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Summary  
According to the 2020 plan of Eindhoven University of Technology (TU/e), the campus aims to reduce 

its energy consumption by 30% by 2020 (compared to 2005). TU/e has installed an aquifer thermal 

energy storage (ATES) system and it has connected to around 70% of the buildings on the campus to 

achieve this goal. One of the regulations of ATES systems in the Netherlands states that the heat being 

injected is obligatory to be the same as the heat being extracted from the subsurface throughout a 

year, in order to keep the subsurface thermal balanced. At present, the excess heat of the ATES system 

is released from two cooling towers. 

The Atlas building, which recently finished its renovation, also connects to the ATES system. The 

building has a high BREEAM score (96.01%) and several researchers are working on the control 

strategies of the building. Previous studies showed that the Atlas building has potential to improve the 

thermal balance of the ATES system. However, the influence caused by uncertainties of occupant 

behaviour (OB) has not been considered. 

In this project, four control strategies with uncertainties of OB were investigated, in order to achieve 

better operational performance of the ATES system. A fit-for-purpose model was developed under the 

determined thermal zone complexity and the 16 defined OB scenarios, in regard to thermostat 

adjustment, window and blind operation. Key performance indicators (KPIs) are the annual heating 

and cooling demand, the heating/cooling ratio (H/C) and the excess annual heating demand (H-C). 

Annual heating and cooling demand of the benchmark model is 683 MWh and 215 MWh respectively, 

which leads to a H/C of 3.2 and a H-C of 468 MWh. The investigation showed that the defined OB 

scenarios cause considerable impact on the heating and cooling demand, especially the cooling 

demand. Among the three aspects of OB, the thermostat adjustment has the largest impact on the 

heating and cooling demand of the building, while the window operation brings the smallest impact 

on the demands.  

Introducing control strategies to the building increases both H/C and H-C, and the defined OB scenarios 

under different control strategies will lead to different level of variation of KPIs. Based on the final 

results of the sensitivity analysis, the thermostats are recommended to be freely adjusted in the range 

of ρᴈ, the blind operation is suggested to be limited in the summer, and the windows can be freely 

operated throughout the year. Based on the robustness of performance to OB, two control strategies 

which are increasing cooling setpoints and night flushing are recommended to introduce to the 

building, which leads to a H/C of 8.1 and a H-C of 598 MWh.  

Keywords  
Energy performance prediction, ATES systems, occupant behaviour, control strategies, TRNSYS, 

sensitivity analysis, annual heating and cooling demand  
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1 Backgroun d of the project  
Buildings are responsible for approximately 40% of energy consumption and 36% of CO2 emissions in 

the European Union, offering the highest potential for efficiency improvement and savings on energy 

bills [1]. 

Eindhoven University of Technology (TU/e) plans to reduce its energy consumption by 30% by 2020 (in 

comparison to 2005). 20% of the savings are expected to come from buildings on the campus. TU/e 

has installed an aquifer thermal energy storage (ATES) system, which is one of the largest ATES systems 

in Europe. Around 70% of the buildings on TU/e campus are connected to the ATES system. The 

Campus 2020 plan aims to fully supply heating and cooling to the buildings by the ATES system, in 

combination with heat pumps and low-temperature heating systems to reduce the heating demand 

and replace the usage of natural gas. TU/e is expected to save around three million kWh of electricity 

consumption and more than 450,000 m³ of gas consumption from the ATES system. [2] 

The annual heating and cooling capacity of the ATES system is 15 GWh and 13.5 GWh respectively [3]. 

One of the regulations of ATES systems in the Netherlands states that it is mandatory that no excess 

heat is injected into the subsurface during the summer compared to the heat being extracted from the 

subsurface during the winter, in order to protect the subsurface and the environment [4]. Therefore, 

the estimation of heating and cooling demand of the buildings is crucial to achieve better operating 

performance of the ATES system. At present, two cooling towers are used to balance the ATES system 

[5]. The goal of the TU/e is to reduce operational hours of the cooling towers. 

 Introduction of the Atlas building  
One of the largest projects to meet the Campus 2020 plan is the renovation of the Atlas building (the 

design phase: 2014-2016; the construction phase: 2016-2018), which is also connected to the ATES 

system. The building has been officially reopened on the 21st of March 2019.  

