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Abstract 

One of the biggest challenges of this century is dealing with global warming. To get any control on the 

climate change, it is of essence to stabilize the greenhouse gas concentrations in the atmosphere, 

meaning that the current rate of emitting CO2 needs to be reduced. The building sector in the European 

Union accounts for 40 % of the total energy consumption and 36 % of CO2 emissions. Efforts on making 

buildings more energy efficient will therefore help reduce carbon emissions and address climate change. 

However, evidence is emerging of a recurring mismatch between predicted and actual energy 

consumption in non-domestic buildings, referred as ‘the performance gap’. This performance gap 

hinders the financial attractiveness of energy efficiency investment in the built environment. One of the 

reasons for the performance is gap the uncertainty concerning occupant behavior. People are very 

different in their behavior through culture, education and upbringing, which makes their influence on 

the in-use energy consumption highly variable. Due to the lack of understanding of this influence, it 

results in over-simplification when predicting the energy performance of a building. 

This research focused on the influence of occupant behavior on the total energy consumption of offices. 

Multiple studies have already shown that the influence of occupant behavior on the in-use energy 

consumption of offices can be significant, up to 90 %. However, still a lot is unknown about the influence 

of occupant behavior in different types of offices or how to assess the influence of occupant behavior. 

The office of ABT in the Netherlands was used as case study. The research aimed to get a fundamental 

understanding of the influence of occupant behavior on the total energy consumption (gas + electricity) 

of the ABT office by using operational building data and building energy simulation software. Operational 

building data, provided by multiple measurements and utility bills, gave insight about actual in-use 

energy consumption of the building and how it is influenced by the occupant. The influence of occupant 

behavior could be explained by ‘breaking down’ the measured electricity consumption by, amongst 

others, performing experiments like adjusting the settings of the installations in the BMS. Building energy 

simulation software was used to generate a fully calibrated simulation model of the ABT office and 

perform a sensitivity analysis on occupant behavior.  

Results showed that the real electricity consumption variates up to 12 % hourly and up to 4.7 % monthly 

due to occupant behavior. This was also confirmed by the sensitivity analysis, which showed a variation 

of + 4 % / - 8 % annually. Because of complications it was not possible to study the real-time gas 

consumption. However, the sensitivity analysis showed an hourly variation of the heating load up to 17 

% due to occupant behavior and an annual variation up to 10 % (gas is purely used for heating in the ABT 

office). The results showed that in contrast to other findings in literature the influence of occupant 

behavior on the total energy consumption is minimal. The knowledge of the results can be used to 

compare with other types of offices and inform the market on the impact of occupant behavior on the 

total energy consumption of an office like the office of ABT. 

KEY WORDS 

Occupant Behavior; Building Energy Simulation; Energy consumption offices; Energy monitoring; 

Performance gap 
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Chapter 1. Introduction 

1.1 Background information and motivation 

One of the biggest challenges of this century is dealing with global warming. In October 2016, 132 

countries have ratified the ‘Paris Agreement’ of the United Nations Framework Convention on Climate 

Change (UNFCCC) to take action on climate change (United Nations, 2016). The central aim of this 

agreement is to “strengthen the global response of the threat to climate change by keeping a global 

temperature rise during this century well below 2 degrees Celsius above pre-industrial levels and to 

pursue efforts to limit the temperature increase even further to 1.5 degrees Celsius.” It is thought that 

one of the dominant causes for the observed rise in global temperature is the large amount of 

anthropogenic greenhouse gas (GHG) emissions (Eickemeier et al., 2014) . These GHG emissions are 

mostly composed of carbon dioxide (CO2). To get any control on the climate change, it is of essence to 

stabilize the greenhouse gas concentrations in the atmosphere, meaning that the current rate of 

emitting CO2 needs to be reduced (EPA, 2017).  A major contributor to the CO2 emissions and thus the 

climate change is the built environment.  

The building sector in the European Union accounts for 40 % of the total energy consumption and 36 % 

of CO2 emissions (European Commission, 2016b). Efforts on making buildings more energy efficient will 

therefore help reduce carbon emissions and address climate change, for this reason, the European 

Performance of Buildings Directive (EPBD) was introduced.  The EPBD is one of EU’s main legislation and 

aims to improve the energy efficiency of all building stock including new buildings (European 

Commission, 2016b). For instance, all new buildings in the European countries must be nearly zero 

energy by 2020 and all public buildings by 2018. These strict energy performance regulations must 

ensure, amongst improving energy efficiency and the share of renewables, that the GHG emissions from 

the building sector, along with the rest of the GHG emissions in the EU, will be reduced by 20 percent by 

2020, compared to the 1990 levels (European Commission, 2016a). 
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Energy performance gap 

In order to improve the energy efficiency of buildings, it is also important to get a better understanding 

of the energy use in buildings. For instance, Energy Performance Contracting (EPC) is considered an 

important tool for accelerating the market for energy efficiency investments in the built environment 

throughout Europe (Paolo et al., 2014). An EPC in the built environment contains, amongst other 

aspects, agreements about energy savings which ensure a certain energy efficiency (Rijksdienst, 2016). 

However, evidence is emerging of a recurring mismatch between predicted and actual energy 

consumption in non-domestic buildings. This phenomenon is referred to as ‘the performance gap’. Real-

time data has shown that buildings tend to use way more energy than predicted (Carbon Trust, 2011; 

CarbonBuzz, 2017). This mismatch in energy hinders the financial attractiveness of energy efficiency 

investments. Accelerating the market for energy efficiency investments is of essence for improving the 

energy performance of the building stock.  In response to the need for more energy efficiency, stricter 

legislations and accelerating the market for energy efficiency investments, energy prediction tools are 

more important than ever. However, as shown by the energy performance gap, it also means that there 

will be a need for better understanding the energy use in buildings in order to accurate predict the 

energy performance of a building.  Thus, the industry is faced with the challenge of ensuring that the 

energy performance predicted in the design stage is also achieved during the operational stage of a 

building.  

In-use energy consumption - Occupant behavior 

However, one of the biggest uncertainties concerning the in-use energy consumption of buildings these 

days is the influence of occupant behavior (EA-EBC Annex 66, 2014; Hoes et al., 2009; Dronkelaar et al., 

2016). Dronkelaar et al. have even identified, from the literature, that one of the dominant factors for 

the regulatory energy performance gap is occupant behavior. Occupant behavior related to the in-use 

energy consumption of buildings is, for instance controlling the set-point temperature for heating and 

cooling, opening/ closing windows, switching lights or controlling blinds/ sun shading. People are very 

different in their behavior through culture, education and upbringing, which makes their influence on 

the in-use energy consumption highly variable. Due to the lack of understanding of this influence, it 

results in over-simplification when predicting the energy performance of a building (EA-EBC Annex 66, 

2014), resulting in a mismatch between predicted and actual energy consumption, referred as the 

performance gap.  

Multiple studies have shown that the influence of occupant behavior on the in-use energy consumption 

of offices can be significant, up to 90 % (Hong & Lin, 2013; Martani et al., 2012; Masoso & Grobler, 2010; 

Parys et al., 2010; Dronkelaar et al., 2016). Building occupants do not always have direct control over 

buildings services such as heating and cooling; however, even in highly automated buildings, occupants 

can affect their energy performance by opening windows, controlling blinds or just with their presence. 

Moreover, occupants can also have control over the unregulated loads such as user equipment and 

appliances (Demanuele, Tweddell, & Davies, 2010). So, there will always be an influence of the occupant 

but this influence can change according to the operation of the building. Furthermore, Hoes et al. have 

also showed that the influence of the occupant changes with the design of the building because some 

buildings are more robust to the influence of occupant behavior (Hoes et al., 2009). 
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Occupant behavior being one of the dominant factors for the energy performance gap indicates the 

uncertainty of occupant behavior in building energy simulation but also the operation of the building. 

Getting a fundamental understanding of the influence of occupant behavior is therefore crucial to the 

design and operation of energy efficient buildings. Multiple studies have shown that the influence of 

occupant behavior in offices can be significant (Hong & Lin, 2013; Martani et al., 2012; Masoso & 

Grobler, 2010; Parys et al., 2010; Dronkelaar et al., 2016); however, still a lot is unknown about the 

influence of occupant behavior in different types of offices or how to assess the influence of occupant 

behavior. Therefore, knowledge from practice, meaning evaluating the performance of an office building 

after it is has been built and occupied, could help in understanding and assessing the influence of 

occupant behavior in different type of office buildings. 

 A highly automated office in the Netherlands is used as a case study to see how the energy performance 

of such an office building is influenced by occupant behavior and how this influence relates to other 

offices studied. Getting a fundamental understanding of the influence of occupant behavior on the 

energy consumption of the case study and offices in general has been the foundation of this research.  

1.2 TRECO-Office 

In response to the need for more energy efficiency and accelerating the market for energy efficiency 

investments in non-domestic buildings, TKI EnergGO has started a project in the Netherlands called 

TRECO-Office (Towards Real Energy performance and Control by predicting, monitoring, compare and 

controlling for Offices and Public Buildings). TKI EnerGo was established in 2012 to accelerate the 

development and application of efficient and sustainable energy solutions in the built environment (TKI 

Energo, 2016). The TRECO-Office project aims to make a big step forward by combining advanced 

simulation models for designing parties and monitoring systems that detect failure behavior and provide 

information about the real-time energy consumption of offices and public buildings. The overall 

objective is the fundamental understanding of the real-time energy consumption in offices and all the 

influencing factors concerned with this in order to reduce the discrepancy between predicted and 

measured energy consumption and efficiently control and monitor energy systems (Buitenhuis, 2016). 

The project consists of a consortium of seven companies: Eindhoven University of Technology, DWA, 

ABT, Huygen Installatie Adviseurs, DEMO consultants, Webeasy and Stichting ISSO. The Eindhoven 

University of Technology is currently doing fundamental research concerning the influence of occupant 

behavior. The role of ABT is to conduct measurements and collect data needed for research concerning 

computational models, simulations and occupant behavior.  This research is also a part of the TRECO-

Office project and is done in collaboration with Eindhoven University of Technology and ABT, where the 

office building of ABT functions as the case study.  
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1.3 Scope 

This study is performed to help the industry in getting a better understanding of the in-use energy 

consumption of offices, and especially of the influence of occupant behavior. This is done by means of a 

case study. The influence of occupant behavior on the total energy consumption of the ABT office is 

studied with a two-way approach: with the use of operational building data and by using building-energy 

simulation software. Operational building data, provided by multiple measurements and utility bills, will 

give insight about the actual in-use energy consumption of the building. The collected data will be 

analyzed to see how it relates to the behavior and presence of the buildings occupants. It also gives the 

opportunity to conduct some real-life experiments, such as changing the controls of the climate 

installations. The building-energy simulation software will be used to create a calibrated Building 

Performance Simulation (BPS) model that will function as a tool to study the effect of more occupant 

behavior related scenarios on the in-use energy consumption of the ABT office. It will provide the 

opportunity to conduct experiments which cannot be realized in real-time. The knowledge from the 

operational building data and the BPS model will be used to see how it can be used to better understand 

and study the influence of occupant behavior, and eventually in better predicting this influence.  

1.3.1 Hypothesis and objective 

The hypothesis for this case study is that: “The influence of occupant behavior on the energy 

performance of the ABT office, a highly automated office, is expected to be less significant than other 

office buildings where installations are individually controlled”.  

The main objective of this research is to get a fundamental understanding of the influence of occupant 

behavior on the total energy consumption (gas + electricity) of the ABT office based on operational 

building data and BPS modelling.  Reaching this objective will help in: 

- understanding the influence of occupant behavior on the in-use energy consumption in offices 
and how to study this influence; 

- improving the predictions on the energy performance of offices, which helps the industry in 
understanding and closing the energy performance gap. 

1.3.2 Research questions 

To investigate the influence of occupant behavior on the energy consumption of the ABT office, the 

following question has been formulated: “What is the influence of occupant behavior on the total 

energy consumption (gas + electricity) of the ABT office and how can the knowledge of this influence 

be used?” This question introduces the following four issues: 

i. What does the current energy performance of the ABT office look like? 

ii. What is the relation between the occupant and the in-use energy consumption of the ABT 

office? 



 Chapter 1.  Introduction 

 

5 
 

iii. How can the influence of occupant behavior be explained by operational building data and by 

BPS modelling, and how do the results relate to other studies? 

iv. How can the results of the analysis be used to better predict the influence of occupant behavior 

on the energy performance of offices (expected/guaranteed, range/bandwidth)? 

1.4 Thesis outline 

Figure 1.1 shows a graphical representation of the way this thesis is structured. Chapter 2 gives an 

introduction in background terminology, which describes relevant background information on the study, 

mostly obtained by literature review. It gives insight into the in-use energy consumption of offices, the 

relation between the energy performance gap and occupant behavior, how the uncertainty of occupant 

behavior affects a market like Energy Performance Contracting (EPC), and literature on occupant 

behavior in offices. Chapter 3 introduces the case study of the research and provides a thorough 

description of the building and its systems. Chapter 4 presents the methodology for the two-way 

research approach: using building operational data and BPS modelling. It describes the monitoring, data 

mining, data analysis, development of the BPS model and the sensitivity analysis. The outcome of the 

data analysis, validation of the model and the sensitivity analysis are found in chapter 5. The results are 

discussed and evaluated in chapter 6. To conclude, chapter 7 proposes a number of conclusions drawn 

from the results and recommendations for further research in this domain.  

 

 

Figure 1-1: Reading guide thesis report 
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Chapter 2. Literature study 

Occupant behavior can have a significant impact on the energy consumption of non-domestic buildings 

(Hong & Lin, 2013; Martani et al., 2012; Masoso & Grobler, 2010; Parys et al., 2010; Dronkelaar et al., 

2016). In addition, the influence of occupant behavior is also considered as one of the biggest 

uncertainties in determining the in-use energy consumption of a non-domestic building (Hoes et al., 

2009; Dronkelaar et al., 2016; Yan et al., 2015). These uncertainties can lead to over-simplification when 

predicting the energy performance of a building (EA-EBC Annex 66, 2014). This lack of understanding and 

over-simplification can subsequently lead to a mismatch between predicted and actual energy 

consumption, referred to as the performance gap (Carbon Trust, 2011; CarbonBuzz, 2017). Today there 

is growing need for making the building stock more energy efficient in order to reduce carbon emissions 

(European Commission, 2016b). However, the uncertainties in energy predictions hinder the financial 

attractiveness of energy efficiency investments and the development of markets such as Energy Service 

Companies (ESCO’s) (Lee et al., 2015; Lee et al., 2013; Pätäri & Sinkkonen, 2014). Literature shows that 

understanding the influence of occupant behavior can be of essence for reducing the uncertainties 

regarding the in-use energy consumption of buildings and uncertainties in predicting this consumption. 

Reducing these uncertainties can help in accelerating the market for energy efficiency investments in the 

built environment and improving the energy performance of the building stock. 

The literature study assesses three issues: (i) what is occupant behavior, (ii) what can be found in 

previous studies on the influence of occupant behavior in offices, and (iii) how important is it to better 

understand the influence of occupant behavior. Furthermore, the in-use energy consumption of offices is 

introduced and described to have a clear understanding of the energy division in offices. First the in-use 

energy consumption of offices is described in section 2.1. Then, the first two issues are described and 

discussed in section 2.2. This section elaborates on the driving factors of occupant behavior, review of 

energy-related behavior, and literature on quantitative studies which show the influence of occupant 

behavior in offices. The third issue is assessed by looking at the energy performance gap and how it 

relates to occupant behavior, and how Energy Performance Contracting (EPC) is influenced by the 

uncertainty concerning occupant behavior.  
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2.1 In-use energy consumption offices 

An office is a workplace where mostly administrative work is done. Therefore, the in-use energy 

consumption of an office differs from other types of buildings, like dwellings or factories. There are nine 

principal end uses for energy in office buildings (Swedish Energy Agency, 2005). The ones related to 

building services: heating and hot water, cooling, humidification, lighting, and fans, pumps and controls. 

And the ones related to occupants’ equipment: office equipment, catering, computer and 

communications rooms, and other electricity (lifts, external lighting etc.). Figure 2.1 shows a graphical 

representation of the average primary energy consumption (MJ/m2) of an office situated in the 

Netherlands according to a research of SenterNovem and Meijer (Meijer & Verweij, 2009).  It provides a 

clear view of how the primary energy consumption of the different end-uses in an average Dutch office is 

divided. It clearly shows that space heating needs the most energy followed by lighting. Space cooling is 

a relatively small end-use compared to the rest of the end-uses. According to the principals of the Energy 

Consumption guide 19 (Swedish Energy Agency, 2005), around 34 % of the end-uses in an average Dutch 

office can be related to occupiers’ equipment and around 66 % to building services if the primary energy 

consumption is taken into account (figure 2.1). According to the index numbers for building energy 

consumption in the Netherlands (Centraal Bureau voor de Statistiek (CBS), 2014), an office building 

which is built after 1994 and has a building surface of 1000 – 2500 m2, the same as the office of ABT, has 

an average gas consumption of 10.3 m3/m2 and an average electricity consumption of 71.4 kWh/m2. In 

primary energy (1 m3 = 31.65 MJ, 1 kWh = 3.60 MJ, efficiency power plant = 42 %) this is around 317 

MJ/m2 for gas and 612 MJ/m2 for electricity.   

