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I Project Summary 
 

When stepping forward as a society, any move towards a greener future should include buildings as 
a main focus. The growing need of decarbonizing our energy, calls for the integration of more 
renewable energy sources (RES) such as solar, wind, geothermal etc. RES though, have a stochastic 
nature, presenting a lot of fluctuations and that creates the risk of discrepancies between energy 
supply and demand. In order to allow for demand side management and respond to potential 
requirements of the surrounding grids and availability of RES, energy flexible buildings are needed. 
Energy Flexibility of a building according to Annex 67 (Østergaard, 2017) is the ability of a building 
to manage its demand and generation according to local climate conditions, user needs and grid 
requirements. An example of energy flexibility is utilizing the thermal mass of the building and use 
pre-heating and pre-cooling methods to achieve load shifting when energy demand is high. Energy 
flexibility is also one of the pillars in defining the smartness of a building and a vital factor in 
supporting future energy systems. To exploit and utilize an energy flexible building, its full potential 
should be known along with how other indicators such as cost and comfort are affected by 
exploiting this potential. 
 

This project focuses on designing a tool that helps building designers in the design process. It 
provides them with information they need in order to make design decisions and choose building 
and system parameters in order to achieve the highest amount of energy flexibility possible and 
satisfy the comfort of the occupants. 
 
The tool, supports decisions for designers in every step of the design process when choosing 
building parameters and thermal comfort strategies. The tool is focused on office buildings in the 
Dutch market and targets both new built and renovation offices. By just a few clicks, the designer 
(in any stage of the project that they may be), can fill in the parameters that are fixed already and 
leave open the ones that they want to explore. The decision support tool presents the best 
solutions based on the input that score higher in both flexibility and productivity/comfort but also 
have the lowest energy consumption and cost (investment and operational). Using the tool, 
designers can quickly and easily get vital information about the performance of the building and 
receive support on how to choose the best parameters for each case in order to design a high 
performance office building. The tool focuses on comparing different building variations and how 
their performance compares with each other and does not focus on providing actual realistic 
results on the performance indicators. 
 
The tool, is based on a database which includes simulation results of 800.000 office building 
variations. The database contains various building performance indicators such as cost, energy 
consumption etc. First, in order to identify the requirements of the tool, indicators and parameters; 
interviews with potential users and BAM engineers are performed and their feedback on the tool 
and indicators is asked.  
 Indicators are decided based on that feedback. Cost (divided in operational and 

investment) and yearly energy consumption productivity loss and energy flexibility are 
considered. Energy flexibility is considered by two different indicators. Self-consumption 
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(the percentage of the demand of the building that is covered by the on-site energy 
generation) and a characterization indicator which depicts the potential of energy 
flexibility a building envelope could potentially offer under ideal conditions.  

 The building variations that are investigated in this project are agreed with BAM engineers 
in order to ensure that typical Dutch office parameters are included and expectations are 
met. Different envelope parameters (e.g. external wall Rc value, dimensions), thermal 
capacity (e.g. heavyweight, lightweight), glazing parameters (e.g. U value, g value), thermal 
comfort control strategies (e.g. different setpoints), different systems, occupancy 
scenarios and internal heat gains are studied. A building performance simulation software 
and machine learning are used in order to develop the database. Interviews and literature 
review is used to identify the most valuable way to depict the results of filtering the 
database.  

 
The database is filled with cases that are simulated and cases whose results are predicted through 
surrogate models developed by classification algorithms. The predicted results from the machine 
learning algorithms are investigated and validated to be sufficiently accurate based on this study. 
Productivity loss is calculated based on different studies that connect thermal comfort and indoor 
air quality with performance but thermal perception and indoor climate are very dependent on 
ventilation rates, occupant behavior and weather conditions so it should be noted that results from 
a measured environment might differ from the computational experiment’s calculation. Based on 
a few extreme cases that are included in the database, the potential of storage capacity of the 
thermal mass is proven to be comparable or even higher than the capacity of a few typical home 
batteries under certain conditions. Thermal mass can be potentially important for energy shifting 
and it should be taken into account when investigating the shifting potential of a building, noting 
that utilizing the thermal mass of a building does not include extra costs.  
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II Tool Description - How to Use it?  
 

The tool can be used in every stage of the design process depending on which building parameters 
the designer wants to explore. The tool can give valuable information for a new building design or 
a renovation project. 

Using the tool takes no more than a few minutes, does not require special training or knowledge 
and returns valuable information and suggestions on how to get the most out of the building’s 
abilities. 

Figure 1 and Figure 2 showcase the tool. Figure 1 presents the input page. The parameters that the 
user can input are depicted. If a parameter is fixed, the user can “lock” it and only the results with 
the locked parameter are presented in the results tab. The unlocked cells that include a dash 
instead of a parameter value, represent that the designer is open to explore the different values 

for these specific parameters. 

Presenting the results in a simple list, can obscure valuable information from the designers while a 
more complicated approach such as a 3d graph can overwhelm the user and either confuse them 
or discourage them to use the tool. In order to provide the most information without confusing the 
user, a 2d scatter plot is used.  
In order to decide which indicators will be taken into account in each graph, the conflicting 
indicators are considered. The users are asked to choose if they consider productivity (Figure 3) or 
energy flexibility (Figure 2) as more important for their project at the time. In every graph, the users 
have the potential to choose one of the solutions on the graph and get all the information on that 
solution (parameters, indicators’ results, etc.).  

While filtering the database, it is common for it to return a large amount of results that may seem 
confusing on one graph. In order to avoid this, only pareto solutions are shown. Pareto efficiency 
is a state of allocation of resources from which it is impossible to reallocate so as to make any one 
individual or preference criterion better off without making at least one individual or preference 

Figure 1 : Mock Up of the input page of the product 
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criterion worse off.  The users can stop at this stage, choose the solution they find more satisfactory 
and do not spend more time on the tool. If needed, the users can go deeper in the results and get 
even more information.  

As a second phase, in order for the users to receive more information about how different 
parameters affect the indicators, the ability to choose a specific parameter is given (Figure 4).  The 
users can see the same pareto front solutions but the parameter values of the selected parameters 
are presented through the colour of the bubble (Figure 4).  

 

 

Figure 2 : Pareto Front Solutions based on energy flexibility and investment cost; every dot represents a building 
variation 

 

 

Figure 3: Pareto Front Solutions based on productivity and operational cost and the same variations depicted on a graph 
based on energy flexibility; every dot represents a building variation 
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As a third and last step to give the user more information, when the designer chooses a specific 
solution, along with the specifics of the parameter combination, box plots appear. The box plots 
can showcase how one parameter can affect the indicators (Figure 5).  

To showcase an example: if the user chooses one of the cases from the decision space in Figure 2, 
Figure 3 or Figure 4, the box plots show how this specific building case reacts to changing one 
parameter at a time. Figure 5 depicts one case study and how the building reacts to keeping all the 
other parameters constant and changing the exterior wall Rc values etc. More box plots based on 
other KPI’s are also presented. That way, the user can get a more complete overview of the way 
each parameter affects each Key Performance Indicator (KPI) and they can make more informed 
decisions on their final design. 

The tool can also be used to investigate the flexibility that an already existing building can offer. It 
can also be used to assess the energy flexibility that a portfolio of buildings can offer, or a tool to 
investigate the influence of various thermal comfort control strategies on the Key Performance 
Indicators (KPIs). 
 

 

Figure 4 : Pareto Front Solutions –Example by choosing a Design Parameter (Rc); every dot represents a building 
variation 
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Figure 5: Visualization of results - Box plots for each building variation investigated; each box shows the performance variation that is expected when 
changing the corresponding building parameter within defined ranges. The dot represents the current case. 
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III Example  
 

An example with building variations and building parameter values taken from the database, is 
presented in this chapter.  

The case that is used for this demonstration is a building in need of renovation. The building used 
resembles the BAM building D in Bunnik. Assumptions are made based on which building 
parameters are fixed and which parameters the user is open to investigate. The user is assumed to 
be a designer that is mainly concerned about the operational cost of the office building. 

The parameters are considered fixed with the following values: 

 Heavyweight construction 

 4.5 meters façade of the office 

 6 meters office depth  

 Window to Wall Ratio 0.7 

 Adjacent temperature the same as the offices and corridor 

 Air based heating and cooling system 

 

These parameters are open for investigation 

 U-value glazing 

 G-value glazing 

 Type of offices 

 Occupancy scenario 

 Thermal comfort control strategies 

 

The filtering of the database returns 5800 results based on the investigation. The results and their 
KPIs are presented in Figure 6 and Figure 7. Figure 6 shows all 5800 results on two axes. Normalized 
investment cost is on the x axis and Normalized shiftable energy on the y axis in the left graph while 
on the right graph Yearly Energy Consumption and Productivity Loss due to thermal comfort and 
Indoor climate are included. Each dot/bubble represents one building solution. There are 5800 dots 
on each of the graphs. Shiftable energy based on the characterization method of Annex 67 does 
not include the effect of the weather and occupants. That, results in a lot of cases performing the 
same, so the dots that appear in the figure are overlapping. The size of the bubble though 
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represents the annual consumption and the colour represents OEF, so there are a few dots that 

score the same on the shiftable energy but have different annual consumption (size) and different 
OEF (colour).  

Depicting all results on a graph might be confusing, so Figure 7 includes only the pareto front 
solutions of the filtered results. That way the designer can choose from the best ranking solutions. 
Again the size of the bubble represents annual consumption while the colour represents self-
consumption (OEF).  
Each case can be studied thoroughly through all their parameters and results. In this case, 
operational cost is assumed to be the most important parameter. If the user selects the solution 

Figure 6: Results from filtering the database based on example - All results 

Figure 7: Results from filtering the database based on example - Pareto Front Results 
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depicted on the productivity loss graph with the lowest operational cost, he/she can see all the 
building parameters of that solution and the results. The productivity loss even though is higher 
than the other solutions is still a percentage of 1%. By examining all the results of this building 
variation, it can be seen that the shiftable energy that a building envelope like this can offer is not 
in the range of the pareto front solutions but it is also not in the lower part of the spectrum. So this 
solution is believed to be one of the fitter ones for this renovation case. 
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1 Introduction 
 

When stepping forward as a society, any move towards a greener future should include buildings as 
a main focus. The growing need of decarbonizing our energy, calls for the integration of more 
renewable energy sources (RES) such as solar, wind, geothermal etc. RES though, have a stochastic 
nature, presenting a lot of fluctuations and that creates the risk of discrepancies between energy 
supply and demand. In order to allow for demand side management and load control and respond 
to potential requirements of the surrounding grids and availability of RES, energy flexible buildings 
are needed. Energy Flexibility of a building according to Annex 67 (Østergaard, 2017) is its ability 
to manage its demand and generation according to local climate conditions, user needs and grid 
requirements. An example of energy flexibility is utilizing the thermal mass of the building and use 
pre-heating and pre-cooling methods to achieve load shifting when energy demand is high. Energy 
flexibility is also one of the pillars in defining the smartness of a building and a vital factor in 
supporting future energy systems. 

Energy Flexibility and its exploitation is often suggested as a key concept striving towards a 
sustainable energy system as it is a key resource in the future energy system of decentralized 
electricity production from RES (Østergaard, 2017). The quantified energy flexibility that a building 
can offer is heavily dependent on the control of the systems of the building, its interaction with the 
energy network, its occupant behavior and weather. Finally, Annex 67 stresses that the new 
generation of buildings requires a shift towards a different approach that considers not only the 
building as a stand-alone module but the interaction between buildings and energy systems on the 
scale of clusters. 