The design of the building has been awarded the highest BREEAM score in the category for 

construction projects in education: 96.01% [2]. The building is equipped with solar panels on the roofs, 

which can supply 500 megawatt hours (MWh) per year to cover most of its power requirements. 

Natural ventilation is introduced to the Atlas building due to the all-glass façade design, and occupants 

can freely adjust the windows. In addition, night flushing will be introduced during summer nights. 

Moreover, the glazing of the windows was chosen to be sun-resistant (low g-value) and low U-value 

with interior blinds, which could provide thermal and visual comfort for users. The building is also 

equipped with smart LED lighting, and the level of lighting could be adjusted by users through an App 

[6]. 

The main building is situated on TU/e main campus (51°26'52.7"N 5°29'10.0"E). Two long sides face to 

the east and the west, as shown in Figure 1.1. It has 13 stories with a total useful area of 35,644 m2 [7] 

and is composed of different types of zones with single/double floor, such as common sitting spaces, 

classrooms, offices, meeting rooms and laboratories. Detailed floor layouts with furnishings are 

provided in Appendix A. 
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Figure 1.1 A captured map of TU/e campus [8] 

 Previous research related to  the Atlas buildin g 
The Atlas building is expected to have higher heating demand than cooling demand. Therefore, the 

building shows potential to improve the thermal balance of the ATES system. Currently, several 

researchers are working on the operational (control) strategies of the building. 

One of the recent researches focused on the annual heating and cooling load of the Atlas building by 

investigating different thermal control strategies [7]. The results showed that there is an excess heating 

demand of the building to contribute to the thermal balance of the ATES system. Ambient cooling 

through the window façade will vary the cooling load by up to 11% and ventilation rate based on actual 

occupancy could be a major contributor to reducing overall heating demand by up to 9%. However, 

the impact caused by uncertainties of occupant behaviour has not been investigated in previous 

studies. 

 Problem definition and research question s 
Previous studies showed there 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 goal of this project is to investigate the defined control 

strategies of the 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 are suitable control strategies for the Atlas building? 

a) What is the impact of occupant behaviour on the heating and cooling demand of the Atlas 

building? 

i) How do the aspects of occupant behaviour (heating/cooling setpoints, window/blind 

operation) influence the heating and cooling demand, and which of them are the most 

critical for the Atlas building? 

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

iii) What is the most appropriate representation of occupant behaviour model to predict 

heating and cooling demand for this study?  

b) What is the level of uncertainties from occupant behaviour that is suggested for the Atlas 

building? 

2) How do the defined control strategies for the Atlas building contribute to the thermal balance of 

the ATES system on TU/e campus? 

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

behaviour  modelling  
Uncertainties (such as occupant behaviour) in building operation phase impact the actual building 

performance, causing άǇŜǊŦƻǊƳŀƴŎŜ ƎŀǇέ ōŜǘǿŜŜƴ ŘŜǎƛƎƴ ŀnd operational phase. The impact of 

occupant behaviour on building performance has become a popular topic in recent studies. Accurate 

modelling and predicting occupant behaviour are challenging, due to its stochasticity, diversity, and 

complexity.  

Occupant behaviour is commonly studied based on the occupancy profiles, thermostat control, plug 

load use, lighting control, window operation, shading control, and domestic hot water consumption 

[9]ς[12]. Occupancy not only contributes to internal heat gains of occupants, it is also a key factor to 

other model inputs, such as appliance use and blind/window operation [9], [10]. In the research of 

Ahmed, occupancy also influenced the 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 influences the performance of heating/cooling systems and indoor temperature. Occupants in 

non-residential spaces usually have less control over the thermostats, compared to the residential 

area. Several studies indicate a ±2~3°C of individual control over the default temperature settings in 

offices is becoming practice. Control of thermostats is based on time 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, outdoor temperature and indoor CO2 concentration are 

common predictors to the window operation of residential housing [13]. Several parameters of 

window operation, such as opening duration and window position patterns make the modelling 

become much more complicated [14]. Window shading devices help to minimize the visual discomfort 

due to glare, reduce solar radiation and provide privacy for occupants [9]. Both visual and thermal 

comforts influence how occupants operate the devices. 

