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Summary
According to the020 plan of Eindhoven Wrersity ofTechnology(TU/e), the campus aims to reduce
its energy consumption by 30% by 2020rGpared t02005). TU/e has installed aamquifer thermal
energy storage (ATES) systandit hasconnecedto around 70% of the buildgs on the campusto
achieve thisgoal One of theegulations of ATES systems in the Netherlands stateshbdieat being
injectedis obligatoryto be the sameas theheat beingextracted from the subsurfacéroughout a

year, in order tokeepthe subsuface thermal balanced\t present the excess heatf the ATES system
isreleasedfrom two cooling towers.

The Atlas building which recently finished itsenovation, also conned to the ATES systenThe

building has a high BREEAM score (96.0&4%g ®veral researchers are workghon the control

strategis of the buildingPrevious studies shadthat the Atlas buildindghas potential tamprove the

thermal balance ofthe ATES systenHowever,the influence caused byuncertainties of occupant
behaviour (OBhas notbeenconsidered

In this projectfour control strategeswith uncertainties of OB were investigatdd,order to achieve
better operational performance of the ATES systéfit-for-purpose model was developemhderthe

determined thermal zone cmplexity andthe 16 defined OB scenarios in regad to thermostat

adjustment, window and blind operatioikKeyperformance indicatorskpPls) arehe annual heating
and cooling demandhe heating/cooling ratio (H/C) anithe excess annual heating demand-Q+

Annual heating and cdiag demand oftie benchnark modelis 683 MWh and 215 MWtespectively
which leadsto a H/C of 3.2 anda H-C of 468 MWh. The investigationshowedthat the defined OB
scenarioscause considerableimpact on the heating and coolingeghand especiallythe coding
demand.Amongthe three aspects of OB, the thermostat adjustmdras the largest impaatn the
heating and cooling demand of thmiilding whilethe window operationbrings the smallest impact
onthe demands

Introducing contol stratedesto the buiding increaseboth H/Cand HC andthe definedOBscenarios
under different control strategswill lead to different level of variationf KPIs Based on thdinal

results ofthe sensitivity analysjghe thermostasarerecomnended to befreely adjused in the range
of p 3,the blind operation is suggested to be limited in the summer, and the wisdaw befreely

operated throughout the yeaBased on theobustness operformanceto OB two control strategies
which areincreasing cooling setpoistand night fushingare recommended to introduce to the
building which leads to a H/C of 8.1 and &t+bf 598 MWh.

Keywords
Energy performance prediction, ATES systesn occupant behaviair, control strategies, TRNSYS,
sensitivily analysisannualheating and coolingemand
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1 Backgroun d of the project
Buildings are responsible for approximately 40% of energy consumption and 36%ehiS€lons in

the European Union, offering the highest potential for efficiency improvement and savings on energy
bills[1].

Eindhoven University dfechnologyTU/e)plansto reduce ts energy onsumption by 30%y 2020Q(in
comparison to 205). 20% of the savings are expected to come from bugdion the campuslU/e

has installed an aquifer thermal energy storage (ATES) system, which is one of the largest ATES systems
in Europe Around 70% of he buildings on TU/e campus are connected to the ATES system. The
Campus 2020 plan aims to fully suppleaing and cooling to the buildings by the ATES system, in
combination with heat pumpand lowtemperature heatingsystemsto reduce he heding demand

and replace the usage of natural gasl/e is expected to save around three million kWh of elecyricit
consumption and more than 450,000 m3 of gas consumgtiom the ATES systeni]

The annual heating and cooling capacityhaf ATES system 1§ GWh and 3.5GWh respectivel}3].

One of the regulations of ATES systems in the Netherlands state$ thabtandatory thaho excess
heatisinjectedinto the subsurfacaluring the summecompared tathe heat being extracted from the
subsurfaceduringthe winter, in order toprotect the subsurface anthe environment[4]. Therefore,

the estimation of heating and cooling demand of the buildings is crucial to achieve better operating
performance of the ATES systefit present, two cooling towerare used to balancehe ATEBsystem

[5]. The goal of the TU/e is to reduce operational hourshef ¢ooling towers.

1.1 Introduction of the Atlas building

One d the largest projects to meet the Campus 2020 plan is the renovatiothefAtlas buildindthe
design phase20142016 the construction phase20162018) which isalso connected tahe ATES
system The building has beeufficially reopenedon the 21 of March20109.

The design of the building has been awarded the highest BREEAM score in the category for
construction projects in educatiof6.01%[2]. The building is equipped with solar panafgthe roofs,

which can supply 500 megawatt houlg@Wh) per year to cower most of its power requirements.
Natural ventilationisintroduced tothe Atlas buildinglue to theall-glass facaddesign and occupants

can freely adjust the windows. In addition, night flushwill be introduced during summer nights
Moreover, the dazirg of the windowsvaschosen to be sumesistant(low g-value) and low Uvalue

with interior blinds, which could provide thermal and visual comfort for uséh& buildingis also
equipped with smart LED lighting, and the level oftiighoould beadjusted by users through an App

[6].