 

Figure 2-1: average primary energy consumption (MJ/m
2
) of an office situated in the Netherlands (Centraal Bureau voor de 

Statistiek (CBS), 2014) 

 

According to other studies the energy loads of a building can be distinguished in two different categories: 

the ‘regulated loads’ and the ‘unregulated loads’ (Carbon Trust, 2011; Cohen, 2012). The regulated loads 

are the energy loads covered by regulations: space heating, space cooling, ventilation and fixed internal 

lighting. The unregulated loads are the remaining loads, such as small power loads, server rooms, 
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external lighting etc. According to different studies the unregulated loads account for approximately 30 

% of the total energy consumption in office buildings (Menezes, 2012; UBT, 2002). This relates to what is 

previously distinguished as loads related to building services and loads related to occupants’ equipment. 

Also here the loads related to occupants’ equipment account for approximately 30 % in Dutch offices 

(figure 2.1).  

2.2 Occupant behavior in non-domestic buildings 

From literature it has become clear that occupant behavior can have a significant impact on the energy 

consumption of non-domestic buildings, resulting in uncertainties and risks for predicting and ensuring 

energy savings. As described in section 2.1 and illustrated by figure 2.1, loads related to occupiers 

equipment, such as computers and office equipment, account for approximately 30 % of the energy 

loads. However, the occupant can also have an impact on the amount of energy needed for heating and 

cooling by, for instance, opening windows or simply controlling the set points. So, how can the occupant 

exactly affect the energy performance of a non-domestic building, in this case an office? 

There are multiple factors influencing the building energy use. These factors can be distinguished in four 

categories according to Peng et al.: building envelope, building equipment/ systems, climate and human 

behavior  (Peng et al., 2012). The International Energy Agency (IEA), Energy in the Buildings and 

Communities Program (EBC), and Annex 53: Total Energy Use in Buildings identified six driving factors of 

energy use in buildings: (1) climate, (2) building envelope, (3) building energy and services systems, (4) 

indoor design criteria, (5) building operation and maintenance, and (6) occupant behavior (Yan et al., 

2015). Existing building simulation software packages pay more attention to the effects of the first five 

factors than the behavior of occupants. There is a lack of scientific and robust methods to define and 

model energy related occupant behavior in buildings (Yan et al., 2015). According to Page et al. occupant 

behavior can be defined as (Page et al., 2008): “Any direct or indirect actions made by an individual 

person in response to external or internal stimulations or to enhance their personal thermal or visual 

comfort.” Occupant behavior consists of different direct or indirect actions which can affect the energy 

performance of a building. However, there is a myriad of internal and external factors which influence an 

individual to perform certain energy-related behavior.  

Driving factors occupant behavior 

People are very different in their behavior through culture, education and upbringing, which makes their 

influence on the in-use energy consumption highly variable. The behavior of occupants influences 

building systems by movement or actions and further determines the indoor environment and energy 

consumption of the building. In turn, both the indoor environment and building energy consumption 

affect occupant behavior through physiological, psychological and economic factors together with 

several factors like culture and comfort (EA-EBC Annex 66, 2014; Peng et al., 2012). Page et al. 

categorized the influencing factors for occupant behavior into physical, biological, psychological, and 

social (Page et al., 2008). Figure 2.2 provides a scheme of all the driving forces of energy-related 

occupant behavior (Polinder et al., 2013). These driving forces represent the interaction between 
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humans, buildings, and building control systems. Polinder et al. have distinguished the influencing 

parameters into internal and external driving forces.  

 

Figure 2-2: Driving forces of energy-related occupant behavior (Polinder et al., 2013) 

The internal driving forces, depicted on the left-hand side of figure 2.2, can be categorized into biological 

(age, gender, health etc.), psychological (needs, habits, awareness etc.), and social (interaction between 

humans). The external driving forces, depicted at the right-hand side of figure 2.2, can be categorized 

into building and building installation properties (insulation level, orientation, heating system or 

thermostat type etc.), physical environment (temperature, humidity, noise etc.), and time (season of the 

year, time of the day etc.). There are a lot of parameters influencing the energy-related behavior of an 

occupant but what makes it even more complex is the relation between the different driving forces. For 

instance, health can be considered as a combination of biological, psychological and social elements. So, 

the decision for an occupant to, for instance, open or close a window is based on a number of influencing 

parameters, making it hard to define and quantify in, for example, Building Performance Simulation 

(BPS) software. 

 

Energy-related behavior 

There are a lot of ways for an occupant to influence the energy performance in a residential building 

because the occupant controls almost everything. In an office building the number of actions of an 

occupant which will influence the energy performance is more limited due to, for instance, installations 

that are automatically controlled. However, there is still a lot of energy-related behavior in non-domestic 

buildings. The main end-uses in a Dutch office (figure 2.1) are heating, cooling, lighting, ventilation, 

electric appliances (including ICT), and catering. Occupant behavior affects these end-uses directly and 

indirectly by turning on/off or dimming lights, opening/closing windows, turning on/off office 

equipment, turning on/off or adjusting heating, ventilation, and air-conditioning (HVAC) systems, and 

setting indoor thermal (sun shading), acoustic, and visual (blinds) comfort criteria (Hong & Lin, 2013). 

However, in most offices the HVAC system is regulated automatically, thus the occupants have no direct 

influence on the system. This means that in offices where the installations are centrally controlled, the 
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influence of the occupant is expected to be less significant than offices where installations are 

individually controlled. Furthermore, the occupant can also affect the energy performance by simply 

being there (internal heat gain)(CIBSE, 2007). Figure 2.3 illustrates the relation between the different 

end-uses (right-hand side) and energy-related occupant behavior (left-hand side). The energy-related 

behavior is categorized into different groups, e.g., lighting control represents turning on/off or dimming 

the lights. As shown by the figure, most of the energy-related behavior affects multiple end-uses. For 

instance, using office equipment does not only affect the amount of electricity used but also the indoor 

environment by internal gains and herewith the amount of needed cooling or heating. 

 

Figure 2-3: Relations between energy-related occupant behavior (left) and the different energy consumers (right) in an office 

building (own illustration) 

 

In the office of ABT, all the installations are centrally controlled, so the influence of occupant behavior 

based on aspects such as changing the temperature set-point, are not taken into account for this 

research.  

 

Occupant behavior in offices 

Most of the scientific studies done in energy-related occupant behavior concern residential buildings or 

purely focus on the driving factors for occupant behavior, such as window opening or lighting control, 

instead of the influence it has on the total energy performance of a non-domestic building. There seems 

to be a lack in scientific case studies that provides real numbers on the influence of occupant behavior 

on the energy consumption in offices and how it relates between different types of offices. Nevertheless, 

there are some quantitative studies which provide numbers on the influence of occupant behavior in 

offices or non-domestic buildings. For instance, Azar and Menassa investigated 30 typical office buildings 

in different climate zones throughout the US (Menezes et al., 2012). They made 30 corresponding base 

case energy models that were calibrated to ensure that the models correspond to the real building data 

and performed a sensitivity analysis. They found Influence Coefficient (IC) values up to +1.0197 in some 

cases, which means that if for instance the thermostat temperature is increased by 10 % the energy 

consumption also increases with 10 %. Another study investigated two buildings at a MIT campus that 

consisted of different functions such as offices and class rooms. They found a 63 and 69 % variation in 

electricity consumption due to occupant behavior (Martani et al., 2012). Parys et al. found standard 

deviations up to 10 % on the primary energy use of an office building to be related to occupant behavior 
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(Parys et al., 2010). Another study indicated the impact of night-time energy use in offices, with more 

than 50 % of the energy used during non-working hours largely due to occupants’ behavior of leaving 

lights and equipment on (Masoso & Grobler, 2010). Hong and Lin investigated the impact of occupant 

behavior on the energy use of private offices by using building simulations (Hong & Lin, 2013). They 

looked at a single-occupancy office room and compared different workstyles with each other. The 

austerity workstyle consumed up to 50 % less energy, while the wasteful workstyle consumed up to 90 % 

more energy than typical behavior. Dronkelaar et al. did a thorough literature study and estimated the 

impact of occupant behavior on energy use to be 10 to 80 % (Dronkelaar et al., 2016).   

 

Another study was performed within the group of TRECO-office by Gaetani et al. (Gaetani et al., 2016). 

They have performed simulations on 16 building variants of an individual office situated in Amsterdam or 

Rome to quantify the sensitivity of results to different aspects of OB. Figure 2.4 illustrates the range of 

cooling energy use and heating energy use due to OB. The graphs indicate that different buildings show a 

dissimilar sensitivity to OB.  

 
Figure 2-4: Variation in cooling energy use (left) and heating energy use (right) due to diversity patterns for uncertain acpects of 

OB in building variations 1-8 (Amsterdam) and 9-16 (Rome)(Gaetani et al., 2016).  

 

Conclusion 

As seen by the number of actions and driving factors concerning occupant behavior, actual human 

behavior is very complex. However, at this moment, occupant behavior in existing building energy 

simulation software packages is mostly described by schedule definition, which does not reflect the 

complexity of occupant behavior. This simplification of occupant behavior in energy prediction tools 

leads to differences between predicted and actual energy consumption. Studying the occupant behavior 

in existing buildings can help in understanding the influence of occupant behavior and help to create 

occupant behavior models that mimic the (complex) dynamic interactions between a building and its 

occupants. Or, create benchmarks that will inform designers on the impact of occupancy on the actual 

energy consumption of buildings as shown by the research of Menezes et al. (Menezes et al., 2012). 

These benchmarks enable the use of more realistic input parameters in energy models. Several 

stochastic models have already been developed by long-term observational studies to, for instance, 

describe window operations, blinds and lighting. However, these models are just the tip of the iceberg 

considering the amount of building typologies, cultures, climates, and driving factors for occupant 

behavior (Yan et al., 2015).  
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It is proven by multiple studies that occupant behavior can have a significant impact on the energy 

consumption of an office or non-domestic building; however, as mentioned before, there seems to be a 

lack in scientific case studies that provides real numbers on the influence of occupant behavior on the 

energy consumption in offices and how it relates between different types of offices. This research 

addresses this gap in literature through providing a thorough analysis of a real case study.  

2.3 Energy Performance Gap 

In response to the need for more energy efficiency, stricter legislations and accelerating the market for 

energy efficiency investments, energy prediction tools are more important than ever. However, evidence 

is emerging of a recurring mismatch between predicted and actual energy consumption in non-domestic 

buildings. This phenomenon is referred to as ‘the performance gap’ (Bordass, Cohen, & Field, 2004). 

Real-time data has shown that buildings tend to use way more energy than predicted (CarbonBuzz, 

2017). Multiple studies have even shown that buildings tend to use up to 2.5 times more energy than 

predicted during the design phase (Burman, Rigamonti, & Kimpain, 2014; Carbon Trust, 2011; Cohen & 

Bordass, 2015; Wilde, 2014). 

There is enough evidence of the magnitude of the performance gap; however, a lot is still unknown 

about the causes of the performance gap.  There are a large amount of different causes divided over the 

different project phases of a building, also varying per building (Wilde, 2014). According to de Wilde 

these causes can be grouped in three main categories: causes that pertain to the design stage, causes 

rooted in the construction stage and causes that relate to the operational phase. Menezes et al. divides 

them in causes related to the predicted performance (design assumptions and modelling tools) and 

causes related to the actual performance (management and controls, occupancy behavior and built 

quality)(Menezes et al., 2012). Dronkelaar et al. have used the building life cycle according to Royal 

Institute of British Architects’ (RIBA) plan of work to divide the underlying causes (RIBA, 2013; Dronkelaar 

et al., 2016), shown in figure 2.4 taken from their research.  

 

Figure 2-5: underlying causes for the performance gap in different RIBA stages (RIBA, 2013; Dronkelaar et al., 2016) 

 

Figure 2.5 is a good representation of all the uncertainties that can contribute to the energy 

performance gap during a building life cycle.  Not only the uncertainty in energy modelling contributes to 

the energy performance gap but also design changes in the construction phase, imperfections in the 
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building’s construction or poor operational practices can increase the gap. Studies have shown that there 

are many causes and uncertainties related to the energy performance gap; however, occupant behavior 

always seems to be one of them. Dronkelaar et al. have identified, from the literature, that occupant 

behavior, along with specification uncertainty in modeling and poor operational practices, is one of the 

dominant factors for causing the energy performance gap. Da Yan et al. and Hoes et al. also conclude 

that occupant behavior affects building energy consumption significantly and is a leading source of 

uncertainty in predicting the energy consumption of a building (Hoes et al., 2009; Yan et al., 2015). These 

uncertainties can lead to over-simplification when predicting the energy performance of a building(EA-

EBC Annex 66, 2014). This lack of understanding and over-simplification can subsequently lead to the 

mismatch between predicted and actual energy consumption. 

 

Conclusion 

One of the major goals in the built environment nowadays is closing the performance gap and decreasing 

the uncertainty in building energy consumption. Derived from the literature reviewed, understanding the 

influence of occupant behavior will be a key factor in achieving these goals.   

2.4 Energy Performance Contracting (EPC) 

One of the strategies for accelerating the market for energy efficiency investments in the built 

environment is Energy Performance Contracting (EPC). For the research topic it was interesting to know 

how such a market relates to the uncertainty concerning occupant behavior and if this uncertainty 

hinders the development of a market such as Energy Performance Contracting.  

Performance contracting can be used for multiple purposes such as maintenance of building 

installations, supply of heat and/or cold, building maintenance/management or energy management. An 

EPC contains, amongst other aspects, agreements about energy savings which ensure a certain energy 

efficiency (Rijksdienst, 2016). With offices and public buildings it is common that an Energy Service 

Company (ESCo) will be the executive party for certain energy services such as the maintenance and 

management of (climate-) installations in buildings. The ESCo will guarantee an improvement of the 

energy performance, carries out the needed measures and investments, and ensures that the energy 

performance is maintained during the contract period (Coupé, 2014). If the ESCo succeeds, it will be 

rewarded/paid according to the agreements, if not, the ESCo will be fined. More and more organizations 

in the built environment of the Netherlands are using energy performance contracting to make buildings 

more energy efficient (Agentschap NL, 2012). It is also shown to be a successful tool for making the 

existing building stock more energy efficient across Europe (Paolo et al., 2014). However, the 

development of ESCO markets throughout Europe seems slow over the past few years.  

EPC can be a powerful approach in reducing the performance gap through, for instance, good monitoring 

of the building; however, the performance gap also forms a barrier for the development of EPC because 

performance contracts typically involve an increase in risks compared to the usual contracts based on 

effort, meaning the contracting uncertainty is higher. There are a lot of risks associated with EPC 

projects: economic risks, installation risks, technology risks, operational risks, project design risks, 
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financial risks etc. (Hu & Zhou, 2011; Lee et al., 2015; Mills et al., 2006). Some of these risks come from 

uncertainties in factors that are hard to control such as climate, economic circumstances but also 

occupant behavior (Lee et al. 2015, Lee et al., 2013). Although an adjustment mechanism is often 

incorporated in EPC contracts to address their uncertainties, it is still rather difficult to determine these 

impacts and herewith the actual energy savings (Lee et al., 2015). Also, Pätäri and Sinkkonen mention 

that the lack of proper assessment on these performance risks is one of the reasons hindering the 

further development of ESCo’s and EPC (Pätäri & Sinkkonen, 2014).  

Conclusions 

It seems that EPC can be an important tool to make the building stock more energy efficient and 

herewith help in reaching the goals to reduce the carbon emissions and control global warming. 

However, as research shows, it is rather difficult to determine the impact of factors such as occupant 

behavior, resulting in uncertainties in actual savings. Therefore, a dilemma is often observed from the 

ESCO’s perspective in determining the amount of guaranteed savings (Lee at al., 2013) because lacking 

energy savings can have a large impact on the profitability of an EPC project. Even though ESCO’s can 

better manage the performance risks by ensuring system efficiency, optimization control and better 

maintenance, the actual energy saving is still uncertain due to extrinsic factors such as occupant 

behavior. Thus, understanding the influence of occupant behavior in non-domestic buildings could help 

in properly assessing the performance risks concerned with occupant behavior and reduce contracting 

uncertainty.  
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Chapter 3. Case study building 

The goal of the research is to get a better understanding of the in-use energy consumption in non-

domestic buildings and to understand the influence of occupant behavior. It is chosen to perform this 

study based on office buildings in the Netherlands. The office chosen for the study is one of the offices of 

ABT, which is situated in Delft, the Netherlands. ABT is a multidisciplinary engineering consultancy with 

expertise on constructions, civil engineering, engineering, building physics and installations. Around 250 

people work for ABT and around 60 of them work at the office situated in Delft. They share the office in 

Delft with a small company called DEMO consultants, which has around 10 employees working there. 

The office was designed by Bierman Henket architecten and completed in 2001. ABT was also one of the 

advisors in the development of this building.  

This chapter gives a thorough description of the office building of ABT. Section 3.1 provides a general 

description of the building properties and section 3.2 provides a description of the installations and 

systems used in the building.  