Common methods of occupant behaviour modelling are schedules, deterministic, non-probabilistic 

and stochastic [11]. The overview of the size, resolution and complexity of the common methods is 

listed in Table 2.1. A recent review pointed out that aspects of occupant behaviour in building 

simulation tools are conventionally simplified as static schedules [15]. This simplification ignores the 

dynamic interaction between the built environment and its users, which may under- or overestimate 

occupant behaviour. Several mathematical methodologies for stochastic occupant behaviour 

modelling have been developed, such as Markov chains [9]. However, in order to have a realistic OB 

profile, sufficient monitoring data are required.  

Table 2.1 Overview of the most common occupant behaviour modelling approaches according to size, resolution 
and complexity [11] 
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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 research [9]. One of the key 

findings is that stochastic models do not always perform better than simplified deterministic/schedules 

models. Annex 66 pointed out that one-size-fits-all model is not feasible. Instead, it is suggested to use 

a model selection approach, fit -for-purpose approach, to arrive at the most appropriate model to 

achieve better efficiency and higher accuracy for different cases. In the study of Gaetani et al. (2016), 

the merits of a fit-for-purpose approach were also stressed, and possible parameters that could 

influence the choice of modelling technique were presented [11].  

Building performance robustness to uncertainties are usually assessed by sensitivity analysis to help to 

make decisions. In the study of Kotireddy et al. (2017), robustness assessment based on scenario 

analysis was developed to identify robust designs. It was found out that the CO2 emission of the case 

study is the most sensitive to heating setpoints [10]. In the research of Wang et al. (2016), it was found 

out that for conventional office building energy consumption, occupancy has a smaller impact 

compared to lighting and appliance usage, due to the weak interaction between the operation of 

building systems and occupancy [16]. Belazi et al. (2018) evaluated the uncertainties of occupant 

behaviour and building envelope materials [17]. The results showed that occupant behaviour has a 

considerable influence on energy load in hot climates, comparing to parameters related to building 

envelope materials. On the other hand, for cold climates, the influence is more significant for 

parameters in terms of building envelope than parameters in terms of occupant behaviour. To shortly 

summarize, the impact of occupants on different buildings in different locations is different, which will 

lead to different building performance based on different performance indicators.  
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3 Methodology  
The research followed five main steps: literature review and background studies, simulation model 

preparation, simulation model development, sensitivity analysis, and performance assessment, as 

shown in Figure 3.1.  

Before developing models, a suitable building performance simulation (BPS) tool, TRNSYS, was 

selected and studied, since it is suitable to establish scenarios of occupant behaviour (OB) and control 

strategies by using the equation box and the differential controller (type 165). In addition, the building 

component, type 56, has a user-friendly visual interface and available libraries of construction and 

internal gains. Therefore, it coulŘ ŦŀŎƛƭƛǘŀǘŜ ǘƘŜ ƳƻŘŜƭ ŘŜǾŜƭƻǇƳŜƴǘΦ Lƴ !ƘƳŜŘΩǎ ǿƻǊƪΣ ¢wb{¸{ ǿŀǎ ŀƭǎƻ 

chosen to investigate the thermal control strategies of the Atlas building [7].  

In order to establish reasonable models, design information and data of the Atlas building were 

collected from consultants and previous work, and reasonable assumptions about missing parameters 

were made. Meanwhile, key performance indicators and representative complexity of the building 

models were determined, and the OB scenarios and control strategies were defined. The result from 

the developed benchmark model was compared to other reference values, in order to testify the 

method of the model development is applicable. Then, sensitivity analysis with defined OB scenarios 

and control strategies was conducted. Therefore, the robustness of the KPIs of the Atlas building and 

the impact of the building on the ATES system performance could be assessed. Based on the 

robustness of the KPIs of the Atlas building, suitable levels of occupant behaviour and control strategies 

were suggested. 