Energy flexibility is already being implemented in buildings today and its control can, in certain 
cases, lower energy demand and shield occupants’ comfort. Its full potential and benefits though, 
will unravel when the new electricity market is in gear as it is closely linked to a smart grid and the 
fact that the future of the building sector will be based on RES. 

The vast majority of the energy used in buildings is consumed in order to make the occupants feel 
comfortable; and this is ensured by following specific guidelines for thermal comfort when a 
building is designed. Current thermal comfort research including research conducted within the 
iCARE project (Mishra & Loomans, 2017), shows that these comfort limits can be relaxed or 
bypassed in some ways without compromising the thermal comfort of occupants. With more 
relaxation in thermal requirements, the buildings use less energy or can be used as a dedicated 
thermal storage means. The use of this storage potential can alleviate the fluctuating supply of RES. 
 

As mentioned before, buildings can help to balance RES intermitted supply and energy demand. 
Some of the challenges that arise when designing buildings to be energy flexible are the selection 
of the control strategies and the uncertainty of the impact these strategies will have on the actual 
performance. 
This project focuses on designing a tool that helps building designers in the design process. It 
provides them with information they need in order to make design decisions and choose building 
and system parameters in order to achieve the highest amount of energy flexibility possible and 
satisfy the comfort of the occupants.
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2 Understanding the clients and their needs 

2.1 Methods 
 

The main purpose of the tool is to support decisions on thermal comfort strategies and other 
building parameters. The tool gives suggestions to the users concerning thermal comfort strategies 
and building design parameters in order to achieve higher performance office buildings.  

Regarding this design project, determining what is needed, how the tool should look like and in 
what way it will fulfill the final goal is vital. Identifying the requirements of the tool is of most 
importance to any design project. Determining these aspects is only possible if feedback is provided 
by the end users of the tool so close collaboration and communication is pursued. The main focus 
of this approach is to understand the needs of the designers regarding a tool about high 
performance buildings and getting familiar with the design process of BAM in order to design a tool 
that fits in the design process, does not disrupt it and encourages designers to use it. 

The Energy Systems group of Royal BAM is chosen for an introduction meeting to the project. After 
the initial presentation, 15 people are contacted in order to conduct interviews that provide the 
project with the required information as seen in Table 1.  

The interviews give an insight of the building design procedure and process that the company uses 
and the way energy flexibility is incorporated or not in the building design. For that reason, 
engineers from a wide spectrum of disciplines and people involved in different stages of a building 
project are contacted. During the interviews, the interviewees are asked questions on the building 
process in order to identify the characteristics that have to be implemented in the tool for it to be 
useful for the designers and add value to the building design process without having a negative 
effect on other aspects.  

The methodology that is followed in the interviews is based on semi-structured iterative interviews.  

The people that took part in the process have the titles of: 

• Architect 
• Business Developer 
• Project Manager 
• Sustainability Manager 
• Building Engineers 
• Smart Buildings Advisor 
• Healthy Buildings Specialist 
• Energy Systems Engineers 

 

Short, one-on-one interviews are scheduled and open questions are prepared. The tool and project 
is introduced at first. The interview procedure aims to gain insight and feedback from each 
interviewee based on their individual background and experiences. Based on that, interviewees are 
encouraged to raise subjects unrelated to the open questions and give their feedback on every 
step. The questions asked and the information aimed to be extracted are presented in Table 1. 
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Table 1 : Structured Questions asked during the interview process and information that aimed to be extracted. Open 
discussion was encouraged and more subjects came up in each interview 

Question Asked Information to be extracted 

Can you describe the design process of a 
building? 

Design process in BAM 

In which stage are you involved in? Design process in BAM 

Are you familiar with Energy flexibility? Awareness on Energy Flexibility 
What type of indicators do you use in most of 
the projects? 

Important Indicators  

Is any of the mockups something that you 
would use? 

Mockup Feedback 

Is there any function you find brings obstacles 
in the process? 

Mockup Feedback 

Do you find value in what the tool offers? Mockup Feedback 
 

In addition to the open questions, three different mockups for the tool are also presented. The 
mockups aim to provide engineers with an idea of how the tool could look like and stimulate 
discussion on which aspects could be useful and which do not fit well with the building design 
process that is currently followed. 

These mockups are developed having in mind the fact that the more complicated the tool, the 
more tailored information can be extracted but also the more time is required to be invested by 
the end user.  

Three different types of tools are considered for the mockups.  

1. A data sheet that describes a specific building type. The building type is representative of 
a range of buildings based on size with a specific type of office and construction. For this 
type of office, three energy flexibility packages are proposed. Each package proposes a 
control strategy and design solutions. Each of the packages is shown and the saving/gains 
that this solution provides compared to a reference case are introduced. The saving/gains 
are depicted by dividing them based on the indicators used to assess the results (Figure 8). 
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  Figure 8: Tool mockup 1 - Data Sheet type 

2. A flow chart can be a more interactive way of getting proposals on energy flexible building 
design. By following the flow chart step by step, the user choses the size of the building, 
the type of offices and construction. By also choosing what type of parameters are already 
defined in the design process, the energy flexibility packages that are proposed are tailored 
to these aspects (Figure 9). 
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3. A tool that can filter a database that supports it by choosing values of each parameter that 

is investigated and get tailored results. Besides the phase of the project that the user is in, 
the tool also takes into account the preference of the user regarding the indicators. The 
data base gives the ability to the user to give the indicators a weighted factor in order for 
the appropriate energy flexibility packages to appear (Figure 10). 

 
Figure 10: Tool Mock Up 3 - Filtering Database Type 

The interviewees see the mockups and are asked if there is any feature of these tool that they think 
can be helpful or if there is a feature that they fear does not work with the design process they are 

Figure 9: Tool Mock Up 2 - Flow Chart Type (only a fraction of the flow chart is depicted) 
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following. After the cycle of the interviews, the results are assessed and the requirements of the 
tool are identified.  
The feedback collected from the interviews conducted, is summarized in Table 2. 

 

2.2 Results - Requirements of the design assignment  
 

Communicating with the targeted users of the tool gives better insight in the way the engineers 
work and provide valuable information to take decisions on the product design. Table 2 depicts the 
statements most interviewees agreed on. 

Table 2: Requirements of the tool - Statements from the interviews 

 Percentage of interviewees that 
agree on the statement 

No consideration of energy flexibility at the moment 100% 

Preferably differentiation of operational and investment costs 100% 

It is not that clear which parameter is defined at which stage. It depends on the project and the aim 
of the client 

100% 

Consideration of operational costs only in the projects that BAM is involved in, in the long run 100% 

Money and cost is the main driver for every decision 100% 

Collaboration between engineers should be the norm in every project 100% 

Yes I would be willing to consider the suggestions of the tool in my design process 100% 

3rd mock up is favorable due to the ability to see more than one indicators 100% 

When there are tenders involved in the project, energy and sustainability are considered in the early 
stages 

80% 

We always try to give some advice to the customer in order to choose a performance contract 50% 

The operation group should be involve at the start of the project as the operational cost is much 
bigger 

40% 

When you are involved in the operational process there are not many options available 30% 

Simulation helps a lot in the design process of a building. It is much cheaper than tweaking the 
building in reality 

30% 

More than 3 scenarios can be overwhelming to choose from 20% 

 

The conclusions that are drawn from the interviews are presented below.  

• Energy flexibility is not considered so there are no specific requirements from the 
engineers. The majority of the engineers that are contacted though agreed that they are 
aware of the importance of energy flexibility and the need to consider it in the future as 
new legislation and new types of energy supply grids come into place.  

• All the engineers are willing to use the tool to get support on their decisions. 
• The 3rd mock-up which is an interactive database with the ability to rank the indicators 

based on their importance is the most favorable one, as users can get tailored results based 
on the project they are working on, at the time. 

• A database of buildings should be created in order to support the tool. By developing the 
tool this way, the designers are assisted to quickly evaluate any office building and a tool 
is created that allows for faster analysis on specific parameters and KPIs. 
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• Regarding the KPIs – There is no input on energy flexibility, but the interviewees point out 
that costs should be differentiated in operational cost and investment cost as in different 
projects different weight is put on them. In projects that the company is involved in, in the 
long run or involve performance contracts, operational cost can be more important, while 
there are different projects where clients find more important to focus on minimizing 
investment cost.
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3 Development of the database 

3.1 Methods  
 

As described in 2.2, a database that the tool is based on has to be developed. The database contains 
information on different cases investigated. Each case represents an office building that relates to 
the parameter combinations investigated. The database needs to represent the current Dutch 
office building stock that includes 48million square meters of office space. Interviews and 
discussions with BAM engineers are used to identify which parameters are valuable to investigate 
and which values are considered typical and used in the Dutch market. 

The database is oriented towards the Dutch office building stock. In order to fill this database and 
investigate the most typical Dutch office buildings and its variations, experiments need to be 
conducted. One way to conduct these experiments is to find the preferred combination of design 
parameters in real buildings and extract information and measurements for the assessment. This 
approach is unrealistic as it is not possible to find the combination of parameters that should be 
investigated in real buildings (839.000 buildings with different parameters should be found) with 
the available amount of time and resources and there are far too many uncertainties in real 
buildings in order to be compared to each other. Creating computational experiments is considered 
a more fit for purpose approach for the project, so a simulation study is designed. 

Building simulation software is used to simulate each case of parameter combination. Energy Plus 
is chosen as the building simulation software as it is open source software, it offers thermal comfort 
indices and variation in input. Dynamic simulations are chosen to be suitable for this study and 
Energy Plus is chosen as appropriate building performance simulation tool based on the KPIs and 
results that need to be extracted. Since the total number of combinations is over 800.000, Matlab 
is used in order to automate the procedures of creating the files, simulating, assessing, extracting 
and storing the results.  

The number of the parameters combination and the processing of the results lead to high 
computational time of 850 continuous days. That computational time is not realistic to manage 
with the time and resources available. Two options are considered.  

1. The option of reducing the investigated parameters or values for each parameter and  
2. The option to use a sample of the whole set of parameter combinations and then fill the 

rest of the database through another method.  

Since an important aspect of the tool is the eagerness of the engineers to use it in the design phase, 
the option of limiting the parameter values is discarded fearing that not being able to select specific 
values may discourage the engineers. In order to recreate results that won’t be simulated, 
surrogate models are chosen to be used through black box modelling (Beizer, 1995). Supervised 
machine learning is considered fit for purpose to generate the surrogate models for this study and 
support vector machines, decision trees and nearest neighbor classifiers are used to accurately 
predict the results for the non-simulated cases. The results have to be grouped in order to give the 
algorithms the ability to identify patterns. The methodology is explained in ANNEX H and ANNEX I. 
Cost is not considered at the machine learning phase as it does not interact with the other 
indicators, is unpredictable and dependent on political and other type of decisions. It can easily be 
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calculated afterwards but by excluding it in this stage, it is believed that the final product is future 
proof. 

To assess the different algorithms and their performance, a validation scheme is needed. In order 
to be able to choose the fit for purpose algorithm for each case the methodology depicted in Figure 
11 is followed.  A sampling method (latin hypercube method) is used on the whole set of parameter 
combinations in order to choose a representative sample of the overall design space. The sample 
is simulated and all performance indicators are calculated.  Afterwards, part of the sample is used 
as a training set for different classification algorithms and the other part as a validation set. A cross 
validation is used in order to protect against overfitting. The sample is divided into 5 folds. The 
algorithm is trained based on 4 of the folds and assessed based on how close the results of the fifth 
one are. The process is repeated for all folds and the validation percentage that is considered is the 
average of the validation percentages for each fold.  