3.1 Building description 

The building has a gross floor area of 2040 m2 and is characterized by the IFD (Industrial, Flexible and 

Demountable) building style. This is a modular building design style which takes the future changes of 

the building into account by using prefabricated building components.  The floor elements, columns and 

beams of the office are all demountable, and the wooden façade consists of elements which can be 

exchanged with one another. These elements give the building an industrial look. Moreover, the building 

is designed to ensure that the office areas are fully open and can be freely arranged. At present time the 

building makes use of semi-open office spaces and flexible workspaces. Floorplans of the different 

functions in the office building are provided by appendix A. Figure 3.1 gives an impression of the façade 

and atrium of the building, a typical floor plan and the location/ orientation of the building. The building 

consists of three floors with the atrium, in the middle of the building, as the common space. This atrium 

covers all three floors and consists of the entrance, central stairs to the offices and the cafeteria.  On the 
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ground floor, along the central part of the building, are the parking spots. Above the parking spots, on 

the first and second floor, are the office spaces. 

 

 

Figure 3-1: facade of the ABT office (upper left), plan of the second floor (upper right), impression of the atrium (lower left) and 

the location/ orientation of the building (lower right) 

 

One essential part of the building, which also characterizes the look of the building, is the double façade. 

This double façade functions as a buffer for the heat demand during the winter and cooling demand 

during the summer. The buffer function is controlled by windows at the top of the building and an open 

gap between the facades at the bottom of the building. During the summer the upper windows will be 

open ensuring ventilation between the two facades and during the winter they will be closed so that the 

sun can heat up the air between the two facades. Furthermore, sun shading is incorporated on the inside 

of the outer façade for the eastern, southern and western side of the building to prevent overheating 

during the summer. The shading devices are automatically controlled. The general properties of the 

building are summarized in table 3.1. 

Road N470 

Entrance 
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Table 3-1: General building properties of the ABT office in Delft 

General building properties  

Location and year of construction Delft, the Netherlands (2001) 

Gross floor area 2 040 m2 

Building function & style Office, IFD building style 

Dimensions and height 39 m ∙ 29 m; floor-to-floor = 3 m  

Building layers 3 layers 

Layout Semi-open office, flexible workspaces 

Workspaces approx. 80 

Energy efficiency Energy Index (EI) = 0.96, Energy label A  

Thermal characteristics External wall, ground floor, roof: 3.0 m2K/W  

External window: 1.2 W/m2K 

Occupation hours Mon.-Fri. 07:30 – 19:00, Sat. and Sun. closed 

3.2 System description 

HVAC + ventilation 

The indoor climate of the ABT office is controlled by two air handling units (AHU’s): one for the offices 

and one for the restaurant/ atrium. The AHU of the restaurant is significantly smaller than the AHU of 

the offices and only controls the supply air of the restaurant. The AHU of the offices is the largest one 

and controls both the supply and exhaust air. Furthermore, the building has a gas-fired boiler and a fully-

electric cooling machine. The gas-fired boiler is connected to the heating batteries in the AHU’s and the 

cooling machine to the cooling batteries in both AHU’s. The AHU of the office spaces also has a rotary 

heat/ cold exchanger with an efficiency of around 72 % according to the technical specifications.  

Figure 3.2 provides a schematic diagram of the AHU from the offices, extracted from the online BMS 

system. The air from outside will first pass the rotary exchanger, then the heating battery and then the 

cooling battery before it is distributed to the office spaces. The rotary exchanger will be used first when 

the temperature of the inlet air is above the calculated desired supply temperature. The desired supply is 

calculated according to heating curves based on the outdoor and indoor temperature of the office. The 

rotary exchanger is used according to the demand of heat needed. The heating battery will be used 

when the rotary exchanger is at 100 %. When the temperature of the inlet air is below the calculated 

desired supply air temperature, the cooling battery will be used with, when useful, the rotary exchanger 

to exchange cold with the exhaust air. After the air has passed the rotary exchanger, heating battery and 

cooling battery, it will be supplied to offices. However, each floor has four post-heaters to, when needed, 

reheat the inlet air from the air handling units before it is delivered to a specific area of the floor. So, a 

total of 8 post heaters are installed in the building. All these post heaters are connected to the gas-fired 

boiler and each post heater is also connected to a temperature sensor somewhere in the office spaces. 

Floor plans of the first and second floor with the placement of the sensors are provided by appendix A.  
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Figure 3-2: schematic diagram of the air handling unit from the offices 

 

The air handling units are also used for night ventilation during the summer to passively cool the 

building. The operational hours of night ventilation are between 01:00 a.m. and 06:00 a.m. during 

weekdays and all hours during the weekend. The outdoor air itself is used for night ventilation, so the 

cooling machine is not used to cool down the supply air. Furthermore, the building makes use of 

overflow ventilation.  The air from the offices is vented to the atrium where the air is extracted from the 

building by the big AHU. The air from the toilets is exhausted separately by a ventilation system.  

 

BMS and other systems 

In April 2016 a new building management system was installed by Webeasy. This new system is an online 

climate management system which controls and monitors the air handling units, boiler, cooling machine, 

post heaters and ventilation systems. Furthermore, it also monitors the in- and outdoor climate of the 

ABT office. What the BMS exactly monitors can be found in section 4.1 of the report. The BMS system is 

mainly accessed by an employee working at the office in Delft.  

 

Other installations used in the building are small electric boilers for hot water and PV panels on the roof 

for the generation of electricity. The kitchen of the restaurant is fully electric. A summary of the general 

system properties can be found in table 3.2. 

 

 

 

 

 

Rotary heat/cold 

exchanger 

Heating battery Cooling battery 



 Chapter 3.  Case study building 

 

19 
 

Table 3-2: General system properties of the ABT office in Delft 

General system properties  

AHU offices  122 kW heating, 71.4 kW cooling 
Airflow: 4.06 m3/s 

Rotary heat/ cold exchanger  
(AHU offices) 

Efficiency = ca. 72 % 

AHU restaurant (only supply) 23 kW heating, 9.2 kW cooling 
Airflow: 0.42 m3/s 

Boiler capacity HR, 160 kW 
Efficiency = 0.975 

Cooling machine 105.9 kW 

Post heaters 14 kW per post heater 

Energy generation PV panels 

Set point temperature HVAC 22.5 °C  

HVAC control Centrally/ automatically 

 

3.3 Building characteristics vs. occupants 

The building makes use of internal blinds which can be operated by the occupants to control the 

daylighting in the office spaces. Some of the windows in the inner façade of the building can be open and 

closed by the occupant. The sun shading is automatically controlled according to the amount of lux on 

the façade so no control of the occupant on the shading devices. All the climate installations are centrally 

controlled so there is no direct influence of the occupant on the settings of these installations. The office 

spaces, toilets and some storage rooms are equipped with sensor lighting. So, the presence of the 

occupant has an influence on the amount of lighting used in these areas. There are approximately 80 

workspaces in the whole building. Each workspace is equipped with two computer screens, a keyboard, a 

computer mouse and a USB port replicator who connects everything together. All the workspaces are 

flexible so can be used by anyone with a laptop. The laptop simply has to be connected to the USB port 

replicator and is then connected to the screens, keyboard and computer mouse. Each floor has two 

copier machines, two refrigerators and two coffee machines. Furthermore, the kitchen of the restaurant 

is fully electric and is used by the kitchen employee in the morning and during lunchtime.  
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Chapter 4. Methodology 

The influence of occupant behavior on the total energy consumption of the ABT office is studied with a 

two-way approach: with the use of operational building data and by using building simulation software. 

This chapter provides a detailed description of how the two approaches are applied within this research.  

Operational building data, provided by multiple measurements and utility bills, will give insight about the 

actual in-use energy consumption of the building and how it is influenced by the occupant. It also gives 

the opportunity to conduct some real-life experiments, such as changing the controls of the installations. 

Figure 4.1 shows a graphical representation of the research methodology for this approach.  

 
Figure 4-1: graphical representation of the methodology for using operational building data 
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The office building of ABT is used as a case study for this research. It will provide knowledge from 

practice, which can help in understanding the influence of occupant behavior.  The case study began 

with limited resources and monitoring. The first two steps of the methodology (figure 4.1) are described 

in section 4.1 and concern the collecting of operational data. It will provide the initial stage of the 

monitoring in the ABT office and development of the monitoring. Section 4.2 provides a detailed 

description of the mining of the data, conversion of the data and how the data is analyzed.  

A building simulation model is used to study the effect of more occupant behavior related scenarios on 

the in in-use energy consumption of the ABT office. It also provided the opportunity to conduct 

experiments and test scenarios which cannot be realized in real-time. Furthermore, it can be used to 

explain variations in the real-time energy consumption of the building. Figure 4.2 provides a graphical 

representation of the research methodology for using a Building Performance Simulation (BPS) model to 

study the influence of occupant behavior.  

 

Figure 4-2: graphical representation of the method for using BPS 

 

EnergyPlus V8.5.0 is the building simulation software that is used for this research. It was the first time 

working with this software so the first step of the methodology was to learn the modelling language of 

the software. The reason for using EnergyPlus and how the modelling language is learned is outlined in 

section 4.3. This section also provides the development and calibration/ validation of the BPS model. 

After the BPS model was fully functional and reliable, it was used for analyzing the sensitivity of the 

energy consumption to occupant behavior. A detailed description of the sensitivity analysis is found in 

section 4.4. 
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4.1 Collecting operational data 

For studying the influence of occupant behavior by using operational data of a building, it is important to 

know which information or data is available and what data is needed. Initially, a thorough analysis of all 

the energy flows within the building has been made. The analysis will show what types of installations 

are used in the office building and which energy flows are monitored/ measured or not. This also 

resulted in a clear view of the data that is needed but still missing. A diagram of the assessment of the 

energy flows in the office is found in appendix B. The tables concerning what was and was not measured 

in the ABT office at the beginning of the research are found in appendix B. A timeline of the monitoring 

in the office is represented by figure 4.3. It illustrates the development of the monitoring throughout the 

research period. The monitoring is described in detail in this chapter of the report.  

 

 
 

Figure 4-3: Timeline of the monitoring in the ABT office 

 

ABT installed a new building management system (BMS) in April 2016. The BMS is an online climate 

management system from Webeasy, which is also one of the participants in the TRECO Office project, 

and mainly controls the climate installations of the ABT office by an online access. Still a lot of the data 

was unknown/ not measured at the beginning of this research. The monitoring systems of Webeasy 

mainly measured the temperature flows in the installations and the control of the installations (on/off, 

schedule, valve control). From the indoor and outdoor climate only the temperature was known. With 

simple equations, Webeasy also calculated the heating and cooling energy. The data from the climate 

management system can be downloaded from the online access. The only data available from the main 

energy flows, electricity and gas, was from the utility bills. The utility bills provided the monthly 

electricity consumption and yearly gas consumption from 2010 till present time. Thus, not a lot of data 

was available and monitoring had to be arranged after the start of the research. The next step was to 

understand what the possibilities are for conducting the needed measurements in this particular case 

study. Limited resources were available, meaning some measurement tools simply exceeded the budget 

or technically could not be done in this case. 

4.1.1 Smart meters and sub-metering 

The research focused on the total energy consumption of the ABT office, thus the electricity and gas 

consumption. However, the only available data from these consumers were the utility bills, meaning the 

monitoring of the electricity and gas consumption had the highest priority. The best solution for 
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monitoring the electricity and gas consumption is by using smart meters. Smart meters are one of the 

measures taken by the government to improve the energy efficiency of buildings. The smart meter 

replaces the traditional meters and provides the real-time energy consumption of a building in intervals 

op to 15 minutes. This will give the dweller or owner an insight into their energy consumption and 

ensures energy distributers to manage the regional energy flows more efficiently. Unfortunately, such 

smart meters were not installed before the start of the research. However, half-way through the 

research (August 2016), after extensive contact with the energy distributer STEDIN, two smart meters 

were installed (figure 4.4): one production meter for the PV panels (Landis+Gyr E350) and one for the 

end-use electricity consumption of the ABT office (Landis+Gyr E650). An online analytic tool called e-

DataPortal was provided by the energy distributer STEDIN. This tool gave online access to the data 

provided by the smart meters. Unfortunately, it was not possible to replace the traditional gas meter for 

a smart gas meter. In order to place a smart gas meter, the gas meter must be connected to the 

electricity meter; however, this cannot be done when the consumers mismatch. In case of the ABT office 

electricity is a large consumer and gas is a small consumer, meaning the gas meter cannot be connected 

to the electricity meter, which means it was not possible to install a smart gas meter. No other tools 

were available for monitoring the gas consumption during the research but ABT is currently working on 

using a camera for reading the gas meter, which can be used for further research.  

 

 
Figure 4-4: using smart meters to collect operational building data 

 

Sub-metering 

Not only was the monitoring of the main energy consumption important for the research but also the 

distributions of the energy loads. Since the space heating is supplied by gas-fired boilers, the only gas-

driven energy load, this end-use could easily be quantified. However, the first and the second floor are 

somehow divided in four thermal zones by the four post-heaters, each with their own thermostat. 
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Unfortunately, the amount of heat used by each post-heater was not and could not be monitored. The 

same goes for the sub-metering of the electricity. All the remaining energy loads of the building are 

covered by the building’s electricity consumption. The main connection of the electricity is divided over 

seven distribution boards, distinguishing the different energy loads: lighting/equipment, kitchen, climate 

installations, cooling machine and elevator. However, sub metering these energy loads was too 

expensive and could not be done.  

4.1.2 Plug-load meters 

In order to study the usage of workspaces, plug-load meters were installed in January 2017. The ‘Energy 

Switch’ of the company BeNext was used for this. This tool is plugged in the outlet to manage electrical 

devices and log their energy consumption. Through an online application of BeNext the Energy Switch 

could be turned on/off on distance and the electricity consumed by the devices could be downloaded. 

The data is given in Watts or kWh. A total of four plug load meters were installed between the socket 

and the equipment. Each plug load meter is connected with a power strip which in turn is connected to 

all the devices from the particular workspace. Figure 4.5 presents the location and the set-up of the 

workspaces.  

 

 

 

The workspaces are organized to be used by anyone who wants to work there. It consists of 2 computers 

screens, a keyboard, a computer mouse and a USB port replicator who connects everything together. To 

use the workspace, the laptop simply has to be plugged in with the cable connected to the USB port 

replicator. When charging the laptop, the charger will be connected to the power strip. This means that a 

Figure 4-5: set-up of the workspaces (upper left), location of the workspaces (right) and the plug-load meters + gateway from 

BeNext (bottom left)  
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fully operative workspace consists of 2 computer screens, a keyboard, computer mouse, USB port 

replicator and a laptop. Sometimes employees can also use the power strip to charge their phone. An 

internet gateway is used to connect the loggers with the internet. All the loggers need to be in the same 

room due to the limited range of the internet gateway. An office area with four workspaces is chosen. As 

mentioned before, the workspaces are flexible; meant to be used by anyone. Nevertheless, most of the 

workspaces are mainly used by the same full-time employees. To study the diversity of the usage in 

workspaces, it is chosen to use four workspaces of four different types of occupants: workspace 1 is used 

by a project manager, who is full-time at the office; workspace 2 is used as a flexible workspace and is 

used by anyone; workspace 3 is used by a senior advisor, who is more occupied by meetings in and 

outdoors; workspace 4 is also used as a flexible workspace but is, during the measurement period, 

mainly used by the researcher. The plug load meters are used between the 9th of January 2017 and the 

20th of March 2017. 

4.2 Analyzing operational data 

The objective of the data analysis was to investigate the influence of occupant behavior by means of the 

operational building data. The challenge for this case study was the limited resources available in the 

monitoring of the ABT office. Unfortunately, no data concerning the occupancy, gas consumption and 

sub-metering of the electricity was available for this research. However, still a lot of knowledge could be 

gained from the available monitoring data by linking the variation in consumption to the different end-

uses. This section of the chapter provides the conversion method of the collected data to useable data 

and the analysis of the data. 