The main buildings situatedon TU/e main campusb(°26'52.7"N 5°29'10.0"Ejwolong sicsfaceto
the eastand thewest, as shown irFigurel.1. It has13 storieswith a total useful areaf 35,644 M [7]
and iscompo®d of different types of zones with single/double floor such agommon sitting spaces
classrooms offices, meeting rooms anthboratories Detailed floor layout with furnishings are
providedin AppendixA.

11
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Atlas

Figurel.1 A captured map of TU/e camp[§

1.2 Previous research related to the Atlas buildin g

The Alas building is expected to have higher heating demand than cooling denmEmetefore the
building showspotential to improve the thermal balance adhe ATES systenCurrently several
researchers are working on the operatalr{control)strategies of the bulding.

One of the recentesearclesfocused on theannualheating and cooling load die Atlas buildindy
investigatingifferentthermal control strategiefr]. Theresults showed thathere isan excess heating
demandof the buildingto contribute to the thermal balance of the ATES systémbient cooling
through the window facade will vary the cooling load by up to 11% and ventilation rate basetluah
occupancycould be a major contributor to reducing overall heatirgntand by up to 9%However,
the impactcaused byuncertainties of occupant behaviodras notbeen investigatedin previous
studies

1.3 Problem definition and research question s

Previots studes showedhere will be an excess heating demand of the Atlas building, which is able to
contribute to the thermal balance of the ATES system. However, uncertainties of occupant behaviour
will also impact the building performance. The goahif projectis to investigate thedefinedcontrol
strategies ofthe Atlas building, taking occupant behaviour into account, in order to achieve better
operational performance of the ATES system. The research questions were developed as follows:

1) Which aresuitade cortrol strategies forthe Atlas building?
a) What is the impact of occupant behaviour on the heating and cooling demattieditlas
building?

i) How do the aspects of occupant behaviour (heating/cooling setpoints, window/blind
operation) influence th heatng andcooling demand, and which of them are the most
critical for the Atlas building?

i) What is the most appropriate thermal zone complexity (level of resolution) for this study?

iii) What is the most appropriate representation of occupant behaviour maaogbredict
heating andcooling demand for this study?

b) What is the level of uncertainties from occupant behaviour that is suggestethdéoAtlas
building?
2) How do thedefinedcontrol strategies forthe Atlas building contribute to the thermélalance of
the ATESystem on TU/e ampus?

12
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2 Literature review of occupant behaviour (OB) and occupant

behaviour modelling
Uncertainties(such as occupant behavigun building operation phase impact the actual building
performance causng & LIS NF 2 NXE y @S (i 8 5 Snd oger&idnal Pise. [ The impacof
occupant behaviour on building performance has become a popular topic in recent stideesate
modelling and predicting occupant behavicare challenging, due to its stochasticity, diversity, and
complexity.

Occupan behaviour is conmonly studied based on the occupancy profiles, thermostat control, plug
load use, lighting control, window operation, shading control, and domestic hot water consumption
[9]¢[12]. Occupancy not only contributde internal heat gains of occupants, it is also a key factor to
other model inputs, such as appliance use and blinddeiv goeration [9], [10]. Inthe research of
Ahmed, occupancy also influertcéhe ventilation rate of the case study building [7]. Occupancy
schedules are mainly determined by time of the day and types of buildings/zones. Thermostat control
directly influenceshe performance oheating/cooling systems and indoor temperature. Occupants
non-residentid spaces usually have less control over the thermostats, cosolgar the residential
area. Several studies indicate a £2~3°C of individual control over the default temperature settings
offices is becoming practice. Control of thermostet lased on tine of the day, outdoor temperature,

etc. [9]. In naturally ventilated buildings, window operation is important for indoor air quality and
temperature control[9]. Time of the day, outdor temperature ard indoor CQ@ concentration are
common predictors to the window operation of residential housifit3]. Several parameters of
window operation, such as opening duration anéthdow position patterns make the modelling
become mub morecomplicated [14]. Window shading devices help to minimize the visisdamfort

due to glare, reducsolarradiation and preide privacyfor occupantg[9]. Both visual and thermal
comforts influence how occupants operate the devices.

Common method®f occupant behaviour modellingre schedules, deterministic, ngprobabilistic
and stochasti¢11]. The overview of the size, resolution and complexity of the common metli®ds
listed in Table2.1. A recent review poirdd out that aspects of occupant behaviour in building
simulation tools are conventionally simplified as static scheddl&k This simplification ignores the
dynamic interaction between the built environment and its users, which may umdeverestimate
occupant behaviour. Several mathaticd methodologies for stochastic occupant behaviour
modellinghave beendeveloped, such as Markov chai®. However, in order to have a realistic OB
profile, sufficient monitoring data are required.