The right size of the sample for this investigation is determined when the error between the results 
of the algorithm and the validation set falls within acceptable limits. Looking into the different parts 
of the design space, using the latin hypercube method to extract representative samples each time 
and grouping the results, resulted in high validation percentages of at least 75%. There is no 
literature that dictates what type of percentage should be accepted in similar investigations. There 
are studies that accepted a variety of percentages (Bing Dong, 2005), (Sretenovic, Jovanović, 
Novakovic, Nord, & Zivkovic, 2018), (Paudel, et al., 2015). The acceptable percentage depends on 
the specifics of the investigation, the resources available and the final goal of the project. In this 
framework, a fit for purpose approach was believed to be accepting a percentage of 75% or above 
as satisfactory. 

 

 
Figure 11: Methodology for developing the database that supports the tool 

Classification 
 Algorithm 
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3.2 Designing the computational experiment 
 

3.2.1 Key Performance Indicators  
 

The tool that is developed focuses on comparing building variations with each other to provide 
support to the users/building designers. In order to compare these variations, the way the results 
are assessed needs to be determined, so different key performance indicators are considered to 
be able to rank these building solutions. After identifying the relevant KPIs, the model and the 
model resolution is decided. The requirements of the tool suggest that operational and investment 
cost along with yearly energy consumption are indicators that are used already by the designers 
and they should also be included as indicators in the tool. In addition to these indicators, energy 
flexibility and productivity loss are also considered as key performance indicators (Table 3).  

3.2.1.1 Cost 
Cost needs to be considered in the tool as operational and investment cost. Investment cost is 
implemented per square meter taking into account different insulation levels and different glazing 
properties that are explained in detail in ANNEX J. Operational cost is considered to derive from the 
yearly energy consumption multiplied by a factor that the users can input. 

3.2.1.2 Yearly Energy Consumption 
All systems that are considered in this study are assumed to be connected to a heat pump with a 
COP of 3 (Fischer & Madani, 2017). Yearly energy consumption is calculated by adding up electrical 
energy needed for heating, cooling, ventilation fans, lighting and equipment for the whole year. 
Energy for heating and cooling is reported per 10 or 20 minutes (depending on the delivery system) 
and energy needed for ventilation fans, lighting and equipment is reported every hour. The 
calculation method can also be seen in equation 1. 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒,𝑦𝑦𝑒𝑒𝑦𝑦𝑦𝑦𝑒𝑒𝑦𝑦 = 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑒𝑒𝑒𝑒,𝑦𝑦𝑒𝑒𝑦𝑦𝑦𝑦𝑒𝑒𝑦𝑦 + 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒,𝑦𝑦𝑒𝑒𝑦𝑦𝑦𝑦𝑒𝑒𝑦𝑦 + 𝐹𝐹𝐻𝐻𝐶𝐶𝑣𝑣𝑒𝑒𝑣𝑣𝑣𝑣,𝑦𝑦𝑒𝑒𝑦𝑦𝑦𝑦𝑒𝑒𝑦𝑦 + 𝐿𝐿𝐿𝐿𝐿𝐿ℎ𝐻𝐻𝑦𝑦𝑒𝑒𝑦𝑦𝑦𝑦𝑒𝑒𝑦𝑦 + 𝐸𝐸𝐸𝐸𝐸𝐸𝐿𝐿𝐸𝐸𝑦𝑦𝑒𝑒𝑦𝑦𝑦𝑦𝑒𝑒𝑦𝑦 (1) 

3.2.1.3 Productivity Loss 
Productivity loss is based on and calculated through thermal comfort and indoor climate. In order 
to be able to calculate the productivity loss in the cases investigated, several studies that show the 
connection between the two are considered. PMV values and air temperature along with freshness 
and CO2 concentration in the offices are extracted from the results. Productivity loss in the cases 
that the tool investigates, is calculated based on the average loss according to several studies that 
have been presented in literature. More information on the calculation can be found in ANNEX E. 

3.2.1.4 Energy Flexibility 
Energy flexibility is one of the main drivers of the project and a complicated subject to touch upon. 
According to Annex 67, Energy Flexibility of a building is the ability to manage its demand and 
generation according to local climate conditions, user needs and grid requirements. Quantifying 
the energy flexibility that each design combination can potentially offer is implemented in the 
project through two different indicators. The characterization assessment and self-consumption 
assessment. 

3.2.1.4.1 Energy flexibility characterization  
Energy flexibility characterization is implemented in this project by utilizing the suggestions of 
(Grønborg, et al., 2018). Grønborg and Annex 67 suggest that a static building can be characterized 
based on its flexibility potential. The validity of this approach is questionable because energy-based 



Development of the database 
 

 14 
 

systems are never at steady-state. Therefore, Grønborg introduces a novel methodology to 
characterize the energy flexibility, the Flexibility Function. The Flexibility Function assumes a 
building in a steady state for every time step and a penalty signal that is given by the controller 
(price, CO2 etc.). The signal aims to control the demand. Before the signal, the building is operated 
in the highest (in winter) or lower (in summer) breach of the temperature range that is acceptable. 
Whether it is summer or winter is decided based on the constant outside temperature that is set 
in the constant weather file. When the signal is received from the building, the terminal system is 
either shut down or lowers its setpoint to save on operational cost (as seen in Figure 12 that the 
setpoint is lowered). The terminal system starts to consume energy again when the comfort or 
temperature values fall outside the accepted range of values. (e.g. when PMV<-0.7 or >0.7, or 
Top<20 or Top>25) 

 

Figure 12: Building response to a penalty signal (Grønborg, et al., 2018) 

That way, as seen in Figure 12, A is considered as the amount of energy that can be shifted and it 
can give an indication of the potential of energy flexibility a building design can provide.  

If a weather file with constant temperature and no irradiation is considered, then the result of the 
quantified energy flexibility that is acquired is based on the buildings design and there is no 
influence of the weather. By implementing this process, the results obtained can clearly compare 
different building design parameter combinations with each other and suggest which one has the 
ability to shift greater amount of energy. 

That, on the other hand also means that orientation does not play a role in the comparison of 
different parameter combinations. The tool does not aim to give suggestions on how to acquire 
the flexibility or on which is the best strategy or schedule to do so. The tool offers suggestion on 
thermal comfort strategies and building parameters based on how much energy flexibility can each 
building type potentially offer. In order to incorporate this approach to the present simulation 
study, a control is implemented in the model that can give a signal of increased price. In order to 
incorporate this approach to the present simulation study, a control is implemented in the model 
that can give a signal of increased price, the outside temperature is set to 15oC and the wind speed 
at 0 m/s and the setpoint is set to 24oC.  

With respect to acknowledging the effect that the weather can have on the ability of a building 
design to offer energy flexibility, and inspect the self-consumption of each design, a second 
indicator set is used to assess energy flexibility after obtaining the results of the simulation study. 

3.2.1.4.2 Self-Consumption  
The On Site Energy Matching and On Site Energy Fraction can help the user identify the matching 
of generation and demand for each design. On site energy matching represents the percentage of 
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the energy generation on site that is used to cover the demand of the model, while on site energy 
fraction represents the percentage of the energy demand of the building that is covered by its 
generation. The two indices are explained in Figure 13. 

 

Figure 13: On-site energy matching indices for buildings with energy conversion, storage and hybrid grid connections, 
(Sunliang, Hasan, & Siren, 2013) 

In order to calculate the OEM and OEF, assumptions on the on-site energy generation are needed. 
Different ways of obtaining these inputs were considered. Assuming a typical PV configuration is 
decided, the user is asked to input the amount of stories that the building which is investigated 
includes and an 80% of the roof is assumed to be covered by the PV configuration in question. 
Typical west-east orientation with an inclination of 10o is considered and the profile of the onsite 
generated power curve is obtained. The graph is combined with the load power curve of the energy 
demand of the building and the OEM and OEF values are calculated. A heat pump with a COP of 3 
is considered to calculate the electricity demand. 

Summarizing, in order to obtain all results needed for this investigation (Table 3), each parameter 
combination is simulated 

1. Annually with the respective weather file in order to obtain the annual energy consumption 
and load curve. By post processing, the operational cost can be calculated and the 
productivity is assessed based on the indoor climate outcome. The Investment cost is 
calculated based on the parameters of each combination (insulation level, thermal capacity 
etc.) 
 

2. For a 7 day period with a constant weather file in order to assess the energy flexibility that 
each combination can offer potentially based on (Grønborg, et al., 2018)(Figure 12) 

Table 3 : Assessments and Key Performance Indicators 

Key Performance Indicators Assessment 1 Assessment 2 

Cost Investment cost x 
 

Operational cost x 
 

Energy Yearly Energy Consumption x 
 

Energy Flexibility OEM, OEF x 
 

Characterization A,B 
 

x 

Productivity Connection with thermal comfort and 
indoor climate 

x 
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3.2.2 Design Space  
 

After deciding on the requirements of the tool and the indicators that the results will be assessed 
on, the next step is to decide on which parameters should be investigated. There are several design 
parameters that define a building and could potentially affect its performance. Based on typical 
parameters and after the feedback of the designers, the ones depicted in Table 4 are chosen to be 
investigated. The parameters that are considered, along with the specific values for each one have 
been discussed with BAM designers. These meetings were scheduled to assure that the values BAM 
uses in a typical office building and the values that the designers expect to find in the final tool are 
provided and their expectations are met. Moreover, all different materials and constructions that 
are used in the computational models have been discussed and agreed with BAM engineers. 

The materials and their respective properties are presented in ANNEX C. 

The parameters are grouped in design parameters (envelope, façade and heat cold delivery system) 
and scenarios that are affected by the way the building is used.  
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Table 4 : Parameters and their values investigated 

 

Considering thermal comfort control strategies, the typical strategies that are normally applied in 
Dutch offices are considered and furthermore, different strategies that were the outcome of field 
thermal comfort control studies at TU/e through the iCARE project are included. Loomans and 

Parameters Investigated 

 
Values for each parameter 

 Value 1 Value 2 Value 3 

Thermal Comfort Control Strategies    
Constant setpoint 22 oC 

 
 

 leeway 20 min 1 hour  
Spatial transitions Range of 2 degrees Range of 3 degrees  
Diurnal Transitions 21-24  oC 20-24  oC  

Envelope 
  

 
Type of office Cellular Open plan  
Construction-Thermal Capacity Heavyweight Lightweight  
Rc values for walls in connection to 
the ambient (m2K/W) 

3.5 6 9 

Orientation S-N E-W  
Depth of the office room from the 
façade (m) 

6 9  

Temperature in the adjacent rooms 
(neighboring offices) 

Adiabatic surfaces lower  
temperatures (10 

oC) 

 

Façade 
  

 
Façade width (m) 3 4.5 9 
Window to wall ratio 0.4 0.7 1 
Type of glazing (U values-W/m2K) 3.0 1.5 0.8 
Type of glazing (G values) 0.8 0.6 0.35 

Systems    
Heating/cooling air system (heating 

and cooling) 
Water based heaters 

-radiators 
 

Setback of systems Not Present Present (15degrees 
for heating season, 

28 for cooling 
season) 

 

Scenarios    

Schedules    
Schedules(people present, 
equipment schedule and lighting 
schedule) 

Mon-Fri 10-16 Mon-Fri 7-18  

Internal Heat Gains Type 6 W/m
2 

 (2 
lighting 4 equipment 

and 0.02 ppl/m2) 

Type 20 W/m
2 

 (10 
lighting 10 

equipment and 0.113 
ppl/m2) 
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Mishra (Mishra & Loomans, 2017) concluded that occupants are connected to the outside 
temperature when walking into an office for the first 20 minutes so they suggested that different, 
more relaxed setpoints could be used for the first minutes of the occupancy. Moreover, the 
research concluded that for the buildings investigated, transition spaces such as corridors can have 
different setpoints than the working spaces without affecting the thermal comfort of the 
occupants. Lastly, diurnal variations were studied and showed that a difference of 3oC is not noted 
by the occupants. All observations of the iCARE research and their combinations are implemented 
in this project as parameter values in the thermal comfort control strategies. One more extreme 
value for each strategy proposed by iCARE is also included to explore the effect it could have on the 
indicators chosen. In total, 27 thermal comfort control strategies are investigated in this project. 
The details of them can be seen in ANNEX D. 