4.2.1 Data mining  

Table 4.1 shows all the available data from monitoring and measurements used for the data analysis. The 

utility bills provided the monthly electricity consumption and yearly gas consumption from 2010 till 

2016. The monitoring provided the real-time electricity consumption and generation, electricity 

consumption of 4 workspaces, indoor and outdoor temperatures, and the calculated heating and cooling 

energy of the BMS. All the data was collected and processed continuously. However, some problems 

occurred when checking the quality of the data. A temperature sensor of the BMS showed large 

deviations in relation to the other temperature sensors and needed to be replaced. The cooling energy 

was calculated wrongly by the Webeasy system and was corrected in the beginning of September, 

meaning that the calculated cooling energy from a large part of the summer period is useless. The hourly 

values of the calculated heating and cooling energy were only available from the beginning of January 

2017. Furthermore, the data was not always provided in the quantities and units needed and had to be 

converted, which is described in section 4.2.2.  
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Table 4-1: All the available data from monitoring and measurement in the ABT office used for the data analysis 

 

 
 

Source Time resolution Unit Measurement period 

Electricity 

Utility bills monthly, annual kWh 2010 - 2016 

Smart meters (incl. 
generation) 

15 minutes, hourly, daily, 
weekly, monthly, annual 

kWh 12/09/2016 - present 

Plug load meters 10 minutes (cumulative) kWh 09/01/2017 - 20/03/2017 

Gas 
Utility bills annual m3 2010 - 2016 

Smart meter not available - - - 

Calculated 
energy (BMS) 

Heating daily, hourly (cumulative) kWh 
01/04/2016 - present (daily) 

05/01/2017 - present 
(hourly) 

Cooling daily, hourly (cumulative) kWh 
06/09/2016 - present (daily) 

05/01/2017 - present 
(hourly) 

Temperatures  BMS hourly °C 01/04/2016 - present 

4.2.2 Data conversion   

Some of the data needed to be converted in order to proper analyze it. One of the first data converted 

during the research was the gas consumption gained from the utility bills. This was done to compare it 

with the electricity consumption and eventually with calculated heating demand of the BPS model. In 

order to convert the gas consumption (m3) to energy (Joule or kWh/MWh), the calorific value (MJ) must 

be known. The gas used by the energy distributor STEDIN is gas from Groningen and has a calorific value 

of 35.17 MJ per m3 (STEDIN, 2017). The calorific value and the efficiency of the boiler (0.975) can then be 

used to convert the gas consumption into energy: 

𝐸𝑛𝑒𝑟𝑔𝑦 𝑑𝑒𝑚𝑎𝑛𝑑 ℎ𝑒𝑎𝑡𝑖𝑛𝑔 (𝑀𝐽) = 𝑔𝑎𝑠 (𝑚3) × 𝑐𝑎𝑙𝑜𝑟𝑖𝑓𝑖𝑐 𝑣𝑎𝑙𝑢𝑒 (𝑀𝐽 𝑚3⁄ ) × 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝑏𝑜𝑖𝑙𝑒𝑟  

The calculated energy can also be converted to kWh or MWh by dividing it with 3.6 (1 kWh = 3.6 MJ) or 

3600 (1 MWh = 3600 MJ). This is purely the thermal energy needed and does not take into account the 

electricity consumption of the boiler or other installations, that use or distribute the thermal energy.   

Another form of data that needed to be converted in order to properly use it was the data from the 

smart meters. As mentioned in the previous section, an online analytic tool called e-DataPortal was 

provided by the energy distributer STEDIN with a personal login. The data from the smart meters could 

be accessed and downloaded through this tool. Two smart meters were installed, one gross production 

meter for the PV panels and one for the total electricity consumption. The data from the PV panels was 

not needed for studying the influence of occupant behavior; however, it does interfere with the 

electricity consumption of the building. During workdays the electricity generated by the PV panels is 

directly used by the building and during unoccupied days a part of the generated electricity is even 

supplied to the grid.  When electricity is supplied to the grid, the smart meter of the electricity 
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consumption indicates this as production. So, when solely the data from the electricity consumption is 

taken from the smart meter, it does not represent the actual total electricity consumption of the 

building. In order to convert the data from the measurements into the actual total electricity 

consumption, three variables from the smart meters are needed: the production of the PV panels, the 

electricity consumption of the building and the electricity supplied to the grid. The following formula is 

used:  

𝑇𝑜𝑡𝑎𝑙 𝐸𝐿 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 = 𝑃𝑉 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 + 𝐸𝐿 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 − 𝐸𝐿 𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑 

The PV production and electricity consumption are both used by the building; however, when electricity 

is supplied to the grid it means not all the generated electricity is used by the building, so it needs to be 

extracted from the total. The equation was used in Microsoft Excel to make dynamic tables and convert 

the exported data from a 15 minute interval up to a monthly interval.  

The data provided by the plug-load meters also needed conversion. This conversion was done by using 

Microsoft Excel and MATLAB. Through an online application of BeNext, the producer of the plug-load 

meters, the electricity consumed by the workspaces could be downloaded. The data was provided in 

kWh, on an interval of 10 minutes and cumulative. Unfortunately, the 10 minute interval differed 

between the workspaces and didn’t start at the beginning of the hour. MATLAB was used for converting 

the data from the workspaces into hourly values and eventually into graphs and figures for the purpose 

of the data analysis. 

4.2.3 Analytic approach and experiments 

With help of the conversion tools made with the software, graphs and figures were made from the data 

which, for example, represented the energy loads on different intervals. The variations in consumption 

were analyzed and linked to the different consumers of the building. This ‘breakdown’ of the energy 

consumption, helped understood how the in-use energy consumption is divided over the different 

consumers and eventually which variations are influenced by occupant behavior or presence. One of the 

ways to do this ‘breakdown’ was by conducting experiments with the installations. For instance, the air 

handling units of the building run with a constant air flow rate and are not directly influenced by the 

occupant. In order to know what part of the electricity is consumed by the climate installations, the 

schedules were changed. Normally during the weekend the installations aren’t used, but by changing the 

weekend schedule to the same schedule as during the week, thus when the building is unoccupied, the 

consumption of the installations are clearly represented by the collected monitoring data from that 

weekend. However, it must be kept in mind that during the summer the installations were also used for 

night ventilation in the weekend so the experiment had to be done in a colder period when no night 

ventilation was used. These kinds of experiments helped in breaking down the electricity consumption. 

The variations in consumption were analyzed by using statistic boxplots.  
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4.3 Developing building model 

For the modelling part of the research a lot of different simulation software packages were available. The 

building simulation software chosen for this research is EnergyPlusTM. EnergyPlusTM is a whole building 

energy simulation program that is used to model both energy consumption – for heating, cooling, 

ventilation, lighting and plug and process loads – and water use in buildings (EnergyPlus, 2016). 

EnergyPlus is funded and developed by the U.S. Department of Energy Building Technologies Office. This 

software is often used at the department of Building Physics and Services on the TUe, meaning that also 

proper guidance was given. Furthermore it has a couple of notable features and/or capabilities that were 

needed for this research: 

- Large availability of designed OB models which can be used by EnergyPlus 

- Sub-hourly, user definable time steps 

- Reads self-created input files 

 

Moreover, EnergyPlusTM is a free and open-source software package which can be used by anyone. 

Because it was the first time working with this software, the modelling language needed to be learned. 

This was done with the help of BESTest (Building Energy Simulation Test) case 600 from the International 

Energy Agency (IEA). The BESTest project was developed in 1995 and used for systematically testing 

whole-building energy simulation programs and diagnosing the sources of predictive disagreement 

(Judkoff & Neymark, 1995). It, however, can also be used to test someone’s skills with the used whole-

building energy simulation software. The BESTest project defined acceptable boundaries for the 

evaluated performance indicators, which makes it possible to check whether case 600 is successfully 

implemented with EnergyPlus and the simulated performance is within these boundaries.  

4.3.1 Model design 

Geometry and thermal zones 

After selecting and learning the modelling language, the next step was to model the ABT office in 

EnergyPlus. The engineering department of ABT developed a detailed 3D model of the building in 

Autodesk Revit, which is represented in figure 4.6. This model was, amongst others, used to export the 

floorplans and import them in Google Sketchup. Subsequently, the floorplans were used in the 

OpenStudio SketchUp Plug-in to create the geometry of the ABT office in Google Sketchup. The location 

of the building was also imported into Google Sketchup to give the building the right orientation. 

Furthermore, the program was used to study the shadowing from near buildings. The study showed that 

the sun blockage from near buildings were not significant enough to model them. The whole geometry 

of the model is also presented in figure 4.6.  
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Figure 4-6: 3D model in Autodesk Revit (left) and the geometry in OpenStudio Sketchup Plug-in (right) 

 

The model is a simplified representation of the actual geometry. For instance, not all the windows are 

modelled separately but the window to wall ratio setting is used for the first and second floor of the 

building. This window to wall ratio is calculated according to the actual window to wall surface of the 

building. Furthermore, only the constructive walls are modelled and not the partition walls between the 

office spaces, and to further prevent complications it is chosen to not model the double façade.  

 

Figure 4-7: Thermal zones BPS model: (1) Atrium & restaurant, (2) Technical room, (3) Toilets, storage rooms & staircase, (4) 

First floor offices, (5) Second floor offices 

 

It is chosen to model five different thermal zones, which are represented in figure 4.7. The atrium and 

restaurant (1) are one open space covering all the floors, thus is modelled as one thermal zone. Besides 

that, the restaurant also has its own air handling unit. The room where the installations are situated is 

seen as one thermal zone (2). This zone is unconditioned in practice. The toilets and storage rooms are 

all situated above each other in the office building. Furthermore the staircase is situated along these 

rooms together with the technical rooms for the post-heaters. These rooms are all seen as one thermal 

zone (3); however, the floors within the thermal zone are modelled. The last two zones are conditioned 

by the second and biggest air handling unit. It is chosen to model the first floor as one zone (4) and the 

second floor as one zone (5). In practice, the windows on the roof are constructed as a block with vertical 

windows. To ensure that not too many building surfaces are created, it is chosen to model the windows 

horizontally in the roof and create shading objects which represent the constructed blocks.   
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Thermal characteristics  

After the geometry was created, it was imported in EnergyPlus and the construction and materials were 

assigned to the model. Some of the materials and constructions could be derived from old drawings and 

plans/ schemes but still a lot was not known, mainly concerning the characteristics of the materials, 

which meant that a lot of assumptions were made but are done with reliable data books and sources 

(Ernest & Frank, 2015; Martine, 2005; Platen en Profielen, 2016). A list of the constructions composition 

is provided by table 4.2. The thermal properties of the construction materials are provided by table 4.3. 

There are some particularities which are not represented in the tables. The material carpet is defined as 

a ‘no mass’ material in the model and has a thermal resistance of 0.1 m2K/W. The vertical air layer has a 

thermal resistance of 0.15 m2K/W and the horizontal air layer a thermal resistance of 0.18 m2K/W. 

Furthermore, the external windows are defined as a simple glazing system with a U-value of 1.2 W/m2K 

and a solar heat gain coefficient of 0.6.  

 
Table 4-2: composition of the construction topologies used in the model 

Construction Composition (outside to inside) 

Roof Bitumen, EPS insulation board, TT slab floor 

External wall Lexan Thermoclear, vertical air layer, Rockwool 211, Rockwool 201, Multiplex Wisa 
Berken 

Internal wall 2x plasterboard, mineral wool insulation, 2x plasterboard 

Ground floor EPS insulation, hollow core slab, pressure layer concrete 

Interior floor TT slab floor, horizontal air layer, carpet 

Elevation floor (above 
parking) 

Wood wool cement slab, mineral wool insulation, horizontal air layer, PUR foam 
insulation, TT slab floor, horizontal air layer, carpet 

Ceiling Carpet, horizontal air layer, TT slab floor 

 
Table 4-3: Thermal properties of the construction materials used in the building simulation model (Ernest & Frank, 2015; Martine, 

2005; Platen en Profielen, 2016) 

Name of material Thickness [m] Conductivity 
[W/mK] 

Density [kg/m
3
] Specific Heat 

[J/kgK] 

Multiplex Wisa Berken 0.015 0.17 700 1880 

Rockwool 201 0.075 0.037 80 940 

Rockwool 211 0.04 0.035 80 840 

Lexan Thermoclear  0.016 0.036 170 1200 

Pressure layer concrete 0.05 1.6 2300 840 

Hollow core slab 0.2 1.6 2300 840 

EPS insulation 0.1 0.035 30 1470 

TT slab floor 0.12 1.6 2300 840 

PUR foam insulation 0.091 0.026 41.5 1470 

Mineral wool insulation 0.1 0.04 35 840 

Wood wool cement slab 0.015 0.12 450 840 

Bitumen 0.004 0.2 1050 1840 

EPS insulation board 0.14 0.035 30 1470 

Plasterboard 0.0125 0.25 1300 840 
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Occupancy and internal gains 

The occupancy schedules (presence of people and usage equipment) are based on the experiences 

working at the office of ABT and are set to 11 hours a day (07:30 – 18:30), 5 days a week (weekdays). The 

occupancy schedule for the restaurant (only presence) is set to 6.5 hours a day (09:00 – 15:30 (kitchen 

aid), 12:30 – 13:30 (lunchtime) ), 5 days a week. The internal heat gain from people is defined according 

to ASHRAE guidelines (CIBSE, 2007) and is equal to 130 W (‘Moderate office work’). The occupancy 

schedules for the offices and the restaurant are presented in figure 4.8. 

 

 
 

Figure 4-8: schedules of the occupancy rates in EnergyPlus  

 

The usage of electric equipment, such as computers, refrigerators, copiers, installations, elevator etc., is 

based on the experiences working at the office of ABT but also on the operational building data. For 

instance, the data from the plug-load meters are used to define the consumption of a typical workspace 

in the ABT office. The information from the monitoring and personal experiences has helped in 

calibrating the electricity loads of the BPS model. This is further described in section 4.3.2. Figure 4.9 

illustrates the schedules for equipment (computers and small power), the installations in the kitchen and 

the elevator. The schedule for the usage of transport (elevator) is taken from ASHRAE (ASHRAE, 2004). 

 

 

 

Figure 4-9: schedules of the usage of equipment (small power, computers), kitchen equipment and the elevator 
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A part of the lighting in the ABT office is sensor-based and detects if someone is present or not. These 

lights are used at the office spaces, meeting rooms, toilets and storage rooms. Fixed lighting is used in 

the traffic area, atrium and restaurant. The usage of lighting in the model is based on the presence of 

people, thus the occupancy schedules. Figure 4.10 illustrate the schedules for the lighting in the different 

zones. Based on the technical drawings and the power of the lights (big lights: 60W, small lights: 20W) it 

is assumed that for the two thermal zones of the office spaces the internal gain is 10 W/m2, for the 

atrium/ restaurant 5 W/m2 and the toilets/ storage rooms 8 W/m2. For instance, a typical office space is 

30 m2 and with traffic area 45 m2. The office space has 6 big TL lights and the traffic area 5 small lights. 

This is a total of 460 Watts on 45 m2, which is approximately 10 W/m2. The same is done for the other 

zones.  

 

 

Figure 4-10: schedules of the lighting in the office zones, restaurant/ atrium zone and the toilet zones 

 

External shading devices are used at the ABT office to avoid overheating. These are incorporated in the 

double façade on the eastern, southern and western side of the building. The shading devices are 

automatically controlled depending on the amount of lux on the façade. The control setting for the 

shading devices is 35 klux; however, it is difficult to convert it to W/m2 because it depends on the 

wavelength of the sunlight. It is therefore chosen to use a common used set-point of 150 W/m2. The 

shading is defined using the Shading Control of EnergyPlus. 

 

HVAC + ventilation 

The HVAC system is defined using the Ideal Load Air System of EnergyPlus. The Ideal Load Air System 

represents the operation of the air handling units, boiler, cooling machine and post heaters, thus all the 

installations that control the indoor climate conditions. The Ideal Load Air System is assigned to the 

thermal zone of the first floor offices, second floor offices and the atrium/ restaurant. In practice there is 

one air handling unit used for all the office spaces and one for the restaurant; however, post heaters are 

used on the first and second floor to reheat the air when needed, thus it is chosen to model and 

condition them as separate zones. The operational hours of the climate installations are 12.5 hours a day 
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(06:00 – 18:30), 5 days a week (weekdays). In practice the air handling units make use of heating curves 

based on the outdoor and indoor temperature to calculate the supply air temperature. However, post-

heaters are used to get the desired room air temperature of 22.5 °C. It is therefore chosen to use a fixed 

set-point temperature for heating of 22.5 °C and not to make use of heating curves. The set-point 

temperature for cooling is 23.5 °C. The flow rates of the air handling units and ventilation systems are 

constant and based on a measurement report from 2012. The maximum cooling and heating load are 

based on the technical specifications of the installations. Because the flow rates of the air handling units 

are fixed/ constant during operation hours, it is chosen to use the use the same flow rates for the 

maximum heating and cooling air flow rate of the Ideal Load Air System. Furthermore, a heat/ cold 

exchanger is used in the air handling unit of the office spaces and has an efficiency of around 75 % 

according to the technical specifications. The heat exchanger is also incorporated in the Ideal Load Air 

System of the office spaces. A detailed table of the settings in EnergyPlus is found in appendix C. 

 

There are some particularities concerning the ventilation of the building. Firstly, night ventilation is used 

during the summer to passively cool the building. This is done by using the air handling units without the 

cooling machine, thus purely ventilation. The operational hours of night ventilation are between 01:00 

a.m. and 06:00 a.m. during weekdays and all hours during the weekend. The night ventilation will 

activate when the outdoor temperature is bigger than 12 °C and 3 °C below the average indoor 

temperature and the average indoor temperature is bigger than 23 °C. The night ventilation will be 

deactivated when the average indoor temperature will drop below 19 °C, or the outdoor temperature 

will drop below 12 °C or the difference between the outdoor temperature and average indoor 

temperature is less than 1°C. Figure 4.11 illustrates how night ventilation is implemented in EnergyPlus 

by using the Energy Management System (EMS).  

 
Figure 4-11: simplified work flow scheme of night ventilation in EnergyPlus 

 

Another particularity in the ventilation of the building is the overflow ventilation from the office spaces 

to the atrium.  This is defined using ZoneMixing and Zone Ventilation: Design Flow Rate of EnergyPlus. 

Furthermore, the infiltration of the building is calculated according to the norm of NEN-8088-1 and is 

estimated to be around 15 % per hour. Also a detailed description of the settings for ventilation can be 

found in appendix C. 

