, benefit from

the stable and uniform temperature of the energy source. This does not apply to aerothermal
heat pumps. Heat pump water heaters, air to air and air to water heat pumps are aerothermal
heat pumps and useht heat of the ambient air. Therefore, these systems are 70% less
efficient in cold temperature climates.

Solar energy is the most commonly used renewable energy source. Solar energy is captured
and transferred into electricity by photovoltaic cells. &oknergy technologies, such as
photovoltaic panels, photovoltaic glazing and solar water heaters, are implemented with
these photovoltaic cells. Photovoltaic panels are panels placed on the roof or facade of a
building to capture electricity. Photovoltagtazing is also used to capture electricity, but here

the photovoltaics are sentransparent and placed into the glass of a window. Solar water
heaters uses solar energy to heat water for hot water and heating purposes. In addition, also
wind energy can & used as renewable energy source for buildings. {Rominted or free
standing micrewind turbines uses wind energy for electricity generation. These turbines are
mainly placed in rural areas, because of higher efficiency and noise generation.

The techndogies for energy storage discussed in this research are thermal energy storage,
battery energy storage and smart grids. Thermal energy storage systems uses cold and hot
boilers to store generated electricity. This system is less suitable for electecigrajed by

solar and wind energy, in comparison with battery energy storage. Battery energy storage
systems store electricity mainly by means of lithium ion batteries. Due to these batteries,
battery energy storage is less sustainable as thermal eneoggget. Besides, also smart grids

are used to store electricity. This is a network connected to electricity generators and
consumers. Within a smart grid, electricity generated in one building can be consumed by
another.

In the fifth section, three buildig automation technologies are specified: automatic lighting,
automatic sun blinds and automatic daylight control. Automatic lighting and automatic
daylight control directly result in energy savings for lighting. While automatic sun blinds
provides less egrgy costs for cooling systems, by blocking heat from the sun automatically
when the sun is shining bright.
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2.4.1.2. Technologies applicable in school buildings

In the literature review, multiple energy efficient technologies are investigated. Advantages
and disadvantages are explained. Moreover, the comments/requirements to apply these
technologies in school buildings in the Netherlands are described in the previous section. The
applicability and the requirements areggented schematically in table 2c8. Tabé 2shows

the requirements for implementation in new school buildings and taBlshows the
requirements for existing school buildings. These requirements describe whether it can be
technically applied.

Table 2 Applicability of energefficienttechnologies in new school buildings

Technology Applicabl® | Comment/requirement
Heating/cooling
Radiant ceiling/wall panels Yes
Thermally activated building systems Yes High thermal insulation is required
Extra attention to the building dégn
Low temperature heating Yes High thermal insulation is required
High temperature cooling Yes High thermal insulation is required
Cogeneration Yes
Trigeneration Yes
Ventilation
Balanced heat recovery systems Yes High thermal inslation is required
Earthair tube ventilation Yes Large site is required
Bauer Optimalisation No Limited scientific research is done
Renewable energy
Horizontal ground source heat pump Yes Large site is required
Vertical ground sourcedat pump Yes Not applicable in areas with
groundwater protection
Groundwater heat pump Yes Not applicable in areas with

groundwater protection
Aquifer is required

Air to air heat pump Yes Less efficient in the Netherlands
Air to water heatpump Yes Less efficient in the Netherlands
Heat pump water heater Yes Not applicable for high demand
Photovoltaic panels *
Photovoltaic glazing * Extra attention to the building design
Solar water heater Yes Large storage tank is required

Less efficient in the Netherlands
Micro-wind turbine No High levels of noise generation

Less efficient in urban areas

Energy storage

Thermal energy storage Yes Mostly for high consumption

Battery energy storage Yes

Smart grid Yes Available grid is required
Building automation

Automatic lighting Yes

Automatic sun blinds Yes

Automatic daylight control Yes

* Determined in chapter 3, based on the school building's energy consumption pattern
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Table 3 Applicability 6 energyefficient technologies in existing school buildings

Technology Applicabl® | Comment/requirement
Heating/cooling
Radiant ceiling/wall panels Yes
Thermally activated building systems No Not applicable in renovation projects
Low tempeature heating Yes High thermal insulation is required

Difficult to apply in renovation
projects in combination with
convective heating systems

High temperature cooling Yes High thermal insulation is required
Difficult to apply in renovation
projects in combination with
convective cooling systems

Cogeneration Yes
Trigeneration Yes
Ventilation

Balanced heat recovery systems Yes High thermal insulation is required

Earthair tube ventilation Yes Large site is required

Bauer (timalisation No Limited scientific research is done

Renewable energy

Horizontal ground source heat pump Yes Large site is required

Vertical ground source heat pump Yes Not applicable in areas with
groundwater protection

Groundwater heat pum Yes Not applicable in areas with
groundwater protection
Aquifer is required

Air to air heat pump Yes Less efficient in the Netherlands

Air to water heat pump Yes Less efficient in the Netherlands

Heat pump water heater Yes Not applicabledr high demand

Photovoltaic panels *

Photovoltaic glazing * Extra attention to the building design

Solar water heater Yes Large storage tank is required
Less efficient in the Netherlands

Micro-wind turbine No High levels of noise gendian

Less efficient in urban areas

Enerqgy storage

Thermal energy storage Yes Mostly for high consumption

Battery energy storage Yes

Smart grid Yes Available grid is required
Building automation

Automatic lighting Yes

Automatic sun blinds Yes

Automatic daylight control Yes

* Determined in chapter 3, based on the school building's energy consumption pattern

2.4.2. Energy consumptio

Commercial buildings consume the most energy between 8 o'clock in the morning and 8
o'clock in the evening. In these buildings, a remarkable decrease in the energy consumption
can be seen during lunchtime. This is due to putting the computers on standby during lunch.
Also other factors are influencing the energy consumption, such as weatlotorsa

29









































































































































































































































































