Four extreme cases are chosen to be investigated first, with different thermal capacity and 
insulation levels. These preliminary simulations are conducted in order to supply more information 
for the methodology of the simulation study. Through these preliminary investigations, decisions 
based on the material parameters were made, as long as decisions on whether the chosen key 
performance indicators and the assessment of the results are appropriate. The extreme cases that 
are used in the preliminary simulations are studied under both assessment methods (Table 3) that 
are used in the simulation study for both layout types of offices that are considered (cellular and 
open plan). 

The two types of office layout that are considered are the cellular office geometry and the open 
plan geometry. In order to represent the open plan geometry in the computational model, different 
possibilities are considered. Integrating an air wall (a construction with minimal mass) between the 
thermal zones is decided to be more suitable. Different properties of the airwall are considered and 
different convective heat transfer coefficient algorithms are also investigated. The properties of the 
discussed materials and constructions are shown in ANNEX C. Finally, the appropriate conditions 
(standard outdoor setpoint and solar radiation value) for the characterization assessment of the 
building parameter combinations are investigated.  

3.2.3 Model  
 

For the needs of this simulation experiment and in order to be able to implement the comfort 
control strategies decided and extract the necessary results, three zones (2 cell offices with a 
corridor) are chosen to represent each building. The zones are in the middle of the building in a 
middle floor (Enk, 2016), (Heijst, 2017). Decisions on model complexity are described in ANNEX B. 
Two sides are exposed to the outdoors and are equipped with windows. All other sides are 
considered in connection with other conditioned zones so their boundary conditions are adiabatic 
but the materials are considered capable of storing energy by the software. It is believed that these 
zones as seen in Figure 14 are representative of the whole building for this specific study and its 
goals. 
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Figure 14 : 3 zone model with boundary conditions highlighted (blue-in connection with the outside, pink adiabatic). 

3.3 Results 
3.3.1 Characterization Assessment 

 
Regarding the energy flexibility characterization, since the weather, occupancy, internal heat gains 
and thermal comfort control strategies are not considered in this assessment, the number of 
parameter combinations is manageable to investigate in its entirety.   
All cases are simulated and the results are extracted. The models that are used, have the heating 
and cooling setpoint tied to the operative temperature of each zone. Air temperature can be a bit 
deceiving of how a space feels as air has very low mass and is heated and cooled very quickly while 
other surfaces are slower and can affect the feeling of the occupant significantly through radiation. 
To accommodate for that difference and to accentuate the different response of a heavyweight 
and a lightweight structure, it is decided to tie the heating and cooling setpoint to the operative 
temperature. 
A few assumptions are made on investment costs that can be seen in ANNEX J.  Figure 15, Figure 
16, Figure 17, Figure 18 and Figure 19 show the outcome of this study. 
 

 

Figure 15: Cellular and Open plan variations of the characterization assessment 
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Figure 16: Heavyweight and Lightweight variations of the characterization assessment 

 

Figure 17 : Facade Rc variations of the characterization assessment 
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Figure 18 : Glazing U variations of the characterization assessment 

 

Figure 19 : Geometry variations of the characterization assessment 

By examining Figure 15, Figure 16, Figure 17, Figure 18 and Figure 19, a few clusters appear. It is 
easy to identify that lightweight buildings do not offer that much flexibility and do not have high 
differences between them, no matter the other parameters (based on the ones investigated). 
Another cluster that appears, is the open plan buildings in the heavyweight cases. They present 
similar behavior with the lightweight buildings but in a higher flexibility. In order to study these 
differences, a clustering method is used. The results are input in a clustering method and different 
parameters for the clusters are chosen. Clustering is the task of grouping a set of objects in such a 
way that objects in the same group (called a cluster) are more similar (closer) to each other than 
to those in other groups (clusters). The clustering method observes clusters that are being created 
between cases based on which indicators are input as cluster indicator. The clusters are identified 
based on the distance between the cases. Using the clustering method and using different number 
of clusters to be depicted, the observations of the graphs are confirmed.  
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The lightweight cases investigated keep a very low potential shifting energy (lower than 0.1 in all 
cases in normalized results). The open plan offices in the heavyweight cases do not present results 
over 0.47 and the higher scoring results appear in the smaller geometries (higher amount of 
thermal mass in the same square meters) and the lowest U values of the glazing. For reference, the 
1944 building envelope variations investigated, presented a shiftable energy from 0.1 to 1.3 
kWh/m2 floor surface. The highest scoring cases are the smallest geometries (3meters façade and 
6 or 9 meters depth) with the smallest Window to Wall ratio (higher thermal mass) and low U 
values (0.8 W/m2K). It can be concluded for this study that the amount of thermal mass present in 
each case was of high importance along with the U value of the glazing that played an important 
role in the results. On the other hand, the Rc value of the façade is not that dominant in the results 
and so is the g value of the glazing. 

3.3.2 Overview of building variations and simulations 
 

The results of the characterization method are presented and analyzed in 3.3. The characterization 
method required 1944 building performance simulations. 

A sample as big as 120.000 is taken from the total amount of building variations and simulated 
based on the second assessment method (yearly assessment with realistic weather and occupant 
conditions). Its results are inserted in the database. The rest of the building variations’ results are 
predicted through 324 surrogate models. 

Concluding, to develop the database, more than 100.000 building performance simulations are 
performed. 324 surrogate models are used in order to predict the rest of the results in order the 
database to be filled in. In total 839.808 building variations and their results on each key 
performance indicator are investigated.  More extended information on the total number of 
building variations simulated and predicted is presented in Table 5. 

Table 5 : Total number of building variations simulated and predicted and surrogate models used in this study 

Database information Number (-) 
Building variations included in the database 839808 
Building simulations performed 121662 
Surrogate models used 324 
Building variations’ results predicted through surrogate models 720090 
Building variations’ results extracted from simulations 119718 
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4 Creating the tool 

4.1 Methods  
 

Besides identifying how the tool should look like as an interface, the assessment and visualization 
of the results is of the essence. The visualization of the results needs to be decided along with the 
users of the tool, to make sure that the level of complexity is agreed upon. A simpler way of 
depicting the results can withhold valuable information from them and on the other hand, a more 
complicated approach can overwhelm the designer and either confuse them or discourage them 
from using the tool. Close collaboration with the designers and engineers of BAM is again of high 
importance. The same method that is used in the requirements of the tool step is used. Semi-
structured iterative interviews are scheduled with engineers in BAM. Some of the same people 
involved in the first process are approached but also other people are included. An 
example/mockup of the visualization of results is showcased and an open discussion is encouraged.  

 

4.2 Visualization of Results 
 

Through the interviews, ideas are gathered and the interest of the engineers is identified. The 
reactions to the mock up are positive. The feedback of the designers is taken into account and their 
suggestions are implemented. In order to provide the most information without confusing the user, 
presenting a 2d scatter plot is suggested. In that way, the user does get more information than a 
simple list and can decide which solution is best for each case at a specific time. In order to decide 
which indicators will be taken into account in each graph, the conflicting indicators are considered. 
The user is asked to choose if they consider productivity (Figure 20) or energy flexibility (Figure 21) 
as more important for their project. In every graph the user has the potential to choose one of the 
solutions on the graph and get all the information on that solution (parameters, indicators’ results, 
etc.). While filtering the database, it is common for it to return a large amount of results that may 
seem confusing on one graph. In order to avoid confusion, the cases that score lower than others 
when considering the indicators on the xx’ and yy’ axis are omitted. Only Pareto solutions are 
shown on these graphs. Pareto efficiency is a state of allocation of resources from which it is 
impossible to reallocate so as to make any one individual or preference criterion better off without 
making at least one individual or preference criterion worse off.  The user can stop at this stage, 
choose the solution they find more satisfactory and do not spend more time on the tool. If needed, 
the user can go deeper in the results and get even more information. As a second phase, in order 
for the users to receive more information about how different parameters affect the indicators, 
the ability to choose a specific parameter is given to the users (Figure 22).  

By having this opportunity, the designer can see on the same graph, the same Pareto front 
solutions but the parameter that the designer has picked is demonstrated through the colour of 
the bubble (Figure 20, Figure 21).  
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Figure 20 : Pareto Front Solutions based on energy flexibility and investment cost; every dot represents a building 
variation 

 

Figure 21: Pareto Front Solutions based on productivity and operational cost and the same variations depicted on a 
graph based on energy flexibility; every dot represents a building variation 

 

As a third and last step to give the user more information, when the designer chooses a specific 
solution, along with the specifics of the parameter combination, box plots appear. The box plots 
can showcase how one parameter can affect the indicators (Figure 23).  

To showcase an example: if the user chooses one of the cases from the decision space in Figure 20, 
Figure 21, the box plots show how this specific building case reacts to changing one parameter at 
a time. Figure 23 depicts one case study and how the building reacts to keeping all the other 
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parameters constant and changing the exterior wall Rc values etc. More box plots based on other 
KPI’s are also presented. That way, the users can get a more complete overview of the way each 
parameter affects each KPI and they can make more informed decisions on their final design. 

 

 

Figure 22 : Pareto Front Solutions –Example by choosing a Design Parameter (Rc); every dot represents a building 
variation 

The visualization of the results is presented to the designers and their feedback is asked and has 
been taken into consideration. 

 

 

Figure 23: Visualization of results - Box plots for each building variation investigated; each box shows the performance variation that is expected when 
changing the corresponding building parameter within defined ranges. The dot represents the current case 
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4.3 Filtering the database – A case study 
 

In 4.2, the visualization of results is explained and mockups are showcased. An example with 
building variations and building parameter values taken from the database, is presented in this 
chapter.  

The case that is used is a building in need of renovation. The building used resembles the BAM 
building D in Bunnik. Assumptions are made based on which parameters are fixed and which 
parameters the assumed designer is open to investigate. The user is assumed to be a designer that 
is mainly concerned about the operational cost of the office building. 

The parameters are considered fixed with the following values: 

 Heavyweight construction 

 4.5 meters façade  

 6 meters office depth  

 WWR 0.7 

 Adjacent temperature the same as the offices and corridor 

 Air based heating and cooling system 

 

Parameters open for investigation 

 U-value glazing 

 G-value glazing 

 Type of offices 

 Occupancy scenario 

 Thermal comfort control strategies 
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The filtering of the database returns 5800 results based on the investigation. The results and their 
KPIs are presented in Figure 24. Figure 24 shows all 5800 results on 2 axes. Normalized Investment 
Cost is on the x axis and Normalized shiftable energy on the y axis in the left graph while on the 
right graph Yearly Energy Consumption and Productivity Loss due to thermal comfort and Indoor 
climate are included. Each dot/bubble represents one case. There are 5800 dots on each of the 
graphs. Shiftable energy based on the characterization method of Annex 67 does not include the 
effect of the weather and occupants. That results in a lot of cases performing the same, so the dots 

that appear in the figure are overlapping. The size of the bubble though represents the annual 
consumption and the colour represents OEF, so there are a few dots that score the same on the 
shiftable energy but have different annual consumption (size) and different OEF (colour).  