 

 

 



 Chapter 4.  Methodology 

 

34 
 

Climate 

The office of ABT is situated in Delft, the Netherlands. There are weather files from three different 

locations in the Netherlands provided by EnergyPlus: Amsterdam, Beek and Groningen. These are IWEC 

(International Weather for Energy Calculations) weather files developed by ASHRAE. However, none of 

the three locations are near Delft and the weather files are based on typical months between 1982 and 

1999. The goal was to calibrate the model in order to get a reliable representation of the real situation. It 

is therefore chosen to develop a weather file with actual weather data from the Royal Netherlands 

Meteorological Institute (KNMI). The developing of this weather file is described in section 4.3.2.  

4.3.2 Model calibration and validation 

When using building simulation software to study the energy performance of a building it is important to 

have a reliable building model. A good example of why this is important is the Energy Performance Gap 

mentioned in section 2.2.3. The same applies to this study. In order to have a reliable sensitivity study it 

is of essence that the building model represents the actual situation. The advantage with this study is 

that the case study is a building that is already built and occupied for different years, which provided a 

lot of information on the in-use energy consumption of the building making it easier to develop and 

calibrate the building model. There are several resources used to compare the model with the actual 

situation. The first one is the annual electricity and gas consumption provided by the utility bills. These 

can be compared with the simulated annual end-uses of the building model. The data from the smart 

meters show the total hourly or 15 minute electricity consumption which can be compared with the 

simulated electricity loads of the building model.  

The data analysis was used to optimize the input of the model such as the consumption of the 

installations or the electricity consumption measured by the plug-load meters was used to optimize the 

internal gains from the user equipment (computer, screens etc.). The measurements, drawings and 

experiences gave information about the consumption of the installations, workspaces, lighting and the 

standby consumption; however, not all the end-uses could be derived from the measurements. Some 

assumptions had to be made for the consumption of, for instance, the building elevator, refrigerators, 

copiers, coffee machines and the servers. All the end-uses derived from the operational building data can 

be found in the results of the data analysis (section 5.1). There was no information available about the 

real-time energy consumption of the cooling machine. This machine is fully electric and is therefore a 

part of the total electricity consumption.   

Weather data 

Actual weather data from a location nearby was used to represent the actual situation. The actual 

weather data was taken from the Royal Netherlands Meteorological Institute (KNMI). The KNMI has 

multiple weather stations throughout the Netherlands. One of the weather stations is situated in 

Rotterdam, a city on a 15 km drive from Delft. This weather station provides data from 1951 till present 

time (KNMI, 2016). For the calibration of the model weather files were made for the years 2010 to 2016 

with the weather converter of EnergyPlus. The simulations with the different weather files were then 

used to compare with the utility bills of the same year.  
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4.4 Analyzing sensitivity using BPS model 

One of the objectives of the research was to provide a calibrated model of the ABT office. The BPS model 

functioned as a tool to study the effect of more occupant behavior related scenarios on the in-use 

energy consumption of the building. It gave the opportunity to conduct experiments which cannot be 

realized in real-time. The main focus of the research was to study the real-time influence of occupant 

behavior by analyzing operational data; however, creating a calibrated BPS model not only gave the 

opportunity to conduct experiments but can also be used in future research to investigate more detailed 

occupant behavior like the operation of windows.  

All the building installations are centrally/ automatically controlled in the ABT office, meaning the 

occupant does not have a direct influence on, for instance, the set-point temperature for the HVAC 

system. The only direct influence of the occupant within the building is on the usage of electric 

appliances and the presence in areas with sensor lighting. They can also use the blinds to control 

daylighting. However, this does not affect the amount of lighting used in the office spaces. Furthermore, 

the presence of the occupant can also influence the internal load of the building. More people present in 

the building means more internal heat gain which can affect the amount of cooling and heating needed 

to get the desired indoor temperature. The sensitivity of the energy consumption is studied by 

simulating different scenarios concerning the usage of electric equipment, lighting and occupancy 

density (presence).  

The calibrated model is used as the base case scenario for the sensitivity study. The calibrated model 

uses schedules based on the experiences working at the office of ABT and the knowledge generated 

from the operational building data. This information has helped in calibrating the electricity of the BPS 

model. Two scenarios, besides the base case scenario, are studied. The first one is the scenario where 

there is a lower occupancy rate (figure 4.12), which results in: 

 

- less electric equipment (computers, coffee machines etc.) being used in the building 
- more empty office spaces and less usage of the toilet rooms  lower (sensor) lighting 

intensity 
- and less internal heat gain from the occupants. 

 

The second scenario is the one with a higher occupancy rate than the base case scenario (figure 4.12), 

which results in: 

 

- more electric equipment being used in the building 
- more detection by the sensor lighting, thus higher lighting intensity 
- and more internal heat from the occupants. 

 

So, increasing and decreasing the occupancy rate results in changes of electric equipment being used, 

the amount of lighting used and the amount of people in the building. The intensity of the schedules in 

EnergyPlus concerning these three scenarios are respectively decreased and increases by 25 % for the 

scenario with the lower occupancy rate and the scenario with the higher occupancy rate in relation to 
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the base case scenario. The results of the sensitivity study were analyzed by, amongst others, graphs 

with error bars representing the variation in energy consumption due to the different scenarios.  

 

Figure 4-12: schedules in EnergyPlus from the occupancy rate scenarios 
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Chapter 5. Results 

The influence of occupant behavior on the total energy consumption (electricity +gas) of the ABT office is 

investigated to get a better understanding of the influence of occupant behavior in non-domestic 

buildings and see how this knowledge can be used in the future when predicting the energy performance 

of buildings. The influence of occupant behavior is investigated by analyzing the operational data of the 

building (section 4.1 & 4.2) and by performing a sensitivity study with a BPS model (section 4.3 & 4.4). 

Operational building data, provided by multiple measurements and utility bills, gave insight about the 

actual in-use energy consumption of the building and how it is influenced by the occupant. It also gave 

the opportunity to conduct some real-life experiments, such as changing the controls of the installations. 

All the collected data was analyzed with different software tools to see how the different end-uses are 

divided in the building and which share of the consumption can be linked to the behavior of the 

occupants. The results of the analysis are provided in section 5.1. A building simulation model was used 

to study the effect of more occupant behavior-related scenarios on the in-use energy consumption of 

the ABT office. It also provided the opportunity to conduct experiments and test scenarios which cannot 

be realized in real-time. The BPS model of the ABT office was calibrated and the influence of occupant 

behavior was studied by sensitivity analysis. Different scenarios were simulated to see how the total 

energy consumption was affected by the occupants. The results of the sensitivity analysis are provided in 

section 5.2. 

5.1 Building analysis 

The research began with limited resources on data providing information about the energy performance 

of the ABT office. Some monitoring and measurements had to be done to get the data needed for the 

research. Unfortunately, it was not possible to get all the data needed (e.g. gas consumption and sub 

metering of electricity) due to constraints and expenses. Table 4.1 in section 4.2.1 shows what kind of 

data was available during the time period of the research. This data is used to understand, by thorough 

analysis, the influence of occupant behavior on the energy consumption of the ABT office. The first 
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aspect analyzed is the overall energy performance of the building, which is done by looking at the utility 

bills for electricity and gas. The results from the utility bills are provided in section 5.1.1. The data from 

the smart meters and plug load meters is used to analyze the influence of occupant behavior on the total 

electricity consumption (section 5.1.2). This is done by, amongst others, analyzing the various variations 

in the electricity consumption. Furthermore, boxplots are used to study the variation of the total 

electricity consumption over different timescales and the consumption of different workspaces.  

Unfortunately, due to limitations concerning the grid, it was not possible to install a smart meter for the 

gas consumption of the ABT office, so only the annual consumption from the utility bills was available. It 

is almost impossible to gain knowledge about the influence of occupant behavior from just the annual 

gas consumption. However, the online climate control system (Webeasy) calculates the heating energy 

and cooling energy of the boiler and the cooling machine. Although limited data is available from these 

calculations (Table 4.1), the calculated heating energy can still be used to analyze how the heating 

demand of the building varies. The results of the analysis of the calculated heating energy can be found 

in the last section of this chapter (5.1.3).  

5.1.1 Overall performance ABT 

The data of the utility bills is analyzed to assess the overall energy performance of the ABT office 

throughout the past years. The utility bills tell us how much electricity and gas is consumed annually and 

how much electricity is consumed every month. First the data gathered from the utility bills is converted 

to primary energy in order to compare with each other (section 4.2.2). How the average electricity and 

gas consumption are divided in the ABT office is shown by the left pie chart in figure 5.1.   

 

It shows us that 80 % of the primary energy consumed by the ABT office is electricity and 20 % is gas. Gas 

is purely used for heating the building, so it is safe to say that 20 % of the primary energy is used for 

heating the building throughout the year. The cooling machine of the ABT office is fully electric, thus is a 

Figure 5-1: average annual gas and electricity consumption in primary energy (left), and the cooling demand estimated using 

the BPS model (right) 
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part of the 80 % consumed by electricity. There is no data available from the amount of electricity that is 

consumed by the cooling machine; however, there is a calibrated simulation model of the building 

(section 4.3 & 5.2.1). This model is used to estimate the amount of cooling needed in primary energy and 

is represented in the right-hand pie chart of figure 5.1. The primary energy needed for cooling is 

significantly lower than the primary energy needed for heating and electricity. 

 
Table 5-1: Energy consumption of the ABT office compared to the average Dutch office with the same characteristics, and 

compared to the EPC calculation done in the design phase of the building 

 

 

 

 

* Average office (1000 - 2500 m
2
, 1994-2015) (Centraal Bureau voor de Statistiek (CBS), 2014) 

** Fans, lighting, pumps and cooling 

 

Table 5.1 shows how the energy performance of the building compares to the average energy 

consumption of a typical Dutch office with the same characteristics (1000 – 2500 m2, 1994 – 2015) and 

to the EPC calculation done in the design phase (2001). The gas consumption is significantly lower than 

the average Dutch office and the electricity consumption significantly higher. These numbers correspond 

with the findings in figure 5.1, namely that most of the energy consumed in the ABT office is electricity. 

Furthermore, looking at the average gas consumption from 2010 - 2016, the building performs slightly 

better than predicted by the EPC calculations. The electricity consumption is more than double of what 

was predicted. However, only electricity consumed by the fans, lighting, pumps and cooling are taken 

into account in the EPC calculation and not the electricity consumed by, for instance, the installations or 

office equipment.  

 

 

Figure 5-2: the annual gas consumption compared to the heating degree days (HDD) (2014 is missing due to lack of data) 
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The data from the utility bills also tell us how the gas and electricity consumption varies over the years 

and how the electricity consumption varies throughout the year. Figure 5.2 shows the annual gas 

consumption from the year 2010 till 2016. The year 2014 is left out because the utility bills only provided 

the consumption from the 14th of February until the end of the year. The gas consumption of the ABT 

office variates between the 12 000 and 16 000 m3 per year, so there is a significant difference between 

years. The heating degree days (HDD) of Rotterdam (NL) are added to the figure in order to explain the 

annual variation in gas consumption. A heating degree day is defined as the reference temperature (18 

°C) minus the average outdoor temperature over the entire day (MinderGas, 2017). It is mostly used to 

simply calculate the amount of heating needed for a building. The figure shows that in the ‘colder’ years 

(2010 and 2013), thus the years with more heating degree days, the gas consumption of the ABT office is 

significantly higher than during the rest of the years.  

The average monthly electricity consumption throughout the year is provided by figure 5.3 and is 

represented by the graph line. The variation of each month throughout the years (2010 – 2016) is 

represented by the error bars. There is a clear peak in the electricity consumption during the two hottest 

months: July and August. Also the largest variations are during the cooling season (May – September). 

The total annual electricity consumption of the building variates between the 211.1 MWh and 223.8 

MWh, which is a variation of about 5 %, so variates just a little over the years. The monthly variation is 

around 8 %. 

 

Figure 5-3: the average monthly electricity consumption (line) with the variation per month (error bar) 

5.1.2 Occupant behavior vs. electricity consumption 

The data of the smart meters and plug load meters is analyzed to study the influence of occupant 

behavior on the total electricity consumption of the ABT office. First an in-depth study was undertaken 

to examine the variation in electricity demand throughout the week. Two typical weeks were chosen to 

examine, a week with and a week without night ventilation or cooling. Then the influence of occupant 

behavior on the electricity was studied and boxplots were used to calculate the variation in consumption 

due to occupant behavior.  
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Detailed analysis electricity demand 

Figure 5.4 illustrates the 15 minute electricity consumption of the whole building for week 9 in 2017. This 

is a typical week during the heating season, so cooling or night ventilation was not needed. As shown, 

the base load is approximately 6 kW outside working hours and during the weekend. The electricity 

demand increases to 10 kW at 04:00, which can be associated to a system or installation. It is still 

unknown which system or installation is related to this electricity demand. The climate installations are 

operational between 06:00 and 18:30, which is represented by respectively the steep rise and decrease 

at 06:00 and 18:30. The electricity demand increases to approximately 25 kW when the climate 

installations turn on. From 07:00 to 10:00 the electricity demand increases to approximately 55 kW. This 

increase can be associated with employees arriving who trigger the sensor lighting, turn on lights and use 

office equipment. From 10:00 to 17:00 the electricity demand remains fairly high, varying between the 

40 and 60 kW. A slight decrease in the electricity demand can be observed during this period, which can 

be associated with the kitchen being used in the morning to prepare for lunchtime. The kitchen closes 

around 13:30. What is also noticed by the figure is that employees going for lunch do not seem to have a 

significant effect on the electricity demand. After 17:00 the electricity demand starts to decrease faster 

but increases again around 18:00. This small increase at 18:00 can be associated with the cleaning 

schedule of the building. The steep decrease at 18:30 is due to the climate installations turning off. The 

overall decrease from 17:00 to approximately 6 kW by 20:00 can be associated with lighting and 

equipment being turned off as employees leave the office. The electricity demand during the weekend is 

constant with the same base load as after working hours on weekdays, which shows that there are no 

occupants at the office during the weekend.  

 

Figure 5-4: monitored electricity consumption - typical week without cooling or night ventilation 

 

Figure 5.5 illustrates the 15 minute electricity consumption of the whole building for week 38 in 2016. 

This was the first complete week of data from the smart meters and it was also one of the lasts weeks 

with temperatures higher than 20 °C. The outdoor temperature during the week variated from 24 °C 

during the day to 11 °C during the night, so some cooling and night ventilation was used. Night 
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ventilation is used during the summer to passively cool the building. The operational hours of night 

ventilation are between 01:00 a.m. and 06:00 a.m. during weekdays and all hours during the weekend. 

The night ventilation is regulated by the two air handling units. Figure 5.5 clearly shows that the night 

ventilation is used between 01:00 and 06:00 on Monday, Tuesday, Wednesday and Friday. The electricity 

demand starts with the base load of approximately 6 kW and increases to approximately 20 kW when 

night ventilation is used. On the weekend days, the night ventilation can be used at any moment, shown 

by the varying electricity demand during the day. During the weekdays from 10:00 to 17:00 the 

electricity demand varies between the 45 and 60 kW, which is slightly higher than what is illustrated by 

figure 5.4. Also the hourly variation seems to be higher. The higher electricity demand and higher hourly 

variations can be associated with the cooling machine being used to cool the supply air of the building. 

The steep decrease and increase on Thursday around 13:30 is caused by the climate installations briefly 

turned off. 

 

Figure 5-5: monitored electricity consumption - typical week with cooling and night ventilation 

 

An experiment was done to see how much electricity the climate installations exactly consume. This 

experiment helped in ‘breaking down’ the electricity consumption and see how the electricity 

consumption is influenced by the occupants. The weekend schedule of the installations was changed to 

the same schedule as during the week. The experiment was done in week 45 of 2016, where no night 

ventilation was used which could influence the electricity demand during the weekend. Figure 5.6 

illustrates the electricity demand of week 45 and it clearly shows the electricity demand during the 

weekend due to the air handling units. The installations turn on at 06:00 and the electricity demand 

increases from a base load of approximately 6 kW to approximately 22 kW. The electricity demand stays 

constant until the installations turn off at 18:30 and decreases to the base load. The constant electricity 

demand can be associated with the air handling units running with a constant air flow rate.  

0

10

20

30

40

50

60

70

0
:0

0

1
:0

0

2
:0

0

3
:0

0

4
:0

0

5
:0

0

6
:0

0

7
:0

0

8
:0

0

9
:0

0

1
0

:0
0

1
1

:0
0

1
2

:0
0

1
3

:0
0

1
4

:0
0

1
5

:0
0

1
6

:0
0

1
7

:0
0

1
8

:0
0

1
9

:0
0

2
0

:0
0

2
1

:0
0

2
2

:0
0

2
3

:0
0

El
ec

tr
ic

it
y 

d
em

an
d

 (
kW

) 

Mon Tue Wed Thu Fri Sat Sun

Weekend 

Weekdays 



 Chapter 5.  Results 

 

43 
 

 

Figure 5-6: monitored electricity consumption - climate installations operational during the weekend 

 

Influence OB on hourly electricity consumption 

Figure 5.7 illustrates the measured hourly electricity consumption of all the individual workdays (grey 

lines), thus the days when the building was occupied, and the mean hourly electricity consumption of all 

these days (dark line). On most of the days the electricity demand follows the same pattern as illustrated 

by figure 5.4. Overall the building consumes around 50 kWh between 10:00 and 17:00.  