Table2.1 Overview of the mostommon occupant behaviour modelling approaches according to size, resolution
and complexityf11]

Simulation Type of model Size Resolution Complexity

framewaork

Conventional Schedules ® ® o
Deterministic ® t t
Mon-probabilistic L ] t
Probabilistic/stochastic @ t44 + 4+t

Agent-based Agent-based stochastic  +++  t+11 Tt
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International Energy Agency (IEA) Energy in Buildings and Community (EBC) Programme Annex 66 has
established a scientific methodological framework for occupant behaviour resgréne of the lkey
findings is that stochastic naels do not always perform better than simplified deterministic/schedules
models.Annex 66 pointed out that onsizefits-all model is not feasible. Insteaitljs suggested to use
a model selection approég fit-for-purpose approach to arrive at themost appropriate model to
achieve better efficiency and higher accuracy for different casabelstudy ofGaetaniet al.(2016),
the merits of a fitfor-purpose approachwere also stressed, angossibleparameters that could
influence the choice of modellintechniquewere presented[11].

Building performanceobudness to umertainties are usually assesseddepsitivityanalysis to help to
make decisionsin the study ofKotireddy et al. (2017),0bustness assessment based on scenario
analysis was developed to identifybust designslt wasfound out that he CQ emissionof the case
studyisthe mostsensitive to heating setpoinf40]. Inthe research of Wanet al. (2016), it was found
out that for conventional office building energy consumption, occuyahas a smaller impact
compared to lighting and appliance usagile to the weak interaction between the operation of
building systems ah occupancy[{16]. Belaziet al. (2018) evaluatedhe uncertaintes of occupant
behaviourand buildingenvelope material§17]. The resuk showed that occupant behaviour has a
considerable influencen energy loadn hot climates compaing to parameters related to building
envelope materialsOn the other hand, forcold dimates, the influence is moresignificant for
parametersin terms ofbuilding envelope than parametens terms ofoccupant behaviour. To shortly
summarize, the impact of occupants on different buildings in different locati®different, which wli
lead to different building performance based on different performance indicators.
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3 Methodology

The research followed five main stepi¢erature review and background studiesiulation model
preparation, simulation model development, sensitivitgnalysis, and peformance assessment, as

shown inFigure3.1.

Before developingmodek, a suitable buildingperformance simulation (BPS) toolTlRNSYS, was
selected and studied, since it is suitable to establish scenarios of aachgaviour (OB and control
strategies by using the equation box and the differential controller (type 165). In addition, thenguildi
component, type 56, has a us#&rendly visual interface and available libraries of construction and

internal gains. flerefore,itcouR ¥l OAf AUl GS G4KS Y2RSf
chosen to investigate the thermal control strateg ofthe Atlas buildind7].

RSOSt2LIYSydo

In order to establsh reasonable models, design information and data of the Atlas building were
collected from consultantand previous work, and reasonable assumptions about missing parameters
were made. Meanwhile, key performance indicators aadresengative canplexity of the building
models were determinedand the OB scenarios and control strategies were defilbel.result from

the developedbenchmarkmodel was compared to other reference valugm order to testify the
method of the model developments appicable. Then, sensitivity analysis with defined OB scenarios
and control strategies was conductetherefore the robustness of the KPIs of the Atlas building and
the impact of the building on the ATES system performacmeld be assessed. &ed onthe
robustness otthe KPIs of the Atlas buildinguitable levels of occupant behaviour and control strategies

were suggested

Literature review and background studies
- Previous/current research on the Atlas building

- Occupant behavior (OB) and modelling

Simulation model preparation
- Study BPS tool: TRNSYS

- Gather data for building models and make reasonable assumptions

Simulation model development
- Determine key performance indicators (KPls) and complexity of thermal zones
- Define OB scenarios and control strategies

- Comparison to reference values

Sensitivity analysis
- OB scenarios: Define the best and the worst scenario

- Control strategies with OB scenarios

Performance assessment
- Robustness of KPIs of the Atlas building

- Impact of uncertainties on the ATES system

- Suggestions for the level of occupant behaviour and selection of control strategies

Figure3.1 Methodology of the research

Five main items of model developmewere descibed in ths chapter, which are: key performance
indicators, complexity of the building models, benchmark model development, OB scenarios, and
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control strategiesA workflow was established to develop the mdsifor the whole building, as shown
in Figure3.2. Firstly, the main zones in the building were classified into four main types, which are:
classrooms, meeting rooms, affis, and open sitting spaces. They have different characteristics
related to occupants. More detaitge piovided in ApendixB. Secondly, the complexity of th& and
5" floor was determined and applied to the floors between tHétd the 11", since they have similar
spatial planning. These floors are the main part of blidding. The reaon to investigate two floors
together is that there are double floor opesitting spaces and classrooms that connect two floors
together. Finally, the rest of the floors, which are théftbor, ground floor and the tlbasement, were
investicated. To nde that, the F' basement, ground, the ™ and the 11" floor have differat
constructions and boundary conditions to be consider@d. Atlas 2 building model is shown in
Figure3.3to help to understand the woflow of the modeldevelopmen.