Depicting all results on a graph might be confusing, so Figure 25 includes only the Pareto front 
solutions of the filtered results. That way, the designer can choose from the best ranking solutions. 
Again, the size of the bubble represents annual consumption while the colour represents self-
consumption (OEF). 
 

 

Figure 24 : Results from filtering the database based on example 2.3 - All results 
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In order to get more information from the graphs and understand how important each parameter 
for each indicator is, two more graphs are introduced (Figure 27, Figure 26). These graphs include 
the same indicators and the size of the bubble still represents the annual consumption, but the 
colour of the bubble represents different parameters (Rc values of the exterior wall and U value of 
the glazing).  

 

By examining Figure 26 and Figure 27, the designer can extract information on how Rc values and 
U values affect productivity loss and potential shiftable energy. External wall Rc value is not that 
dominant as all 3 investigated Rc values are present on the Pareto front and also low Rc value cases 
offer high potential shiftable energy. On the other hand, even though all 3 investigated U values 
are also part of the Pareto front solutions, lower U values offer clearly higher potential shiftable 
energy. 
Regarding productivity loss, Rc value has again, not an important effect while U value is more 
important. The cases that are included in the Pareto front for productivity loss and yearly energy 
consumption only include the lowest U value investigated. 

Figure 25 : Results from filtering the database based on example – Pareto Front Solutions 
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Figure 26: Results from filtering the database based on example - Pareto Front Results -Energy Flexibility -Design 

Parameters 

 
Figure 27: Results from filtering the database based on example- Pareto Front Results - Productivity Loss - Design 

Parameters 

Each case can be studied thoroughly through all their parameters and results. In this case, 
operational cost is assumed to be the most important parameter. If the user selects the solution 
depicted on the productivity loss graph with the lowest operational cost, he/she can see all the 
building parameters of that solution and the results. The productivity loss even though is higher 
than the other solutions is still a percentage of 1%. By examining all the results of this building 
variation, it can be seen that the shiftable energy that a building envelope like this can offer is not 
in the range of the pareto front solutions but it is also not in the lower part of the spectrum. So this 
solution is believed to be one of the fitter ones for this renovation case. 
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Table 6 and Table 7 shows one of these cases, its specific parameter combination and its result on 
different Key Performance Indicators. 

Table 6 : Parameter Combination and results of one specific case 

 

Table 7 : Parameter Combination and results of one specific case 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

heavy_light cell_open Orientation RC g U Adjuscent 
Temperature 

0 1 0 6 0.6 0.8 Adiabatic 

geometry WWR Strategy Yearly_Ene
rgy_Consu

mption 
kWh/m2 

OEM OEF PL_office_open 

3 0.7 27 75 0.2 0.57 1 

Simulated Characteriza
tion_Shiftabl
e_Energy_k

Wh/m2 

Characteriza
tion_Shiftabl
e_Energy_n
ormalized 

Investment
_Cost E/m2 

Investme
nt_Cost_
Normaliz

ed 

Yearly_Ene
rgy_Consu

mption 
kWh/m2 

Efficient PS 
-  

Yearly_Energy_Con
sumption  

kWh/m2 Non 
Efficient PS  

Original 0.48 0.4 60.5 0.7 77 79 

STRATEGY 27 Heating 
setpoint 

Cooling setpoint 

offices 21 o C 24 o C 

Corridor 17 o C 27 o C 

Leeway 1 hour 

 Low occupancy scenario 

Occupancy 10.00-16.00 

People (Ppl/m2) 0.02 

Lighting (W/m2) 2 
Equipment (W/m2) 4 
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5 Discussion 

5.1 Are the machine learning predicted results trustworthy? 
 

While the database that supports the tool is developed, a final validation is performed in order to 
ensure that the results are to be trusted. By using the same sampling method, another sample of 
the design space is extracted. The cases that their results have been predicted through the machine 
learning algorithms are simulated and compared with the results from the classification algorithms. 
For both systems, considering the energy flexibility and annual energy consumption, the actual 
simulated with Energy+ results do not differ more than 6% from the predicted ones. Cost has not 
been taken into account in this part of the investigation, while productivity loss has more 
fluctuations in the comparison.  

When studying the productivity loss that is calculated from the simulated results and the one that 
is predicted by the machine learning algorithms, higher percentage difference than the other KPIs 
is observed. This is due to the low values that are calculated and predicted. E.g. in some cases, a 
3% productivity loss is calculated through the simulation results, while a 4.3% productivity loss has 
been predicted through a surrogate model. Even though this results in a difference of 43% between 
the 2 results, the results are considered trustworthy and sufficiently accurate for this study 
(Roelofsen, 2016). 

 

5.2 Is the productivity loss calculation trustworthy? 
 

Productivity loss is one of the indicators used for this study as it is believed to be important for 
office buildings and the performance of employees. Several studies have shown a correlation 
between thermal comfort and indoor climate and productivity and 7 of these are used to calculate 
productivity loss in this study. For more information on the calculation method see ANNEX E. Most 
studies connect higher temperatures and higher PMV values with productivity loss while 
performance loss in lower temperatures is not as significant (Seppänen, Fisk, & Lei, 2006). In this 
study, two different systems were investigated one with a cooling part and one without. As 
expected, the productivity loss in the cases where no cooling system is implemented is higher, as 
higher temperatures are not regulated. On the other hand, even in the cases without a cooling 
system, the productivity loss that is observed is not of high values. This can be attributed to a few 
factors. Firstly, the calculation method that uses an average of the productivity loss calculated for 
every working hour of the year and an average of all the studies that are considered. There are 
studies that are stricter or more tolerant on higher temperatures and PMV values in the office and 
they are all averaged in order to calculate the productivity loss that is depicted in the database 
results. This calculation method could potentially camouflage some more extreme productivity loss 
results that could be calculated only for one day or only due to one study (Roelofsen, 2016). 
Moreover, all cases considered, include a solar shading system and a ventilation rate. The solar 
shading system that is implemented in the model, is used at all times with a setpoint control so the 
human behaviour is neglected, and the fixed ventilation rate is high enough (3ACH of fresh air when 
occupied) to not leave room for overheating. In offices that the ventilation rate is not consistent or 
the occupancy is higher than expected or the shading systems are monitored and handled by the 
occupants, there is a high risk of experiencing even higher temperatures and PMV values that result 
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in higher productivity loss percentages. This has to be taken into account when evaluating different 
cases based on the database. 

 

5.3 Comparing the potential of thermal mass to electrical batteries and vehicles 
 

In building design, thermal mass is a property of a building which enables it to store heat, providing 
"inertia" against temperature fluctuations. The ability of thermal mass to store energy and release 
it later into the room/building has been the focus of this investigation and the design of this tool. 
But can it be used instead or in combination with other types of energy storage? Advantages and 
disadvantages of electrical storage and thermal mass storage are presented in Table 7. 

Table 8 : Advantages and disadvantages of thermal mass and electrical storage 

 

5.3.1 Energy flexibility Characterization of thermal mass VS electrical batteries 
 

The potential of thermal mass storage and how that can contribute to the flexibility of a building 
has been widely discussed in Annex 67. Annex 67 also suggests a characterization investigation of 
building envelopes in order to compare different types of shells based on the flexibility they can 
potentially provide. The characterization of Annex 67 is performed without occupants or weather 
influence. The characterization gives the maximum shifting energy that can be expected. 

The results of this investigation for four extreme cases taken from the database are presented in  

Table 9. The solar radiation was excluded, the outside temperature was set to 15oC constant, and 
infiltration of the envelopes as well as the ventilation rate were set to 0.5 ACH. Assuming a heat 
pump connected to the distribution system with a COP of 3, the results are presented in kWh/m2 
electrical energy and kWh of electrical energy that can be shifted in an office of 400 m2. The size is 
chosen based on a typical one floor Dutch office building (Koninkrijksrelaties ministerie van 
binnenlandse zaken en Koninkrijkrelaties, 2011). The characteristics of the building model used are: 
3 meters façade, 6 meters depth, 3 meters height, 0.4 Window to Wall Ratio, 0.5 ACH infiltration 
and an air based heating system. The four cases chosen to investigate are: 

Thermal Mass Electrical Battery 
Advantages (+) Disadvantages (-) Advantages (+) Disadvantages (-) 

Zero Cost Slow Recharging and 
uncertainties like 

weather etc. 

Quick 
recharging/discharging 

High Cost 

 Dependent on 
weather and 

occupants 

Independent of 
weather and 

occupants 

 

 Requires operation 
around Comfort 

boundaries 

Does not affect 
comfort 

 

Unlimited number of 
cycles 

  Limited number of 
cycles 
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- Low Insulation– Façade Rc 3.5 m2K/W , Window U-value 3 W/m2K 
- High Insulation - Façade Rc 9 m2K/W , Window U-value 0.8 W/m2K 

The cases of high thermal mass and low thermal mass are distinguished based on the position of 
the insulation layer in the façade wall construction and the construction of inner walls. 

Table 9 shows that thermal mass has a high impact on the resulting flexibility potential while 
insulation levels do not impact the results significantly in the low thermal mass cases. Van Goch 
(Goch, 2014) shows that the ratio between façade and exposed thermal mass is of importance 
regarding flexibility. The fact that insulation levels do not impact the results as much could also be 
attributed to the fact that in the model studied in this project, the heat exchange with the 
environment is limited. Higher thermal mass can potentially offer more shifting potential than 
buildings with lower thermal mass but in general all cases can potentially offer enough shifting 
potential capacity to compare with typical batteries available in the market under specific 
conditions.  

Table 9: Characterization by Annex 67 results of four cases investigated 

Cases investigated Characterization Annex 67 
 kWh/m2 (electricity) kWh in 400m2(electricity) 

Low Insulation – High Thermal Mass (Low Ins. -Heavy) 0.16 63 
Low Insulation – Low Thermal Mass (Low Ins. -Light) 0.05 21 
High Insulation – High Thermal Mass (Low Ins. -Heavy) 0.4 160 
High Insulation – Low Thermal Mass (Low Ins. -Light) 0.06 23 
 Electrical Storage 

Capacity - kWh 
 

Small capacity Battery 7  
Medium capacity Battery 30  
Large capacity Battery 64  

 

The characterization investigation that Annex 67 proposes can help rank different design solutions 
and building envelopes based on the flexibility that they potentially can offer. Using 
characterization helps investigate the maximum energy shifting potential under ‘standard’ 
conditions for all buildings, which is useful to compare building designs. 

But can that shifting potential be compared to electrical storage in terms of capacity under more 
realistic conditions? 

 

5.3.2 Energy Flexibility of thermal mass under realistic scenarios VS electrical batteries 
 

In order to attempt to answer this question an investigation was conducted on a specific case study. 
Only the capacity of storage was investigated. Power peak and recharging time were not taken into 
consideration. The four cases analyzed before are investigated. Winter and transition period were 
studied. Summer period is not considered as in the Netherlands there is not that much heating or 
cooling load observed in order to investigate the potential to shift it.  