 

 

Figure 5-7: monitored hourly electricity consumption of all occupied days vs. the mean consumption 

 

The breakdown of the electricity consumption is illustrated in figure 5.8. Again it illustrates the measured 
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during the night are caused by night ventilation and the variations during the day by usage of the cooling 

machine. The electricity consumed by the climate installations and standby consumption is indicated 

with the green area and called ‘system-driven loads’. The rest of the electricity is mainly consumed by 

lighting, office equipment, servers, transport, and kitchen equipment. These consumers are indicated 

with the orange area and are called ‘occupant-driven loads’.  

  

 

Figure 5-8: monitored hourly electricity consumption of all occupied days vs. the mean consumption – ‘breakdown’ electricity 

consumption 

 

  

 

Figure 5-9: monitored hourly electricity consumption of all occupied days vs. the mean consumption - variation due to occupant 

behavior/ presence 
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Figure 5.9 again illustrates the measured hourly consumption of all the individual workdays and the 

mean consumption, but now also indicates what the variation in consumption is due to occupant 

behavior or presence. The occupant can influence the consumption by using office equipment, kitchen 

equipment, the elevator or turning on lights. These are related to the behavior of an occupant. However, 

there is also a large amount of sensor lighting used in the building which is influenced by the presence of 

an occupant. The results show that the variation due to occupant behavior/ presence during a typical 

workday (09:00 – 17:00) is around ± 6 kWh. 

 

Variations explained by boxplots 

The boxplot is a good way for showing the statistical distribution of a group of data. It gives a clear 

representation of the variation that occurs in for instance the electricity consumption. The boxplot is 

used to study the variation due to occupant behavior in the daily, weekly and monthly electricity 

consumption of the ABT office. The data is provided by the smart meters (table 4.1). Figure 5.10 

illustrates a boxplot for all the weekdays on the left-hand side and on the right-hand side a boxplot of all 

the weekdays combined. It is chosen to only look at the weekdays because during the weekend the 

building is unoccupied and the variations are therefore not influenced by occupant behavior. The boxplot 

on the left-hand side illustrates that the overall electricity consumption is higher on Tuesday and 

Wednesday, and the lowest on Friday. This can be associated with a higher occupancy rate or employees 

making more hours. For instance, on Friday people may leave a bit earlier because it is the end of the 

week. The boxplot also indicates that the variation per weekday is relatively small, especially on Friday. 

The overall variation of all the weekdays is represented by the boxplot on the right-hand side of figure 

5.10. The boxplot is zoomed in to give a clear view of how large the variation exactly is. The boxplot 

indicates that the daily electricity consumption variates between roughly 580 and 720 kWh. The red dot 

in the middle of the boxplot represents the average electricity consumption, which is around 650 kWh. In 

percentages the daily variation is roughly +/- 10.8 % in relation to the average consumption. This daily 

variation can be associated with occupant behavior and presence. 

 

 
 

Figure 5-10: boxplot of the electricity consumption for the weekdays without night ventilation or cooling (left), and a boxplot of the 

electricity consumption for all the weekdays without cooling or night ventilation and the mean consumption (red dot)(right) 
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Figure 5.11 illustrates a boxplot for the weekly electricity consumption on the left-hand side and a 

boxplot for the monthly electricity consumption on the right-hand side. Both boxplots are zoomed in to 

give a clear view of how large the variation exactly is. The red dots in the middle of the boxplots indicate 

the average electricity consumption. The results of the weekly electricity consumption indicate a 

variation between roughly 3 300 and 3 700 kWh and an average consumption of approximately 3530 

kWh. In percentages the weekly variation associated with occupant behavior and presence is roughly +/- 

5.7 % in relation to the average consumption. The average electricity consumption per month is 

approximately 15 300 kWh and the consumption variates between the 14 300 kWh and 16 300 kWh. In 

percentages the variation associated with occupant behavior and presence is around +/- 6.5 % in relation 

to the average consumption. The reason that the monthly variation is higher than the weekly variation 

can be associated with the Christmas holidays and February being a shorter month. If the months 

December and February are excluded from the data, the average electricity per month will be 

approximately 15 700 kWh and variates between the 14 800 kWh and 16 270 kWh. In percentages this 

will be variation of around +/- 4.7 %. 

 

   

Figure 5-11: boxplot of the electricity consumption for all the weeks without cooling or night ventilation and with the mean 

consumption (red dot) (left), and a boxplot of the monthly consumption with the mean consumption (right) 

 

Plug load consumption 

Four workspaces were monitored by plug load meters, which gave insight about the variation in the 

consumption of computer equipment.  The four workspaces are used by different types of occupants: 

workspace 1 is used by a project manager, who is full-time at the office; workspace 2 is used as a flexible 

workspace and is used by anyone; workspace 3 is used by a senior advisor, who is more occupied by 

meetings in and outdoors; workspace 4 is also used as a flexible workspace but is, during the 

measurement period, mainly used by the researcher. Figure 5.12 illustrates the hourly consumption of 

workspace 1. The hourly consumption of all the workdays that the occupant is in the office is presented 
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by the grey lines and the mean consumption of these days by the dark line. This occupant usually starts 

at 08:00 and stops around 17:30. During the day a high variation in consumption can be observed. The 

high variation can be associated with the usage of the laptop (standby or fully operative) and the 

charging of the laptop. The high hourly variation in consumption is also observed in the data of the other 

workspaces (appendix D). 

 
Figure 5-12: hourly electricity of workspace 1 - all days vs. mean consumption 

 

Figure 5.13 illustrates the mean hourly electricity consumption of all the workspaces and the total mean 

electricity consumption of the workspaces combined. The mean consumption of the different 

workspaces differs significantly, which can be associated with the different types of occupants using the 

workspaces. This is also illustrated by the boxplot in figure 5.14, showing the variation in the daily 

electricity consumption of the four workspaces.  

 

 

Figure 5-13: the mean hourly electricity consumption of all workspaces vs. the total mean electricity consumption 

 

Hourly consumption 
of individual days 

Mean hourly  
consumption  
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Figure 5-14: boxplot of the daily electricity for the four workspaces 

 

The influence of OB in numbers 

Table 5.2 gives a summary of the numbers on the influence of occupant behavior/ presence on the total 

electricity consumption over different timescales.  

Table 5-2: the influence of occupant behavior on the total electricity demand over different time scales 

 

  
Timescale Average consumption 

(kWh) 
Variation (kWh) Variation (%) 

Hourly 47 ± 6 ± 12 

Daily 650 ± 70 ± 10.8 

Weekly 3530 ± 200 ± 5.7 

Monthly 15700 ± 1000 ± 4.7 



 Chapter 5.  Results 

 

49 
 

5.1.3 Analysis of the calculated heating energy 

The online climate management system of the ABT office calculates the energy needed for heating and 

cooling according to the delta temperature of the systems. Figure 5.15 illustrates the calculated heating 

energy compared to the outdoor temperature (upper graph) and indoor temperature (lower graph) of 

week 6 in 2017. In this week the installations were also kept on during the weekend for experiments. 

This gave the opportunity to see how the building heating demand of an unoccupied day relates to the 

building heating demand of an occupied day.   

 

Figure 5-15: calculated heating energy for a typical winter week (Monday - Sunday) vs. the outdoor and indoor temperature 

 

When looking at the upper graph, it is seen that during the week the outdoor temperature decreases 

with the lowest temperature on Friday morning. Along with the decrease in temperature, the energy 

needed for heating increases slightly and peaks also during Friday morning. Looking at the daily 

distribution of the heating energy and indoor temperature, it is seen that during the morning the system 

is working to get to the desired indoor temperature, which means more energy is needed then the rest 

of the day. The amount of energy needed decreases after the desired temperature is reached. The same 

seems to happen on Saturday. However, the indoor temperature is lower than the weekdays and the 

heating energy is more evenly distributed than the weekdays, which can be associated with the internal 

heat gains of occupant behavior and presence on the weekdays. On Sunday the installations are used for 

a couple of hours during the night and the lower graph shows that it did not get enough time to reach 

the desired room temperature. Furthermore, it seems that during the nights there is also heating used 

but the installations are operational between 06:00 and 18:30. This can be associated with the indoor 

temperature of the technical area influencing the distribution pipes of the boiler.  
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5.2 Sensitivity analysis 

A building performance simulation (BPS) model was used to perform a sensitivity study on the effect of 

occupant behavior related scenarios on the in-use energy consumption of the ABT office (section 4.3 & 

4.4). One of the objectives of the research in order to perform the sensitivity study was to develop a 

calibrated model of the ABT office. Subsequently, the model can also be used for further research. The 

results of the calibration/ validation can be found in section 5.2.1 and the final results of the sensitivity 

analysis in section 5.2.2. 

5.2.1 Calibration/ validation model 

The advantage with this study was that the case study is a building that is already built and occupied for 

various years. This provided a lot of information on the in-use energy consumption of the building 

making it easier to develop and calibrate the building model. Moreover, the data from the 

measurements could also be used as information for the model. For instance, how much the computers 

consume (plug load meters). Figure 5.16 and 5.17 show the simulated results of the final/calibrated 

model compared with the actual data. The mean real consumption follows the same trend and amount 

of electricity as simulated by the BPS model. The end-uses (heating + electricity) simulated with the 

actual weather data of 2015 are within ten percent of the actual end-use consumption in 2015 provided 

by utility bills.  

 
Figure 5-16: simulated hourly load profile of the electric consumers compared with the mean hourly electricity consumption 

measured for the workdays (monday-friday) of week 4, 2017 

 

Figure 5.16 also illustrates how the different electricity loads are divided in the model of the ABT office. 

It shows that the electricity loads of the installations and the lighting are the biggest within the office of 

ABT and are fairly constant during the day. There was no information available about the real-time 

energy consumption of the cooling machine. This machine is fully electric and is therefore a part of the 

total electricity consumption. The simulated cooling demand is therefore added to the simulated 

electricity consumption and compared with the actual electricity consumption provided by the utility 

bills (figure 5.17).  
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Figure 5-17: the simulated end-uses for electricity incl. cooling and heating compared with the utility bills of 2015 

5.2.2 Sensitivity study 

The second part of the research was to identify the influence of occupant behavior on the energy 

performance of the ABT office by performing a sensitivity study with a calibrated BPS model. Occupant 

behavior in the model was represented by the usage of lighting and equipment, and the presence of 

people (internal heat gain). The base case scenario is the calibrated model and is represented by the 

typical occupancy rate of the building. The different simulated scenarios are related to a low occupancy 

rate and a high occupancy rate compared to the base case scenario (section 4.4). A low occupancy rate 

means less people present (less internal heat gain), less lighting being used and less equipment being 

used, and vice versa for a high occupancy rate.  

The results of the simulations are presented as percentage of changes of source energy of the low 

occupancy scenario and high occupancy scenario compared to the base case scenario for the individual 

occupant behavior, e.g., only decreasing the usage of equipment, as well as the combined behavior, thus 

decreasing the usage of equipment, lighting and presence. Figure 5.18 and 5.19 illustrate the sensitivity 

of the cooling and heating demand, and figure 5.20 illustrates the sensitivity of the electricity demand.  

 

Figure 5-18: changes of source energy for the simulated cooling demand 

 

-50 -40 -30 -20 -10 0 10 20 30 40 50

Total

Presence

Equipment

Lighting

% changes of source energy 

Total Presence Equipment Lighting

High occupancy 8.44 2.61 3.92 1.81

Low occupancy -19.10 -2.65 -4.70 -11.56

Simulated cooling; Source energy of base case: 49 GJ 
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Figure 5-19: changes of source energy for the simulated heating demand 

 

 

Figure 5-20: changes of source energy for the simulated electricity demand 

 

From the results it can be seen that the usage of lighting seems to have the biggest impact on the energy 

performance of the building, which can be associated with lighting also being the largest load in the 

‘occupant-driven loads’. The presence of people seems to have the least impact on the energy 

performance of the building, especially the electricity demand. Overall, occupant behavior can affect the 

cooling demand up to 20 %, the heating demand up to 10 % and the electricity demand up to 9 % if the 

cooling demand is included (fully electric cooling machine). Furthermore, the results showed that a lower 

occupancy rate can reduce the cooling and electricity demand but increases the heating demand. The 

increase in the heating demand can be associated with less people present, less equipment being used 

and less lighting being used, which means there is also less internal heat gain and herewith more energy 

needed for heating the building. 

-50 -40 -30 -20 -10 0 10 20 30 40 50

Total

Presence

Equipment

Lighting

% changes of source energy 

Total Presence Equipment Lighting

High occupancy -5.13 -1.73 -2.05 -1.40

Low occupancy 9.80 1.42 2.43 5.81

Simulated heating; Source energy of base case: 488 GJ   

-50 -40 -30 -20 -10 0 10 20 30 40 50

Total

Presence

Equipment

Lighting

% changes of source energy 

Total Presence Equipment Lighting

High occupancy 4.01 0.14 2.17 1.70

Low occupancy -8.33 -0.11 -2.66 -5.72

Simulated electricity; Source energy of base case: 762 GJ 
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Figure 5.21 and 5.22 illustrate the hourly variation of the electricity demand and heating demand due to 

occupant behavior. The solid lines represent the energy load of the base case scenario and the error bars 

represent the total variation due to the different simulated scenarios. The energy loads of typical days 

are used for the figures. The hourly variation in figure 5.21 can be up to 9 kW during the day.   

 

Figure 5-21: sensitivity of the simulated hourly electricity load for a typical day; base case load is indicated by the solid line and 

the sensitivity by the error bars 

 

Figure 5.22 illustrates the heating load of a typical winter day. The climate installations start working at 

06:00, which also the time the heating load is the largest in order to get the indoor environment to the 

desired temperature.  After 06:00 the heating load decreases and stays fairly constant throughout the 

day in order to keep the desired temperature. Around 17:00 the heating load starts to increase, which 

can be associated with a decreasing outdoor temperature. At 18:30 the climate installations shut down. 

The results indicate an hourly variation up to 11 kW, which is up to 17 % in percentages.  

 

Figure 5-22: sensitivity of the simulated hourly heating load for a typical winter day; base case load is indicated by the solid line 

and the sensitivity by the error bars 
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Chapter 6. Discussion 

This chapter discusses the results illustrated in chapter 5. The results from using operational building 

data are discussed in section 6.1, and for the sensitivity analysis in section 6.2. The knowledge that can 

be gained from the research and how it relates to findings in literature are discussed in section 6.3. 

6.1 Operational building data 

The goal of the research was to investigate the influence of occupant on the total energy consumption of 

the ABT office. One of approaches to investigate this influence was by using operational building data. 

The analysis of the operational building data showed that the electricity consumption is the dominant 

energy source for the office of ABT. The influence of occupant behavior/ presence on the electricity 

consumption is proved to be minor. The variation in the gas consumption can mostly be related to the 

outdoor temperature. The results of the data analysis are discussed in detail below: 

Overall performance ABT 

The results of the analysis of the utility bills clearly showed that electricity is the dominant energy source 

for the office of ABT, around 80 % of the total primary energy used is provided by electricity. The energy 

needed for cooling was estimated and represents a significantly small part of the total energy 

consumption (5 %). Around 20 % of the energy used is provided by gas. It was therefore chosen to focus 

more on the influence of occupant behavior on the electricity consumption. Moreover, there was little 

data available on the gas consumption; only the annual consumption provided by the utility bills and 

figure 5.2 already showed that there is a strong correlation between the gas consumption and the 

HDD’s. The cooling machine is fully electric, so the peak and variations of the electricity consumption 

during this month could partially come from the usage of the cooling machine. Also night ventilation is 

used by the building, which can be operational during the night or during the weekend. The night 

ventilation is fully mechanical (regulated by the AHU’s), which means it also consumes electricity and 

affects the electricity consumption during the cooling season.  
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Occupant behavior vs. electricity 

Data of the smart meters and plug-load meters was used to gain knowledge about the electricity 

consumption. However, as shown by table 4.1, this is short-term data. The data gathered from the smart 

meters range from 12-09-2016 till present time. So most of the data from the measurements are during 

the colder seasons (autumn and winter), meaning that the data of days during the cooling season are 

limited. For instance, the mean consumption in figure 5.7 can be associated with the time period of the 

measurements because there is limited data of days with cooling that affects the mean consumption. 

Furthermore, due to difficulties with the BMS, there is no solid data available on the energy consumption 

of the cooling machine, so there is no clear understanding of how large the actual effect of the cooling 

machine is on the electricity consumption.  

Figure 5.8 illustrated the ‘breakdown’ of the electricity consumption. The knowledge generated from the 

analysis (figure 5.4 & 5.5) made it possible to explain the variations. From experiments, it was known 

what part of the electricity is consumed by installations. Unfortunately, not all the electricity demand 

could be linked to the different end-uses due to the absence of sub-metering. For instance, it is still 

unknown what triggers the electricity demand at 04:00 in the night. The electricity demand was divided 

into system-driven loads and occupant-driven loads. The system-driven loads represent the electricity 

demand of the installations and the standby consumption, meaning the loads that are not directly 

influenced by occupant behavior/ presence. The occupant-driven loads represent the consumption of 

lighting, office equipment, servers, transport and kitchen equipment. These are the loads that are 

directly influenced by occupant behavior/ presence during the day. The climate installations are used to 

ensure a good climate for the occupants and the schedule is based on the time people are in the office, 

so they are also depending on the occupants; however, it is driven by schedules of the system and not 

directly by the occupants during the day. The rest of the consumption is directly driven by occupants, 

meaning if there would not be any occupants in the office during a workday, the electricity consumption 

will only consist of system-driven loads.  