 

Figure 3.1 Methodology of the research  

Five main items of model development were described in this chapter, which are: key performance 

indicators, complexity of the building models, benchmark model development, OB scenarios, and 



  

      16 
 

control strategies. A workflow was established to develop the models for the whole building, as shown 

in Figure 3.2. Firstly, the main zones in the building were classified into four main types, which are: 

classrooms, meeting rooms, offices, and open sitting spaces. They have different characteristics 

related to occupants. More details are provided in Appendix B. Secondly, the complexity of the 4th and 

5th floor was determined and applied to the floors between the 2nd to the 11th, since they have similar 

spatial planning. These floors are the main part of the building. The reason to investigate two floors 

together is that there are double floor open sitting spaces and classrooms that connect two floors 

together. Finally, the rest of the floors, which are the 1st floor, ground floor and the 1st basement, were 

investigated. To note that, the 1st basement, ground, the 2nd and the 11th floor have different 

constructions and boundary conditions to be considered. An Atlas 3-D building model is shown in 

Figure 3.3 to help to understand the workflow of the model development. 

 

Figure 3.2 The flowchart of model development 

 

 

Figure 3.3 The Atlas 3-D building model 

 

 Key performance indicators  
Based on the developed research questions, key performance indicators (KPIs) were determined, 

which are the annual heating and cooling demand, the heating/cooling ratio (H/C) and the excess 

annual heating demand (H-C). The definitions are as follows: 

¶ Annual heating demand: total heating demand of a building/thermal zone throughout a year, MWh 

¶ Annual cooling demand: total cooling demand of a building/thermal zone throughout a year, MWh 

¶ Heating/cooling ratio (H/C): annual heating demand /annual cooling demand, no unit 
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¶ Excess annual heating demand (H-C): annual heating demand - annual cooling demand, MWh 

The absolute values of the annual heating and cooling demand are essential to determine suitable 

complexity of building models, compare variations of heating and cooling demand in different 

sensitivity analyses and understand if the differences between different scenarios are significant. H/C 

and H-C are the KPIs used to define the best and the worst OB scenarios and further quantify the 

contribution of the Atlas building to the ATES system. In this project, the higher H/C and H-C are, the 

better the thermal balance of the ATES system will be. In addition, H/C and H-C are the reference of 

selections of control strategies. 

 Determine the complexity of building models  
A complex model might lead to a more realistic result. However, it requires a larger number of inputs 

with uncertainties. There is a trade-off between abstraction modelling error and input uncertainty [18]. 

Therefore, choosing a suitable complexity to have acceptable and time/cost-efficient results is crucial 

at the early stages of the project.  

The flowchart of determining the complexity of models for this project is shown in Figure 3.4. The most 

complex model is to build up thermal zones for each zone in the building, and the simplest model could 

be viewing a whole floor as one thermal zone. A representative thermal zone 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 deviation between established and the most complex model 

was defined to be 10%. Each floor (2nd-11th) 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 (Dep M), and the northern side department (Dep N), as shown in Figure 3.5. 

 

Figure 3.4 The flowchart of determining the complexity of building models 

 

 

Figure 3.5 Three compartments in a floor (the 4th floor) 
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The southern side of the double floor department on the 4th and 5th floor (Dep 4.S/ Dep 5.S) with initial 

setup was taken as the test case (Figure 3.6). After investigation, the complexity was determined to be 

2 single floor thermal zones for 1 double floor department. Northern side of the double floor 

department follows the same complexity since it has similar spatial planning. The details of the 

investigation are provided in the Appendix D.1.   

 

Figure 3.6 The layout of the southern double storied department on the 4th floor (left) and 5th floor (right) 

For the middle department (Dep 4.M/ Dep 5.M), the complexity was determined to be (2 double floor 

classrooms + 2 single floor thermal zones + 4 single floor rooms), as shown in Figure 3.7. The details of 

the investigation are provided in the Appendix D.2. Note that traffic area, staircases, elevators, and 

technical rooms at the two sides of middle compartments were not taken into consideration. 

 

Figure 3.7 The layout of the middle department on the 4th floor (top) and 5th floor (bottom) with determined 
complexity 

 Benchmark  model development  
The settings of the benchmark model (without OB from thermostat/window/blind control and without 

control strategies) are described in this section. Building model is the main part of the simulation model. 

The main building model was set up in the component Type 56 (TRNBuild). Parameters which collected 

from design documents/consultants were input into different elements of the model, which are 
























































