A modified version of the characterization suggested by Annex 67 was used: 
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-  The weather and occupants were not eliminated in order to get a realistic feeling of the 
amount of energy that can be shifted. It must be noted that the weather and especially 
solar gains and outside temperature play a big role in the results. Moreover, the demand 
response event was chosen to be investigated on a specific day on these four specific cases 
so the results correspond only to this investigation. 

- One day from each season was chosen and the simulations were performed for that day 
by operating the system at the upper/lower limit of the allowed comfort range, e.g., for 
the heating season that is 24oC. 

- In each simulation, a control strategy is implemented on a specific time that gives a signal 
to the heating/cooling system to stop operating. The building is then free-floating until the 
temperature reaches the limits of the comfort range, e.g., 20oC for the heating season, 
when the systems starts operating again. For the time that the system is shut down, the 
difference in the energy demand of the heating system is calculated compared to the 
energy demand of a reference control strategy without a change in the heating/cooling 
setpoint. The calculated difference is regarded as the energy shifting potential. 

Apart from infiltration that is constant at 0.5ACH, the models include a ventilation rate of 3ACH 
of fresh air for the occupancy hours. The rate of 3 ACH of fresh air is high as there is no heat 
recovery implemented in the model. This ventilation rate has a high impact on the results, so it 
is decided to also investigate a lower rate of 1 ACH. The results are depicted in Figure 28 and 
Figure 29 for the two different occupancy and Internal Heat Gains (IHG) scenarios. Energy 
shifting potential is presented in electricity after assuming a heat pump with a COP of 3 (Fischer 
& Madani, 2017). The outcome of this investigation is compared with 3 different types of 
electrical battery capacities. A small one with a capacity of 7kWh, a medium one of 30kWh – 
(Tesla Powerwall capacity recommendation based on size and usage and a bigger one of 
64kWh. The capacity of the batteries is depicted on the graphs with a straight line. 

Table 10 : Occupancy and Internal Heat gains scenarios 

 Low occupancy scenario High occupancy scenario 
Occupancy 10.00-16.00 07.00-18.00 
People (Ppl/m2) 0.02 0.113 
Lighting (W/m2) 2 10 
Equipment (W/m2) 4 10 
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Figure 28: Energy Shifting potential in a Low Occupancy and IHG scenario in comparison with batteries of 3 different 
capacities 

 

 

Figure 29 : Energy Shifting potential in a High Occupancy and IHG Scenario in comparison with batteries of 3 different 
capacities 

The difference between the heavyweight (high thermal mass) and lightweight (low thermal mass) 
in the results is significant in all cases but the winter day when considering a high ventilation rate. 
On that day, due to the cold weather, the ventilation rate has a very high impact on the event 
resulting in very low energy shifting potential for all four building envelope cases. When considering 
a low occupancy profile the heavyweight high insulation case is the only one that reports around 
40kWh of energy shifting potential on that day. By lowering the ventilation rate on the 21st of 
January, the results showcase the ability of a heavyweight building to shift more than a lightweight 
one. In the transition day (March 3rd) the same effect is observed with higher results based on the 
higher outside temperatures. The insulation levels have a bigger effect in the heavyweight cases 
while they do not affect the lightweight cases results that much. The lower insulated cases do 
perform better in some instances such as the case with high ventilation rate (3 ACH) in spring 
(March 3rd) by offering higher energy shifting potential as the load is higher and therefore, even 
though the event might take shorter time to be completed, the final energy shifting potential might 
be larger.  

5.3.3 Energy Flexibility of a cluster of buildings VS electrical vehicles 
 

Apart from a single building perspective, a cluster of buildings is also a very interesting context to 
explore energy flexibility in. To do so in this context, a cluster of buildings equivalent to BAM’s 
campus in Bunnik, is considered. The campus includes 17.000 m2 of office buildings. Based on the 
investigation carried out here, this campus’ buildings thermal mass could potentially, based on the 
circumstances offer 170-5950 kWh of energy shifting depending on the thermal capacity of 
buildings, the day of investigation, the occupancy scenario and the ventilation rate. The low 

       Low Ins                         High Ins                       Low Ins                     High Ins                     Low Ins                 High Ins                    Low Ins                   High Ins 
Heavy / Light                  Heavy / Light                Heavy / Light          Heavy / Light            Heavy / Light           Heavy / Light         Heavy / Light        Heavy / Light       
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thermal mass cases can offer up to 1000 kWh while the high thermal mass cases if the high 
ventilation rate on the winter day is excluded, can offer between 3100 to 5950 kWh. 

BAM’s campus does not have batteries installed but it is equipped with 42 charging stations for 
Electrical Vehicles (EVs). Instead of comparing this energy shifting potential with batteries as in the 
single building scenario, the energy shifting potential of the thermal mass of the campus’ buildings 
is compared with the storage that the EV fleet can offer. On BAM’s campus 42 charging stations 
for Electrical Vehicles (EVs) exist and assuming a single EV battery with a capacity of 80kWh, the 
EVs’ fleet is assumed to be able to offer up to 3360kWh depending how many vehicles are on site 
and the depth of charge of each of them at the time. It has to be noted that the EV fleet, like home 
batteries, presents different controllability and constrains than the storage capacity of the thermal 
mass. The comparison can be seen in Table 11. 

Table 11 : Comparison of energy flexibility potential in a cluster of buildings scenario with EV stations 

BAM’s Bunnik Campus Assumptions 
Energy flexibility potential   
 Min (kWh) Max (kWh) 
Thermal Mass Potential 170 5950 
EV fleet potential 0 3360 

 

The 2 days that are chosen to be investigated are the coldest day of the year and a transition day. 
However, the energy shifting potential of a building can vary a lot from day to day in every season 
for different demand response events.  

As Nair showcased that the difference in energy consumption and power demand during a demand 
response event that is repeated each day in a month can vary significantly (Figure 30) (Nair, 2018) 

Concluding, thermal mass can be potentially important for energy shifting and it should be taken 
into account when investigating the shifting potential of a building. There are several instances in 
this study that showcase higher storage capacity than typical or even big batteries and a specific 
EV fleet in a campus in Bunnik, noting that utilizing the thermal mass of a building does not include 
extra costs.  

Although, there are several factors that affect the results of the energy shifting potential in a 
building. Ventilation rates, outdoor temperatures, solar radiation, occupant behavior and 

Figure 30 : Variation of Energy Consumption and Power Demand during a DRE during a month (Nair, 2018) 
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occupancy schedules are some of the uncertainties that have to be considered. The above 
investigation is also valid only for the two days that were studied and the specific inputs that were 
included in the model. It is unclear how a different type of building in different weather conditions 
would perform. Moreover, only the capacity of storage is investigated in this study and frequency 
and other parameters are not considered. Electrical storage has the ability to be quick in its 
response and able to provide storage without the uncertainties of weather and without stretching 
the comfort boundaries of the occupants. The thermal mass of a building could potentially offer 
energy storage but it is unclear when it will be fully charged again for a next event and it does 
include operating the building in the highest and lowest acceptance setpoint regarding occupant 
thermal comfort. 

Finally, even though the above investigation shows the importance of the consideration of thermal 
mass in energy shifting and the ability to compete with electrical storage in specific 
dates/cases/situations, in order to assess the ability of a specific building to shift energy during a 
period (week/season/year) a control optimization is needed. 
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6 Future Work 
 

As showcased in 5.3, thermal mass has the potential to store enough energy in comparison with 
home batteries or electrical vehicles under certain circumstances.  That can be a strong indication 
that energy flexibility needs to be further investigated and considered when designing a building. 
The design of this tool can be a part of this process. The database that supports this tool has been 
developed for two heat/cold delivery systems. Other systems could be considered and studied and 
their results could be added to the database. The backbend of the tool can be easily adjusted and 
expanded based on the needs and wishes of the users by using the same methodology that is 
presented in this report.      

The design and visualization of the filtering of the database is also presented in this report but in 
order for the potential engineers to use the tool, an appropriate professional should be responsible 
to create the technicalities of visualizing the results the way it is suggested. Finally, cost 
assumptions should be further investigated and assumptions on operational cost should be 
included. 

For future development, the database could be equipped with more systems, such as an underfloor 
water based heating and cooling system or other systems that are used in Dutch office buildings. 
More climates could be investigated and added to the database and more building parameters that 
are representative in those climates could be studied. Moreover, energy flexibility could be 
researched not at a single building’s level but in a cluster of buildings. Finally, the combination of 
thermal mass and other types of storage could be included in the tool giving the user the ability to 
compare the combinations of more than one technology for a specific product. 
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7 Business Plan 

7.1 Background  
 

Buildings are capable of storing energy in the thermal mass of their materials. Energy storage 
through investing in batteries and other storing options may be expensive, while utilizing the 
thermal mass can enhance the energy flexibility that a building can potentially offer without an 
extra investment cost. The potential of energy flexibility that the thermal mass of a building can 
potentially offer can be, in certain cases, comparable to a typical home battery as shown in 5.3. 
Energy flexibility has to be considered in the buildings of the future as price tariffs will change and 
smart grids will be implemented. 

This tool supports decisions for designers in every step of the design process when choosing 
building parameters and thermal comfort strategies. The tool is focused on office buildings in the 
Dutch market and targets both new built and renovation offices. By just a few clicks, the designer 
(in any stage of the project that they may be), can fill in the parameters that are fixed already and 
leave open the ones that they want to explore. The decision support tool presents the best 
solutions based on the input that score higher in both flexibility and productivity/comfort but also 
have the lowest energy consumption and cost (investment and operational). 
 

Using the tool, designers can quickly and easily get vital information about the performance of the 
building and receive support on how to choose the best parameters (window dimensions, glazing 
properties, HVAC systems, comfort strategies, facade properties etc.) for each case in order to design 
a high performance office building. 
 

Any consulting or construction company in the Netherlands can benefit from such a tool as it does 
not require any skilled simulation professional and still gives valuable information that cannot be 
extracted easily in another way. We believe that such a tool will be vital in the near future when 
flexibility will be incentivized and our team can offers support not only on the specific tool but also 
on the subject of flexibility and building performance through workshops and seminars. 
 

7.2 Current situation 
 

The project which offers a new way of designing our office buildings, prepares buildings for the future 
and the future energy market. 
 

The energy transition focuses on applying more renewable energy into our energy distribution 
system and lowering our CO2 emissions. In order to do that though and continue operating our 
buildings normally, we need to store renewable energy in some way, as renewable energy generation 
is not continuous. Energy storage for buildings through batteries or storage tanks is very expensive 
in this time and age. What has been proven, is that we can use the energy stored in materials. 
Construction materials can really store energy in their thermal mass and this can offer energy 
flexibility in our buildings. This ability of the materials though is not considered in the design phase 
in the building sector. By exploiting energy flexibility we can save money, improve the productivity 
of the people in the building and lower energy consumption. 
 

The connections between these indicators and parameters are not easy or straightforward. We 
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have to choose wisely which materials, strategies and constructions to use in order to gain the 
maximum out of the indicators mentioned. This is what the tool presented in this report does. 
Without the use of an expert team or extra time designers can use this quick and easy tool to gain 
information about the best parameter combinations and how they affect each indicator.  
Up until recently, the market was focused on simulation products and giving more possibilities of 
inputs to the user. That has resulted though in a huge risk factor of committing mistakes when you 
run a simulation due to high uncertainties and as a company, you also need quite some time and 
an expert to create and run the models. The already established simulation tools available in the 
market, give the ability to the user to tailor their solution based on thousands of parameters and 
that is why they run the risk of committing mistakes. 
 