From figure 5.8 it was already known what causes the different variations in the electricity consumption. 

That is why the days or weeks that night ventilation or cooling is used, or experiments are done were 

filtered out of the data in order to have a good representation of the variation due to occupant behavior 

and presence on larger time scales. For the monthly data, the consumption due to night ventilation, 

cooling or experiments were estimated and extracted of the total electricity consumption.   

The results in figure 5.14 clearly show high variation per workspace and between the workspaces, 

indicating that the usage of computer equipment contributes to the variation in the total electricity 

consumption of the building (figure 5.9).  The average hourly consumption of a workspace is around 55 

Wh/day (figure 5.13). Between 50 and 60 employees work at the office of ABT, so an estimated 3 kWh is 

consumed by computer equipment during the day, which is around 12 % of the ‘occupant-driven’ loads 

(figure 5.8).  

Occupant behavior vs. calculated heating energy 

Due to the time period of the research and the difficulties with the system, only the hourly calculated 

heating energy was available and not the cooling energy. Furthermore, the hourly data was not available 
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until 05-01-2017 (table 4.1). Overall it seems that the energy needed for heating is mainly influenced by 

the system and the outdoor temperature. 

6.2 Sensitivity analysis 

Another approach for investigating the influence of occupant behavior was using building performance 

simulation (BPS) software. The goals were to deliver a calibrated BPS model of the ABT office and 

perform a sensitivity study. Not all the information was available for developing the model, so some 

assumption had to be made (section 4.3.1), but the information of the data analysis gave the opportunity 

to calibrate the model. The results showed that it was possible to calibrate the model. Furthermore, also 

the sensitivity study showed that the influence of occupant behavior on the electricity consumption is 

minor.  

Calibration/-validation model 

Figure 5.16 illustrated the simulated load profiles of the electricity demand. The total simulated 

electricity demand follows the same trend and amount of measured electricity in figure 4.7. This 

correlation indicated that the electricity loads of the model are well calibrated. Although there was some 

information about the energy consumption and installations of the building, not all the loads could be 

derived from this information and needed to be estimated. The loads of the installations, workspaces, 

lighting and standby consumption could be derived from measurements, drawings or experiences, and 

cover most of the electricity demand. The loads of the elevator, refrigerators, copiers, coffee machines, 

kitchen equipment and servers had to be estimated.  

There was no information available about the real-time energy consumption of the cooling machine. This 

machine is fully electric and is therefore a part of the total electricity consumption. The simulated 

cooling demand is therefore added to the simulated electricity consumption and compared with the 

actual electricity consumption provided by the utility bills (figure 5.17). It is, however, not known how 

the simulated cooling demand relates to consumption of the cooling machine.  

Sensitivity study 

The utility bills showed that 80 % of the primary energy is provided by electricity and 20 % by gas. The 

calibrated BPS model showed that energy needed for cooling is 5 % of total primary energy. The results 

of the sensitivity analysis showed that occupant behavior can affect the cooling demand up to 20 %, the 

heating demand up to 10 % and the electricity demand up to 9 % if the cooling demand is included (fully 

electric cooling machine). So, according to the sensitivity analysis, the cooling demand is significantly 

more sensitive to the behavior of occupants than the other demands; however, the cooling demand is 

also significantly smaller than the rest of the demands (5 %), meaning it is relatively more sensitive to 

changes in the building compared to the other demands but the influence of changes in the cooling 

demand on the total demand will be a lot smaller. The dominant energy source of the building, 

electricity, seems to be the least sensitive to occupant behavior according to the sensitivity analysis.  
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The total influence of occupant behavior on the electricity demand shown by the sensitivity analysis is + 

4% / - 8.3 % (figure 5.20). The monthly variation due to occupant behavior found in the data analysis is ± 

4.7 % (table 5.2). The data analysis did not provide the annual variation due to the size of the data but is 

expected to be the same or less than the monthly variation, so the results of the sensitivity analysis 

correspond with the findings of the data analysis. This correspondence could indicate that the results of 

the sensitivity analysis are a good representation of the real influence of occupant behavior on the 

energy performance of the ABT office.  

Figure 5.21 seems to relate to the results of the data analysis represented in figure 5.9. The hourly 

variation found in the sensitivity analysis can be up to 9 kW and in the data analysis up to 10 or 12 kW. 

Also the size of the variation throughout the day corresponds with the findings in the data analysis. This 

is also a good indication that the sensitivity analysis could be a good representation of the real situation.  

6.3 Knowledge generation  

The results showed us how big the influence of occupant behavior is on the electricity consumption of 

the ABT office. It, however, did not show us how big the influence is on the gas consumption but is 

assumed to be minor as dependent on the heating degree days shown in figure 5.2. The main knowledge 

gained from the results is summarized in the following statements:  

 The influence of occupant behavior on the electricity consumption of operational buildings can be 

determined/-estimated by purely looking at the end consumption. With good research, most of 

the variations in the consumption can be explained. 

 

 More information on occupancy and monitoring of the gas consumption will be needed to 

investigate the influence of occupant behavior on the gas consumption of an operational building 

 

 In the design phase, a BPS model combined with a sensitivity analysis could help in quantifying 

uncertainty in energy predictions due to occupant behavior. Quantifying uncertainty in energy 

predictions allows decision makers to take better informed investment decisions.  

 
 The influence of occupant behavior on the energy consumption of the ABT office, a highly 

automated building, is significant lower than case studies found in literature. 

 
Results vs. literature 

It is proven by multiple studies that occupant behavior can have a significant impact on the energy 

consumption of an office or non-domestic building. The scientific studies show a wide range of variations 

in the energy consumption due to occupant behavior (section 2.2). The numbers found in literature 

variate from 10 % to 90 %. The results of this research showed that the monthly variation due to OB 

found in the data analysis is ± 4.7 % (table 5.3). The results of the sensitivity analysis showed that 

occupant behavior can affect the heating demand up to 10 % and the electricity demand up to 9 % 

(figure 5.19 & 5.20). These results are low compared to the findings in literature. This can be associated 
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with the types of offices used in the different studies. The ABT office is a highly automated building, 

meaning the occupants have no control over the installations. Some of the studies discussed in section 

2.2 investigated case studies where, for instance, the occupants could also control the thermostat 

temperature. There is a lack in scientific case studies that provides real numbers on the influence of 

occupant behavior on the energy consumption in offices and how it relates between different types of 

offices. However, the results of the research and the findings in literature still show that the influence of 

occupant behavior can differ a lot between different types of offices.  
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Chapter 7. Conclusions and recommendations  

7.1 Research questions 

At the beginning of this research, a main research question and multiple sub research questions were 

formulated. To conclude this research, the sub research questions and main research question are 

discussed and answered to evaluate the study.  

“What does the current energy performance of the ABT office look like?” 

The electricity and gas consumption provided by the utility bills were analyzed to assess the overall 

energy performance of the ABT office. The results of the analysis showed that 80 % of the primary 

energy used is in the form of electricity and 20 % of the primary energy used comes from gas. Gas is 

purely used by the boiler, thus it is safe to say that 20 % of the primary energy is used for heating the 

building. The fully-electric cooling machine was not monitored and therefore the cooling demand of the 

building was not known. Eventually, the calibrated BPS model was used to estimate the amount of 

cooling needed in the office of ABT. It is estimated that around 5 % of the total primary energy is used by 

cooling. From the analysis it is clear that electricity is the dominant energy source for the ABT office. 

Compared to other offices in the Netherlands with approximately the same floor surface and also built 

after 1994, the ABT office consumes significant less gas (ABT: 7 m3/m2, Dutch office: 10.3 m3/m2) and 

significant more electricity (ABT: 107 kWh/m2, Dutch office: 71.4 kWh/m2). This could indicate that the 

building is better insulated than the average office and the density of electric equipment or occupants 

may be higher than the average office. The analysis showed that the gas consumption variates up to 15 

% annually, which can be associated with the number of heating degree days (HDD) throughout the 

years. According to the utility bills, the annual electricity consumption variates up to 5 % throughout the 

years and the average monthly electricity consumption variates up to 8 % throughout the year. During 

the year there is a small peak of the average monthly electricity consumption in July and August, which 

can be associated with the cooling machine and night ventilation being used.  
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“What is the relation between the occupant and the in-use energy consumption of the ABT office?” 

All the climate installations are centrally controlled so there is no direct influence of the occupant on the 

settings of these installations. The same applies for the sun shading. The occupants can control the 

blinds in order to control the amount of daylight in the office spaces but it does not affect the intensity 

of the internal lighting. Some of the windows in the inner façade of the building can be open and closed 

by the occupant but are rarely used. The occupants can have a direct influence on the in-use energy 

consumption of the building by using computers, small office equipment, catering, the elevator and 

lighting. The office spaces, toilets and some storage rooms are equipped with sensor lighting. So, the 

presence of the occupant has an influence on the amount of lighting used in these areas. Also, the 

internal heat gain of the occupants itself could affect the amount of energy needed to heat the building. 

Furthermore, the employees of the restaurant can affect the in-use energy consumption by using kitchen 

equipment.  

“How can the influence of occupant behavior be explained by operational building data and by BPS 

modelling, and how do the results relate to other studies?” 

Operational building data was gathered to analyze the energy consumption of the ABT office and how it 

is influenced by occupant behavior. The influence of occupant behavior could be explained by ‘breaking 

down’ the measured electricity consumption by, amongst others, performing experiments like adjusting 

the settings of the installations in the BMS. Unfortunately, there was not enough data available to study 

the influence of occupant behavior on the gas consumption of the building. To study this influence it 

would require real-time monitoring of the gas consumption and the occupancy rate of the building. For 

using BPS modelling, the influence of occupant behavior could be explained by performing a sensitivity 

analysis, which required a fully calibrated model which represented the real situation. By performing a 

sensitivity analysis with the calibrated model it became clear how sensitive the energy performance of 

the building is to changes in usage of lighting, equipment or presence.  

In contrast to most of the cases found in literature, occupant behavior has a minimal influence on the 

total energy consumption of the ABT office. Cases found in literature showed variations between 10 % 

and 90 %, while the data analysis showed a variation of 4.7 % in the electricity consumption and the 

sensitivity analysis a variation up to 9 % in the electricity demand and up to 10 % in the heating demand. 

“How can the results of the analysis be used to better predict the influence of occupant behavior on the 

energy performance of offices (expected/guaranteed, range/bandwidth)?” 

The data analysis and the sensitivity analysis gave information about the influence of occupant behavior 

in the office of ABT. The ABT office is a building with open office spaces and the installations are centrally 

controlled. This case study can function as a benchmark for designing offices with open office spaces and 

centrally controlled installations. It informs designers on the impact of occupant behavior on the actual 

energy consumption regarding this type of offices. The information can be used in the design phase to 

see where to focus on when predicting the energy performance and the influence of occupant behavior. 

Furthermore, the results showed that in the design phase a BPS model combined with a sensitivity 

analysis could help in quantifying uncertainty in energy predictions due to occupant behavior. 

Quantifying uncertainty in energy predictions allows decision makers to take better informed investment 

decisions. 
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Combining the answers given on the sub research questions above, allows answering the main research 

question of the study performed: 

“What is the influence of occupant behavior on the total energy consumption (gas + electricity) of the 

ABT office and how can the knowledge of this influence be used?”  

The results showed that in contrast to other findings in literature the influence of occupant behavior on 

the total energy consumption is minimal. Cases found in literature showed variations between 10 % and 

90 %. The data analysis showed that hourly the electricity consumption can variate up to 12 % by means 

of occupant behavior but on a weekly or monthly basis this variation is reduced to approximately 4.7 %. 

Not enough data was available to compute the yearly variation due to occupant behavior but is expected 

to be 4.7 % or lower. The sensitivity analysis indicated a variation of + 4% / - 8.3 % on the annual 

electricity consumption due to occupant behavior, which relates to the findings in the data analysis. 

There was no data available to study the real influence of occupant behavior on the gas consumption but 

the sensitivity analysis indicated an hourly variation of the heating load up to 17 % due to occupant 

behavior and an annual variation of  + 10 % / - 5.1 %. Gas is purely used for heating in the office of ABT 

so these variations can be seen as variations in the gas consumption. According to the sensitivity analysis 

the variation in the cooling demand due to occupant behavior is + 8.4 % / -19.1 %. However, as shown in 

the overall performance of the building, the cooling demand only accounts for 5 % of the total primary 

energy used by the office of ABT. The knowledge of the results can be used to compare with other types 

of offices and inform the market on the impact of occupant behavior on the total energy consumption of 

an office like the office of ABT. 

As a conclusion, this thesis confirms the hypothesis that “the influence of occupant behavior on the 

energy performance of the ABT office, a highly automated office, is expected to be less significant than 

other office buildings where installations are individually controlled”. The results showed that the 

variations due to occupant behavior are low and are also considered low compared to other findings in 

literature.  

7.2 Limits and recommendations  

The main limitation of the present study is that only limited resources were available concerning the 

operational data of the building. Due to the limited resources it was not possible to perform a thorough 

analysis on the influence of OB on the gas consumption. This would require real-time monitoring of the 

gas consumption and monitoring of the occupancy. Furthermore, only the total electricity consumption 

of the building was known, while sub-metering the electricity consumption will provide more 

information on the distribution of the end-uses and how those are influenced by occupant behavior. 

Also, the size of the collected data was limited because the monitoring of the energy consumption just 

started in September 2016, so data from during the cooling season is missing. The only long-term data 

available was from the utility bills. Currently ABT started with using cameras to monitor the occupancy 

and the gas consumption of the building. Further research could focus on studying the influence of 

occupant behavior on the gas consumption of the ABT office. The data of the occupancy can then also be 

used to study the relation between the number of occupants and the electricity consumption in the ABT 
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office. This knowledge can then potentially be used in energy prediction tools to link the number of 

occupants on certain electricity consumption.  

The present study provided a calibrated BPS model of the ABT office. Only the influence of usage of 

equipment, lighting and presence are investigated by means of a sensitivity analysis. Further research 

could focus on a more detailed sensitivity analysis by simulating more scenarios on occupant behavior. 

For instance, the effect of window opening or controlling of the blinds can be studied by using the 

calibrated BPS model.  

More research should been done that focuses on studying the occupant behavior in existing buildings 

because the scientific evidence is minimal at the moment. More information and evidence on the 

influence of occupant behavior in offices will create benchmarks that will inform designers on the impact 

of occupancy on the actual energy consumption of different types of offices. These benchmarks will 

enable the use of more realistic input parameters in energy models.  
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  Appendices 

 

67 
 

Appendices 

  



  Appendices 

 

68 
 

A.  Floor plans 

Floorplans of the different functions in the office building are provided by figure A.1 – A.3. The functions 

are indicated with different colors indicated below. Floor plans of the first and second floor with the 

placement of the sensors are provided by figure A.4 and A.5. The sensors connected to the post heaters 

are presented by ‘naregeling 1’, ‘naregeling 2’, etc. 

 

  : Circulation area 
  : Technical space/ storage 
  : Toilets/ kitchen 
  : Restaurant 
  : Office spaces 
  : Meeting rooms 

 

 

Figure A.1: Ground floorplan with the different functions 
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Figure A.2: First floorplan with the different functions 

 

 

Figure A.3: Second floorplan with the different functions 

 



  Appendices 

 

70 
 

 

Figure A.4: First floorplan with the sensor placement 

 

 

Figure A.5: Second floorplan with the sensor placement 
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B.  Monitoring ABT office 

 

 

Figure B.1: schematic diagram of the energy flows in the ABT office. Red indicated text is not measured, green text is measured 
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Table B.1: Measured/ monitored in the ABT office at the beginning of the research 

 

  

Type Parameter Unit 

    
Indoor/outdoor climate 

Outdoor temperature °C 

Indoor temperature °C 

        

Climate installations 

Boiler 
Inlet/outlet temperature  °C 

Heating temperature  °C 

Cooling machine 
Inlet/outlet temperature  °C 

Control  Off/On 

AHU Restaurant 

Room temperature restaurant °C 

Inlet temperature °C 

Control supply/exhaust fan  Off/On 

Valve control heater and chiller  % 

Pressure filter  Pa 

AHU Offices 

Average room temperature offices  °C 

Inlet/exhaust temperature °C 

Control exhaust fan  Off/On 

Valve control heater and chiller % 

Pressure filter  Pa 

Valve control heat exchanger  % 

Post heating 
Room temperature per heater (8 

heaters) 
°C 

Valve control heaters % 

Ventilation 

Control overflow ventilation Off/On 

Room temperature Atrium °C 

Rain sensor Off/On 

Control night ventilation restaurant 
and office 

Off/On 

    
  

Calculated 
Cold energy W or kWh 

Heat energy W or kWh 
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Table B.2: Not measured/ monitored in the ABT office at the beginning of the research but could be relevant to measure (end 

uses and climate) 

 

Type Parameter Unit 
Primary energy 
consumption 

Electricity kWh 

Gas m3 

Sub energy 
consumption 

Lighting (and power groups?) kWh 

User equipment kWh 

Installations (AHU, boiler, ventilation, 
cooling machine, post heaters, electric 

boiler) 

kWh 

Boiler m3 

Distribution pumps kWh 

Generation  PV panels kWh 

Occupants 

Presence - 

Window opening ? 