Classify the main zones

Investigate the middle floor ] 1. Start from 4t and 5t floor
(3t to 10%™ floor) 2. Same complexity to rest of the floors

( Investigate the 2" and 11" floor ]
(different boundary conditions)

Other floors: 0/1/-1

Figure3.2 The flowchart of model development

Floor 2nd-11th

Ground floor & first floor
r‘

Figure3.3 The Atlas @ building model

3.1 Key performance indicators

Based ornthe developed regarch questions, key performance indicators (KRisde determined,

which are the annual heating and cooling demand, the heating/cooling ratio (H/C) and the excess
annual heating demand (B8).The definitions are as follows:

1 Annud heatingdemard: total heating demandf a building/thermal zonghroughout a yearMWh
9 Annualcoolingdemand: totalcoolingdemandof a building/thermal zonghroughout a yearMWh
9 Heating/cooling ratiqH/C) annual heating demand /annual cooling demand unit

16



Technische Universiteit
I U Eindhoven
University of Technology
1 Excesannual hating demandH-C) annual heating demandannual cooling demandiwWh

Theabsolute value of the annual heating and coolindemandare essentialto determine suitable
complexity of building models,compare variatiors of heating and coolipg demand in different

sensitivity analyss andunderstand if thedifferencesbetween different scenarioare significantH/C

and HC are the KPIs used tefine the best and the worst OB scenariasd further quantify the

contribution of the Atlas buildig to the ATES syasm. In this project, the higher H/C and@®are, the
better the thermal balance of the ATES system willlbeaddition,H/C and HCare the reference of
selections of control strategies.

3.2 Determine the complexity of building models

A conplex nmodel mightlead to a more realistic result. However, it requires a larger number of inputs
with uncertaintiesThere is a trad®ff between abstaction modelling error and input uncertainfy8].
Therefore, choosing a suitable complexity to have acceptable and timegftsient results is crucial

at the ealy stage®f the project.

The flowchart of determining the complexity of models for this project is showigimre3.4. The most
complex model is to build up thermal zones for each zone in the building, and the simptéstcadd

be viewing a whole floor as one thermal zone. A representative thermmale of the Atlas building
should be as simple as possible, but still gives results accurate enough to extrapolate to the whole
building In this project, the acceptable devian between estdlished and the most complex model
wasdefined to be 10%Each lbor (2'9-11") in the Atlas building could be seen as three compartments
based on the orientation, which are: the southern side department (Dep S), the department in the
middle (Dg M), and tie northern side department (Dep N), as showirigure3.5.

Determine the resolution of the thermal zones

[«—— Test Cases for the 1°t investigation
Simplest The most complex

|

OB scenarios combine with operational strategies ’

Examine all the defined scenarios by the
lCheck representative scenarios established representative thermal zones
Is the deviation of the result between the established and the l
No most complex model acceptable? Yes

Extrapolate to the whole building ]

Figure3.4 The flowchart of determining the complexity of building models

"Compartment 4M R

I[ W=

Figure3.5 Three compartments in a floor (th& floor)
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The southern side of the double floor department on tieasd 5" floor (Dep 4.S/ Dep 5.S) with initial
setup was taken as the test casaegure3.6). After investigdion, the complexity was determined to be
2 single floor thermal zones for 1 double floor department. Northern side of the double floor

department follows thesame complexity ince it has similar spatial planning. The details of the
invesigation are provded in the Appendi®.1.

Figure3.6 The layout of the southern double storied department on thélabr (left) and 5 floor (right)

For the middle departmen(Dep4.M/ Dep 5M), the complexity was determined to be (2 double floor
classrooms + 2 single flothrermal zones + 4 single 8orooms), as shown iRigure3.7. The details of
the investigation are provided in the Appendd?. Note that trafficarea, staircases, elevators, and
technical rooms at the two sides of middle compartments were not taken into consideration.

ali

oAl JA T W TR Open space 4.M MLE g

Figure3.7 The layout of the middldepatment on tre 4" floor (top) and & floor (bottom) with determined
complexity

3.3 Benchmark model development

The settings athe benchmarkmodel(without OBfrom thermostat/window/blind controland without
control strategies) are descrilokn this secion. Building mocel is the main part of the simulation model.
Themain building model was set tipthe component Type 56 (TRNBuild). Parameters which cadlect
from design documents/consultants were input into diffateelements of the model, which are
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