In order to solve this problem and give the designers the information they need in order to design 
high performance buildings without the hassle of dynamic complicated simulations we designed 
the product we present in this report.  The last years there have been new products in the market 
which offer quick and easy results without performing simulations. There is a demand in the market 
for similar products. Our tool offers the same advantages combining the typical indicators with a 
new specific one that is not yet considered by anyone but we feel that in the future it will definitely 
be of high importance due to the energy transition.  
 
To be able to design the tool, we need to narrow down a lot of the parameters and this is why we 
target a very specific market. The targeted customers are companies that design office buildings 
or installations or consult on the design or energy performance of office buildings in the 
Netherlands and use typical constructions and materials. For sure this is a downside since the tool 
cannot be marketed to other customers (without modifications) but the targeted customers get 
tailored solutions. The company idea that the business plan is based on, has a channel stream of 
business to business to client (B2B2C) as we aim to sell the tool to companies that design buildings. 
These companies will design the buildings for a company or a client that could either use the building 
themselves or sell it to someone else. This report focuses on the first step of the stream that is 
between the company that develops and markets the tool to the construction companies that will 
use it in order to design buildings. 
 

7.3 Problem Analysis 

The problem that is analyzed in this section and we aim to solve with this tool is, the need for 
designing high performance office buildings in the Netherlands. We believe that energy flexibility 
will be a crucial part of future buildings as energy storage is complicated and expensive. In the 
current time, energy flexibility is not incentivized but it is widely accepted that time of use (different 
electricity rates in different times of the day) will be shortly implemented in the energy bills. When 
this happens, being able to quickly identify how to maximize the potential of a new or renovated 
building will be very valuable. Moreover, the tool can also provide information on other KPIs such 
as cost, productivity and energy consumption. Finally, self-consumption (part of energy flexibility) 
may not offer any additional incentives from the government but it is always a way to reduce 
energy bills. 

 In order to utilize the energy flexibility and also have high performance in terms of productivity 
and low cost, we need to consider all parameters. Right now, most companies either do not consider 
operational cost because they rent out their buildings or do not consider energy flexibility because 
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there is no direct incentive at the moment. Self-consumption (using the energy you produce on 
site) could be considered as an incentive but there are also other schemes that complicate the 
system. 
 

By considering though, all parameters (operational and investment cost, energy flexibility, 
consumption and productivity), the designer can make informed decisions in order to have a final 
product/building that can satisfy both the final customer, the construction company and the user/ 
resident of the building. 
 

7.4 Product Description 

The solution we offer is using the tool we have developed in the early stages of the design or when 
the designer finds it suitable. 

The tool can also be used to investigate the flexibility that an already existing building can offer. 
For companies that have a number of office buildings in their portfolio, the tool can be used to 
assess the flexibility that they can offer or a suggestion to change thermal comfort control 
strategies and how these affect the Key Performance Indicators (KPIs). 

Using the tool takes no more than a few minutes, does not require special training or knowledge 
(except typical knowledge anyone connected to the building industry has) and returns valuable 
information and suggestions on how to get the most out of the building’s abilities. 

In Figure 31 the tool is showcased. The input page is presented in Figure 31. The parameters that 

the user can input are depicted. If a parameter is fixed, the user can “lock” it and only the results with 
the locked parameter are presented in the results tab. The empty cells represent that the designer 
is open to explore the different values for these specific parameters. 

Figure 31 : Mock Up of the input page of the product 
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A simple way of depicting the results in a list, can withhold valuable information from the designers 
while, a more complicated approach can overwhelm the user and either confuse them or 
discourage them to use the tool. In order to provide the most information without confusing the 
user, a decision space is used. In that way, the user does get more information and can decide 
which solution is best for each case. 
In order to decide which indicators will be taken into account in each graph, the conflicting 
indicators are considered. The user is asked to choose if they consider productivity (Figure 32) or 
energy flexibility (Figure 33) as more important for their project. In every graph the user has the 
potential to choose one of the solutions on the graph and get all the information on that solution 
(parameters, indicators’ results, etc.). While filtering the database, it is common for it to return a 
large amount of results that may seem confusing on one graph. In order to resolve this, the cases 
that score lower than others when considering the indicators on the xx’ and yy’ axis are emitted. 
This method is based on pareto front graphs. Pareto efficiency is a state of allocation of resources 
from which it is impossible to reallocate so as to make any one individual or preference criterion 
better off without making at least one individual or preference criterion worse off.  The user can 
stop at this stage, choose the solution they find more satisfactory and do not spend more time on 
the tool. If needed, the user can go deeper in the results and get even more information. As a 
second phase, in order for the designer to receive more information about how different 
parameters affect the indicators, the ability to choose a specific parameter is given to the user 
(Figure 34).  

By having this opportunity, the designer can see on the same graph, the same pareto front solutions 
but the parameter that the designer has picked is demonstrated through the colour of the bubble 
(Figure 32, Figure 33).  

 

 

Figure 32 : Pareto Front Solutions based on energy flexibility and investment cost 
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Figure 33: Pareto Front Solutions based on productivity and operational cost 

 

As a third and last step to give the user more information, when the designer chooses a specific 
solution, along with the specifics of the parameter combination, box plots appear. The box plots 
can showcase how one parameter can affect the indicators (Figure 35).  

 

Figure 34 : Pareto Front Solutions - Design Parameter 
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To showcase an example: If the user chooses one of the cases from the decision space in Figure 32, 
Figure 33 or Figure 34, the box plots show how this specific building case reacts to changing one 
parameter at a time. Figure 35 depicts one case study and how the building reacts to keeping all 
the other parameters constant and changing the exterior wall Rc values etc. More box plots based 
on other KPI’s are also presented. That way, the user can get a more complete overview of the way 
each parameter affects each KPI and they can make more informed decisions on their final design. 

 
 

7.5 Target market and customers 
 

The market that the tool is orientated towards, is the construction sector and building consultancy 
in the Netherlands. There is 48 million square meters of office space (larger than 500m2) in the 
Netherlands (Dynamis, 2019). The building sector in the Netherlands, involves around 100,000 
registered companies in 2018. Only 1% of these companies employ more than 10 people. The vast 
majority of the companies are one-man companies. The fact that the majority of the companies are 
small (one man companies) can be a disadvantage (small companies do not invest a lot of money 
easily in software) but can also be an asset (one man companies need help to reach quickly and 
easily results - something that our tool offers). 
 

Someone who owns a small consultancy firm can really benefit from a tool that requires little time 
and no prior experience and background. In order to put emphasis also on that part of the market, 
a license per use is introduced so small companies are encouraged to use the tool when a relevant 
project arises and not be put off by an expensive annual license. 
 
 

7.6 Channels 
 

In order to reach the customers mentioned, the fact that BAM is the early adopters of the tool is 
very important. Initially, BAM ES and the BAM customer network is the main channel. Through their 
sister companies or companies they collaborate with, we can make our product known to other 

Figure 35: Visualization of results - Box plots for each case investigated 
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potential customers and showcase the advantages.  
Moreover, since the tool has been developed at TU/e, former colleagues and future ones, are 
people that know of the advantages and understand the need to change the way we design our 
buildings. Another channel to get our product known to the market is through them. 
 

Finally, taking part in conferences and meetings that deal with building sustainability and the 
energy transition will give the option to meet people that could also be potential customers and in 
general spread the word about our tool. The advantage of our tool is mainly that we have a very 
important partner that has the recognition and respect of the market. Furthermore, we offer 
something that no one else offers at the moment but is of wider knowledge that will be important 
in the future. Later on, to a further developed version of the tool, internet can also be one of the 
main channels to reach potential customers. 
 
 

7.7 Customer characteristics & needs 
 

A distinction between the Users and the Customers has to be made. The customers that pay for the 
service are the companies that construct and design buildings but the users will actually be the 
engineers that work in those companies. Both parties/stakeholders have to be taken into account 
when building this business plan. 
 

As for the people that first use the tool, these are the building designers of Royal BAM. Royal BAM 
as one of the leading construction and consultant companies, sees the need for considering energy 
flexibility and its effect when they design or renovate buildings and has committed to use the tool 
when it is fully developed. That is why we have been in close collaboration with the designers while 
designing the tool and their feedback has been taken into account. 
 
 

7.8 Strengths, Weaknesses, Opportunities and Threats  
 

As described in previous sections, energy flexibility is not profitable at the moment. So there are no 
similar Applications/Software/Guidelines in the market. This tool, focuses on energy flexibility and 
other indicators and on supporting the decision of the building designer to choose building 
parameters and control strategies to achieve the best result. There are different guidelines that 
are offered which focus on cost/energy consumption and CO2 reductions. Some of them are also in 
the same mindset as the tool we are offering. There is no need for an expert and the results are 
easy, comparable and quick. 
 

The different feature that our tool offers is the consideration of energy flexibility and the focus of 
the tool on the Dutch office building market. 
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SWOT analysis of the tool  
Strengths 

Does not require an expert to use it (compared to the alternatives) 

Bridges the gap between different design groups 

When considering energy flexibility self-consumption can be maximized 

Able to focus on productivity of employees and indicate the best solution for a  specific 
building 
Most typical parameters that are used in Dutch office buildings are considered 

Support for multi-objective decision making 

Cost is divided into operational and investment as different projects call for different actions 

Educates designers based on sustainability and how different parameters affect different KPI’s 
 

Weaknesses 

Only focused on Dutch climate 

Cannot be extended in the residential market without extra research 

Will not provide specific results (results will be comparable and normalized) 

Cannot be applied to a very unique design of a building or unique materials 

Does not provide information for other KPI’s other than cost, energy consumption, energy 
flexibility and productivity 

 
 

Opportunities 

Sustainability is in focus in new legislation 

Future policy focuses on smart grids and lower carbon emissions 

NL is moving away from gas consumption so new policy in favor of RES 

 
Threats 

The construction sector is quite conservative, not prone to change the way it operates 

Threat that the designers might not spend the time required to use the tool as it is not in their 
routine 
Not being able to persuade them for the value that the product adds 
If the future energy policies change and do not demand energy flexibility designers might not 
think the product is that valuable 
The tool is based on the feedback from BAM designers. Other companies may operate 
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completely different and the tool might not fit their design process 
Through educating designers, they may acquire the skills to estimate and assume the results the 
tool offers and the tool might become redundant in some years 

 

7.9 Scalability 
 

The tool is focused on the Dutch market and is oriented towards office buildings. The main 
methodology that is used in order to design the tool though could be scaled up and create a 
different version of the tool for a different market or for residential buildings. There will be a need 
to conduct research in order to choose the right parameters and indicators for a different market 
or different types of buildings, but the methodology and way of designing the tool can be the same. 

As the tool progresses and develops further, it could be offered as an online tool or as a plug in for 
other more elaborate simulation tools as a parametric analysis component. On the other hand, if 
the tool is not implemented in a more complete building performance simulation tool, such a tool 
could be implemented in the tool and a simulation could be run through our tool in order to 
accommodate even more values and parameters that designers might look for.  
 

7.10 Vision 
 

Engineers can gain information and a sense of how different parameters and their combinations 
affect energy flexibility and productivity loss in Dutch office buildings by using this tool. By 
expanding and gain recognition in the market we hope that energy flexibility will be widely 
accepted as an advantage of a building and considered in all projects from the design phases. The 
tool can be transformed and grow as the demand changes by including more parameters or 
opening up to other markets.  
 
The success of the tool is measured not only by the subscriptions but mainly by the workshops 
organized and the recognition in the market and amongst the experts. It is believed that by gaining 
validity and prestige amongst people of the sector, the tool will be more successful and the 
company will be in a better place to expand in the future. 
 