Usage equipment 
Off/On 

kWh 

Usage shading (solar and light) ? 

Heating set point °C 

Usage lighting 
Off/On 

kWh 

Usage ventilation  ? 

Solar/ outdoor 
climate 

Solar irradiation  W/m2 

Relative humidity % 

Wind speed and direction m/s 

Rain mm 

Indoor climate 
Relative humidity % 

CO2 level (presence and comfort) ppm 

Other 
Electric boiler hot tapwater kWh 

Radiant heaters atrium m3 
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Table B.3: Not measured/ monitored in the ABT office at the beginning of the research but could be relevant to measure 

(installations) 

 

Type Parameter Unit Comments 

Air handling 
units 

Inlet/ exhaust air temperature °C 
Before the heater/cooler and after the 
heat exchanger 

Relative humidity inlet/ 
exhaust air % 

 Ventilation rate m3/h Measurement report ventilation system  

Heating energy kWh 
 Cooling energy kWh 
 

Boiler and 
distribution 

Distribution temperatures °C 

Inlet and outlet temperature from every 
post heater and heater of the air handling 
units 

Flow rates m3/s 
 Heating energy kWh 
 

Cooling machine 
and distribution 

Distribution temperatures °C 
Inlet and outlet temperature from every 
chiller in the air handling units 

Flow rates m3/s  

Cooling energy kWh  

Post heaters 

Inlet/ outlet air temperature °C 
For calculation of heating energy per 
heater? 

Distribution temperatures 
water °C 

(See Boiler and distribution)  

Flow rates ? 
 

Ventilation 

Exhaust temperature °C 
Only exhaust toilets so not really significant 
for the research 

Exhaust relative humidity % 
Only exhaust toilets so not really significant 
for the research 

Ventilation rates m3/h Measurement report ventilation system  
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C.  System settings model EnergyPlus 

 

Figure C.1: System settings for the Ideal Loads Air System 

 

 

Figure C.2: System settings for the Design Flow Rate (ventilation) 
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Figure C.3: System settings for the Zone Mixing (overflow ventilation) 

  



  Appendices 

 

77 
 

D.  Results plug load consumption 

 

 

 
Figure D.1: hourly electricity of workspace 2 - all days vs. mean consumption 

 

 

 
Figure D.2: hourly electricity of workspace 3 - all days vs. mean consumption 

Hourly consumption 

of individual days 

Mean hourly  
consumption  

Hourly consumption 

of individual days 

Mean hourly  
consumption  



  Appendices 

 

78 
 

 

 
Figure D.3: hourly electricity of workspace 4 - all days vs. mean consumption 

 

  



  Appendices 

 

79 
 

E.  M-file data mining 

Data mining of the electricity consumption: 

clear all 

close all 

 

% Read data 

Electricity_hourly = xlsread('Electricity data.xlsx','C:C');  

Electricity_daily = xlsread('Electricity data.xlsx','F:F'); 

Electricity_weekly = xlsread('Weekly electricity.xlsx','A:A'); 

Electricity_monthly = xlsread('Monthly electricity.xlsx','B:B'); 

 

% Make new datestrings 

Date_daily_new = 

(datenum(2017,01,01):datenum(0000,00,01):datenum(2017,03,26))'; 

Date_hourly_new = 

(datenum(2016,09,12,01,00,00):datenum(0000,00,00,01,00,00):datenum(2017

,03,27,00,00,00))'; 

 

% Find day of the week for the daily data and filter the date and data 

strings to only workdays 

Day_of_week = weekday(Date_daily_new); 

k=find(Day_of_week>1 & Day_of_week<7); 

  

Workday=Electricity_daily(k); 

Date_daily_workday=Date_daily_new(k); 

 

% Find day of the week for the hourly data and filter the date and data 

strings to only workdays 

Day_of_week_2=weekday(Date_hourly_new); 

l=find(Day_of_week_2>1 & Day_of_week_2<7); 

  

Electricity_workday=Electricity_hourly(l); 

Date_hourly_workday=Date_hourly_new(l); 

 

% Filter holidays & experiments during the weekend 

BeginHoliday=datenum(2016,12,26); 

EndHoliday=datenum(2017,01,01); 

 

q=[find(Date_hourly_workday<BeginHoliday);find(Date_hourly_workday>EndH

oliday)]; 

Electricity_workday1=Electricity_workday(q); 

 

u=[find(Date_daily_new<BeginHoliday);find(Date_daily_new>EndHoliday)]; 

Electricity_daily1=Electricity_daily(u); 

Date_daily_new1=Date_daily_new(u); 

 

Day_of_week1=weekday(Date_daily_new1); 
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% Filter the specific days in the data and create data strings for 

boxplot of the daily electricity consumption (with holiday) 

monday=find(Day_of_week==2); 

tuesday=find(Day_of_week==3); 

wednesday=find(Day_of_week==4); 

thursday=find(Day_of_week==5); 

friday=find(Day_of_week==6); 

saturday=find(Day_of_week==7); 

sunday=find(Day_of_week==1); 

  

A=[Electricity_daily(monday);Electricity_daily(tuesday);Electricity_dai

ly(wednesday);Electricity_daily(thursday);Electricity_daily(friday);Ele

ctricity_daily(saturday);Electricity_daily(sunday)]; 

  

grp=[zeros(1,length(monday)),ones(1,length(tuesday)),2*ones(1,length(we

dnesday)),3*ones(1,length(thursday)),4*ones(1,length(friday)),5*ones(1,

length(saturday)),6*ones(1,length(sunday))]; 

 

% Filter the specific days in the data and create data strings for 

boxplot of the daily electricity consumption (without holiday) 

monday1=find(Day_of_week1==2); 

tuesday1=find(Day_of_week1==3); 

wednesday1=find(Day_of_week1==4); 

thursday1=find(Day_of_week1==5); 

friday1=find(Day_of_week1==6); 

saturday1=find(Day_of_week1==7); 

sunday1=find(Day_of_week1==1); 

 

AA=[Electricity_daily1(monday1);Electricity_daily1(tuesday1);Electricit

y_daily1(wednesday1);Electricity_daily1(thursday1);Electricity_daily1(f

riday1);Electricity_daily1(saturday1);Electricity_daily1(sunday1)]; 

  

grp1=[zeros(1,length(monday1)),ones(1,length(tuesday1)),2*ones(1,length

(wednesday1)),3*ones(1,length(thursday1)),4*ones(1,length(friday1)),5*o

nes(1,length(saturday1)),6*ones(1,length(sunday1))]; 

 

% Use a loop function to create a matrix of the electricity consumption 

per hour (with holiday) 

L=length(Electricity_workday) /24; 

C=zeros(24,L); 

  

for n=1:24 

    C(n,:)=Electricity_workday(n:24:end); 

     

end 

  

D=C'; 

D(1, :) = []; % Delete row with zeros 

E=D'; 

 

 



  Appendices 

 

81 
 

% Use a loop function to create a matrix of the electricity consumption 

per hour (without holiday) 

 

L=length(Electricity_workday1) /24; 

V=zeros(24,L); 

  

for n=1:24 

    V(n,:)=Electricity_workday1(n:24:end); 

     

end 

  

W=V'; 

W(1, :) = []; % Delete row with zeros 

P=W'; 

  

 

 

Example of a boxplot: 

figure(1); 

boxplot(A,grp,'Whisker',5); 

title('Boxplot daily electricity consumption(without 

holiday)','fontweight','bold','fontsize',16); 

set(gca,'xtick',1:7,'xticklabel',{'monday','tuesday','wednesday','thurs

day','friday','saturday','sunday'}); 

ylabel('Electricity consumption (kWh)','fontsize',12); 

set(gca,'tickdir','out'); 

ylim([0 800]); 

set(gca,'YGrid','on'); 

j = findobj(gca, 'tag', 'Median'); 

set(j, 'color', [0 0 0]) 

k = findobj(gca, 'tag', 'Outliers'); 

set(k, 'color', [0 0 0]) 

set(j, 'linewidth', 1) 

set(j, 'linewidth', 2) 

h = findobj(gca, 'tag', 'Box'); 

set(h, 'color', [0 0 0]) 

for i = 1:length(h) 

    patch(get(h(i),'XData'),get(h(i),'YData'),[0 1 0],'FaceAlpha',.5); 

end 

box off; 

 

 

Example of a line plot: 

figure(10); 

plot(P,'linewidth',1,'Color',[0.7 0.7 0.7]); 

title('Hourly Electricity Consumption: Individual Days vs. 

Mean','fontweight','bold','fontsize',16); 

xlabel('Time of day (h)','fontsize',12); 

ylabel('Electricity consumption (kWh)','fontsize',12); 
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hold on 

plot(N,'linewidth',2,'Color',[0 0 0]); 

set(gca,'ytick',0:10:80,'yminortick','on','tickdir','out'); 

ylim([0 80]); 

xlim([1 24]); 

set(gca,'xtick',1:24,'xminortick','on','tickdir','out'); 

box off; 

 

 

Data mining of the plug load consumption: 

clear all 

close all 

 

% Read data 

Date_minute_P = xlsread ('Workspace_Perry.xlsx','E:E'); 

kWh_P = xlsread ('Workspace_Perry.xlsx','B:B'); 

Date_minute_A = xlsread ('Workspace_Ad.xlsx','E:E'); 

kWh_A = xlsread ('Workspace_Ad.xlsx','B:B'); 

Date_minute_F = xlsread ('Workspace_Flexplek.xlsx','E:E'); 

kWh_F = xlsread ('Workspace_Flexplek.xlsx','B:B'); 

Date_minute_B = xlsread ('Workspace_Bas.xlsx','E:E'); 

kWh_B = xlsread ('Workspace_Bas.xlsx','B:B'); 

 

% Delete double value in vector 'Date_minute' and vector 'kWh' 

Date_minute_P(1706, :) = []; 

Date_minute_A(1706, :) = []; 

Date_minute_F(1706, :) = []; 

  

kWh_P(1706, :) =[]; 

kWh_A(1706, :) =[]; 

kWh_F(1706, :) =[]; 

 

% *Make new datestring* 

M=(datenum(2017,01,09,01,00,00):datenum(0000,00,00,01,00,00):datenum(20

17,02,20,00,00,00))'; 

Day_of_week = weekday(M); 

k=find(Day_of_week>1 & Day_of_week<7); 

M1=M(k); 

  

M2=(datenum(2017,01,09,00,00,00):datenum(0000,00,01,00,00,00):datenum(2

017,02,19,00,00,00))'; 

 

% *Convert data collected from the workspaces to Wh* 

  

%%% WORKSPACE PERRY (workspace 1) 

h=find(Date_minute_P==59);  

  

a=kWh_P(h);  

Perry=(a(2:1:end)-a(1:1:(end-1)))*1000; % all days 
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Perry1=Perry(k); % only weekdays 

  

%%% WORKSPACE AD (workspace 3) 

h=find(Date_minute_A==59); 

  

a=kWh_A(h); 

Ad=(a(2:1:end)-a(1:1:(end-1)))*1000; % all days 

Ad1=Ad(k); % only weekdays 

  

% WORKSPACE FLEXPLEK (workspace 2) 

h=find(Date_minute_F==59); 

  

a=kWh_F(h); 

Flexplek=(a(2:1:end)-a(1:1:(end-1)))*1000; % all days 

Flexplek1=Flexplek(k); % only weekdays 

  

% WORKSPACE BAS (workspace 4) 

h=find(Date_minute_B==04); 

  

a=kWh_B(h); 

Bas=(a(2:1:end)-a(1:1:(end-1)))*1000; % all days 

Bas1=Bas(k); % only weekdays 

 

% *% Filter hourly and daily data for boxplot or line plot of the days 

the workspace is in use * 

  

%%% WORKSPACE PERRY (workspace 1) 

L=length(Perry1) /24; 

F=zeros(24,L); 

  

for n=1:24 

    F(n,:)=Perry1(n:24:end); 

     

end 

  

Perry_Box=F'; % Matrix of the data per hour 

  

% Filter when workspace is used or not 

Y1=sum(F); 

YY=find(Y1<150); 

Perry_Box1=Perry_Box; 

Perry_Box1(YY,:)=[]; 

  

Perry_mean=mean(Perry_Box1); % Average consumption per hour when in use 

  

% Compute daily consumption 

D=Perry_Box1'; 

Perry_Daily=(sum(D))';  
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%%% WORKSPACE AD (workspace 3) 

L=length(Ad1) /24; 

F=zeros(24,L); 

  

for n=1:24 

    F(n,:)=Ad1(n:24:end); 

     

end 

  

Ad_Box=F'; % Matrix of the data per hour 

  

% Filter when workspace is used or not 

Y1=sum(F); 

YY=find(Y1<50); 

Ad_Box1=Ad_Box; 

Ad_Box1(YY,:)=[]; 

  

Ad_mean=mean(Ad_Box1); % Average consumption per hour when in use 

  

% Compute daily consumption 

D=Ad_Box1'; 

Ad_Daily=(sum(D))';  

  

  

%%% WORKSPACE FLEXPLEK (workspace 2) 

L=length(Flexplek1) /24; 

F=zeros(24,L); 

  

for n=1:24 

    F(n,:)=Flexplek1(n:24:end); 

     

end 

  

Flexplek_Box=F'; % Matrix of the data per hour 

  

% Filter when workspace is used or not 

Y1=sum(F); 

YY=find(Y1<50); 

Flexplek_Box1=Flexplek_Box; 

Flexplek_Box1(YY,:)=[]; 

  

  

Flexplek_mean=mean(Flexplek_Box1); % Average consumption per hour when 

in use 

  

% Compute daily consumption 

D=Flexplek_Box1'; 

Flexplek_Daily=(sum(D))';  

  

  

%%% WORSPACE BAS (workspace 4) 

L=length(Bas1) /24; 
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F=zeros(24,L); 

  

for n=1:24 

    F(n,:)=Bas1(n:24:end); % Matrix of the data per hour 

     

end 

  

Bas_Box=F'; 

  

% Filter when workspace is used or not 

Y1=sum(F); 

YY=find(Y1<50); 

Bas_Box1=Bas_Box; 

Bas_Box1(YY,:)=[]; 

  

Bas_mean=mean(Bas_Box1); % Average consumption per hour when in use 

  

% Compute daily consumption 

D=Bas_Box1'; 

Bas_Daily=(sum(D))';  

  

 

% *Sum and average the 4 workspaces* 

Total_Box=[Perry_Box;Ad_Box;Flexplek_Box;Bas_Box]; 

Total_Box1=[Perry_Box1;Ad_Box1;Flexplek_Box1;Bas_Box1]; 

Total=Total_Box1'; 

Mean=mean(Total_Box1); 

 

All = [Perry_Daily',Flexplek_Daily',Ad_Daily',Bas_Daily']; 

All_workspaces = All'; 

  

C=[Perry_Daily;Flexplek_Daily;Ad_Daily;Bas_Daily]; 

grp=[zeros(1,length(Perry_Daily)),ones(1,length(Flexplek_Daily)),2*ones

(1,length(Ad_Daily)),3*ones(1,length(Bas_Daily))]; 

  

Z = [Perry_mean;Flexplek_mean;Ad_mean;Bas_mean]; 

Total_mean = Z' 

 

 

Example of a line plot with the mean consumption of the 4 workspaces: 

figure(11); 

plot(Total_mean(:,1),'-o','linewidth',1,'Color',[0.7 0.7 

0.7],'MarkerSize',5); 

title('Mean hourly electricity consumption 

workspaces','fontweight','bold','fontsize',14); 

xlabel('Time of day (h)','fontsize',12); 

ylabel('Electricity consumption (Wh)','fontsize',12); 

hold on 
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plot(Total_mean(:,2),'-s','linewidth',1,'Color',[0.7 0.7 

0.7],'MarkerSize',5); 

hold on 

plot(Total_mean(:,3),'-*','linewidth',1,'Color',[0.7 0.7 

0.7],'MarkerSize',5); 

hold on 

plot(Total_mean(:,4),'-d','linewidth',1,'Color',[0.7 0.7 

0.7],'MarkerSize',5); 

hold on 

plot(Mean,'linewidth',2,'Color',[0 0 0],'linestyle','--'); 

set(gca,'yminortick','on','tickdir','out'); 

ylim([0 80]); 

xlim([1 24]); 

set(gca,'xtick',1:24,'xminortick','on','tickdir','out'); 

legend('workspace 1','workspace 2','workspace 3','workspace 

4','Workspace 1-4'); 

box off; 

grid on; 

 

Example of a line plot of individual workspaces: 

figure(10); 

plot(N,'linewidth',1,'Color',[0.7 0.7 0.7]); 

title('Hourly Electricity Consumption of workspace 

2','fontweight','bold','fontsize',14); 

xlabel('Time of day (h)','fontsize',12); 

ylabel('Electricity consumption (Wh)','fontsize',12); 

hold on 

plot(M,'linewidth',2,'Color',[0 0 0]); 

set(gca,'yminortick','on','tickdir','out'); 

xlim([1 24]); 

set(gca,'xtick',1:24,'xminortick','on','tickdir','out'); 

box off; 

 

 