The goal of the company based on an initial financial analysis, is to reach more than 20 customers 
within the first year of operation, and have the tool used by the 3 biggest consultancy and 
construction companies of the country within 3 years. It is believed that by achieving these goals, 
the company will be established in the sector as a company that adds value to building design. 
 

7.11 Strategy 
 
The next steps of the process to get the tool to the market are as follows:  
 
The tool needs to be completed, the visuals of the results need to be implemented and test rounds 
need to be conducted. After making sure that the tool is complete, a control group of engineers is 
chosen and asked to use the tool in a certain amount of projects. Their feedback is asked and 
implemented to make sure the tool is easy to use with no errors in the process. In that stage, the 
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tool is ready to use.  
The first step is to ask experts to be the first users of the tool. They are able to identify the value 
that the tool adds and be the ambassadors of the tool to engineers of other business units. Other 
business units are then asked to use the tool in their projects and their engineers are trained to 
use the tool and extract the most valuable results. Their feedback is again asked and implemented. 
From there, all teams in BAM involved in the office building design receive a brief training on the 
tool and are invited to use it in the appropriate projects. The strategy is visualized in Figure 36. 
 

 
Figure 36 : Strategy to bring the tool to the targeted market 

 
As a next step, one of the projects that the tool is used in, is included in a marketing campaign as a 
case to show the results and the added value that the tool offers in a real life project. More 
companies are approached from our team by offering a free introductory short workshop where 
the benefits of energy flexibility are presented along with the real life project that our tool was a 
part of. A few statements from the engineers from the control group are also presented where 
they explain how the tool saved them time and what kind of information was valuable for them to 
obtain. 
It is believed that by offering these workshops the targeted company gets knowledge on energy 
flexibility and how an accelerator of the market is dealing with it and our company gains exposure 
and connections. That way our company gets recognized more and more future clients are directly 
approached. 
 

7.12 Marketing and sales 
 

Regarding marketing and sales, working closely with BAM is considered part of the marketing 
strategy. When the tool is used by such a well-known and a successful company, it is easier to 
showcase results to other potential customers, and persuade them of the value of the tool.  By 
utilizing the fact that BAM is a primary player in the market and the successful implementation of 
the tool in the design process, the reputation of the tool will increase and other companies will be 
more willing to try it. Raising awareness on energy flexibility and its benefits is another marketing 
strategy in order to position ourselves in the industry as experts on the subject and also promote 
the extra services that we offer apart from the tool (consultancy, workshops). 
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7.13 Revenue streams 

Based on the competition and what our own tool has to offer, 2 different revenue streams are set. 
1. Consultancy → Licenses will be sold in packages with basic support (IT support), 

medium support (email correspondence and 1 hour discussion per project) and 
premium support (offering full support and consultancy on any subject related to the 
tool and the project in question). 

2. Workshops → Offering workshops about energy flexibility for engineers. Learning 
what energy flexibility is, how you can get the most out of your building and how to 
exploit flexibility will be topics that workshops can cover. 

3. Licenses → 
a. Annual licenses that will offer the possibility to use the tool as many times as 

desired (this type will target bigger companies that have a lot of projects 
during the year) 

b. One-time off license that can be paid each time there is a project that the 
company wants to explore with the tool (this type will target smaller 
companies and consultancies that cannot afford or are not willing to spend 
money on an annual license if they have only one or two relevant projects a 
year 

 

7.14 Creating the financials of the business plan 
 

7.14.1 Assumptions and comments 

Note that this financial model is very conceptual and simplified, due to the limited access to the 
company’s finances and to the high uncertainty in which the start-up is operating at this early stage. 
The coming information is based on assumptions.  

In order to create a financial model for the tool, a base case scenario, is considered. There are 
numerous uncertainties and assumptions that had to be made in order to make this calculations 
and it is always valuable to investigate different scenarios and have an overview of what could be 
the future. 

The initial investment in the tool is considered to be the same amount that this PDEng project 
costed. During the first 2 years of operation, only a few employees are considered to be taken on, 
and since not many clients are expected, part-time employment is also an option for marketing an 
administrative tasks. An assumption on the tools sold is made and the consultancy revenue stream 
is not taken into account.  
 

7.14.2 Balance Sheet/P-L 

Twenty licenses for 2019 and 120 licenses for 2020 are assumed. The yearly unlimited cases license 
as described in the revenue streams section, license costs 5000 euros annually and provide the tool 
to max 10 users at a time. 

That aims to accommodate small companies with few employees as they can use the tool with 
purchasing only one license. Large companies though with hundreds of employees will probably 
need to purchase more than one license in order to accommodate their designers. The one time 
off licenses and consultancy are not considered in the balance sheet. All costs and revenue are 
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depicted in Euros. 

An additional revenue stream that is considered, are the workshops that aim to share knowledge 
and help educate building designers on energy flexibility. By offering workshops, the company 
creates a more personal relationship with its clients and establishes its position as an expert in the 
field. The workshops sold are assumed to be 20% of the total licenses sold each year. The Dutch 
building and construction industry included 175000 companies in total in 2018. The aim as also 
depicted in Table 12 is to sell 400 tools by 2024. 0.2% of the market is targeted which is quite a 
conservative assumption. Further research into the market and its needs should be conducted in 
order to have more precise and realistic assumptions. When considering only targeting companies 
with more than 5 employees, the percentage of the market that we aim at, is 2% by 2024. 

The different FTE’s and employees that are assumed to be taken in, in the company are presented 
in table 1. During the first year, the costs are only 7000Euros. The first year is 2019 and the salary for 
the development of the tool (which right now involved only my work) has already been paid at the 
start of the project. It was assumed as an initial investment. For 2019, there are no profits in the 
company. Due to the losses that are expected, besides having own capital, different ways of 
financing the company for this period could also be explored. Venture capitals or an acceleration 
program could be suitable for this specific project, but if this way of finance is to be decided, a new 
financial model taking into account the investments should be designed. 

The gross margin is stable to 94% ~95% each year. 

Sales, earnings after tax and gross margin are depicted in Table 12, Table 13 and Table 14 
 

Table 12 : Sales and gross margin per year 

 
In order for the tool to be successful, a team to support it is necessary. The database for the tool and 
the complete design of the visualization of the results have been completed. In order to develop 
the complete tool, a website/application developer is needed in order to implement the design 
into an interface for the tool. Moreover, consultants to support the customers and its 
questions/needs are vital. Some FTE’s should also be invested in administration as the company 
evolves and grows. Marketing and sales should also be a focus, so after some time, there should 
be an investment in people that work on that. More human resources are needed in order to offer 
knowledge and seminars to our customers and a team of developers and engineers for research 
and development for the scalability of the tool. 

   
31- 
Dec-19 

31-Dec- 
20 

31-Dec- 
21 

31-Dec- 
22 

31-Dec- 
23 

31-Dec- 
24 

31-Dec- 
25 

31-Dec- 
26 

Sales 
  

110,800 664,800 664,800 1,108,000 1,662,000 2,216,000 3,324,000 5,540,000 

Cost of 
goods sold 

(-/-) (7,000) (37,000) (37,000) (61,000) (91,000) (121,000) (181,000) (301,000) 

Gross Margin 
 

50,000 80,000 80,000 100,000 100,000 120,000 120,000 
  - 

Gross Margin  
% 

94% 94% 94% 94% 95% 95% 95% 95% 
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Table 13 : Number of FTEs needed for the team supporting the tool 

Nr of FTEs 

Personnel  31- 
Dec- 
19 

31- 
Dec-20 

31- 
Dec-21 

31- 
Dec-22 

31- 
Dec-23 

31- 
Dec-24 

31-Dec- 
25 

31-Dec- 
26 

Research&  
development  

Junior 1 2.5 2 1 2 1 2 2 

 Med   1 1.5  2 2 2 

Sales&Marketing  Junior  0.5 1 1   1 
 

1 

 Med     1 1 1 1 

General 
Administration  

Junior  0.5 0.5 1 1 1 1 1 

Total Personnel 
cost 

  50000 80000 80000 100000 100000 120000 120000 

 
Table 14 : Revenue from licenses and workshop sold per year 

 31- 
Dec-19 

31-Dec- 
20 

31-Dec- 
21 

31-Dec- 
22 

31-Dec- 
23 

31-Dec- 
24 

31-Dec- 
25 

31-Dec- 
26 

Cost of 1 license 5000 5000 5000 5000 5000 5000 5000 5000 

Number
 
of licenses sold 

20 120 120 200 300 400 600 1000 

Cost of 1 
workshop 

2700 2700 2700 2700 2700 2700 2700 2700 

Number
 
of workshops sold 

4 24 24 40 60 80 120 200 

Sales licenses 
100000 600000 600000 1000000 1500000 2000000 3000000 5000000 

Sales workshops 
10800 64800 64800 108000 162000 216000 324000 540000 

Total Sales 
110800 664800 664800 1108000 1662000 2216000 3324000 5540000 

Cost of goods 
sold 7000 37000 37000 61000 91000 121000 181000 301000 
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ANNEX 
 
A Results Extraction – Simulation Study 
 

What information do we need to have and what does this mean for the simulation study? 

In order to assess the results based on the described KPIs, specific output is needed from the 
investigation. For each zone, information on thermal comfort and indoor air quality is needed in 
order to assess the productivity. The values that have to be obtained are (air temperature, mean 
radiant temperature, CO2 concentration, Relative Humidity) and information on the heating and 
cooling demand per zone annually.  

The operational cost and yearly consumption derives from the energy demand, the investment 
cost is connected mainly with the envelope design options and the productivity is calculated based 
on a series of studies that relate it with thermal comfort and indoor air quality in a room. 

 

B Model Complexity 
 

Even though there are many possibilities in modelling a building for Building Performance 
Simulation (BPS), a methodology for choosing the most applicable modeling approach is not known 
(Enk, 2016). Simplifications and assumptions on building geometry and user behavior are necessary 
and a good trade-off between accuracy of the model and computational efforts. 

Complex models can potentially offer results closer to reality but the reliability of their results could 
be undermined by the higher number of uncertainties that are present in a more complex model 
(Gaetani, Hoes, & Hensen, 2017). 

Based on the fact that this simulation study focuses on investigating the effect on the KPI’s of each 
parameter combination and not produce accurate specific values, it is assumed that a reference 
part of the building can be representative of the building’s performance. It is believed that a mid-
floor can be representative of an office building’s performance, whereas ground coupled zones or 
roof attached spaces are not taken into account (Georgescu, Eisenhower, & Mezic, 2012). There 
are studies that deal with energy consumption, CO2 emissions and gas consumption that show that 
a simulation at room level, has no significantly different results than one at floor level and one at 
building level (Heijst, 2017). Other studies such as Task 56 that focuses on carrying out an analysis 
on the energy contribution of different solar active façade technologies in covering building loads 
and to evaluate indoor comfort conditions, show that an office building can be represented by a 
single office cell simulated in different orientations and the representative middle-floor can be 
interpolated by a series of office cells excluding corner offices and service spaces as shown in Figure 
37. 
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Figure 37: Sunrise project, eurac research (D’Antoni, 2017) 

                                                

For the needs of this simulation experiment and in order to be able to implement the comfort 
control strategies decided and extract the necessary results, three zones (2 cell offices with a 
corridor) are chosen to represent each building. The zones are in the middle of the building in a 
middle floor. Two sides are exposed to the outdoors and are equipped with windows. All other 
sides are considered in connection with other conditioned zones so their boundary conditions are 
adiabatic but the materials are considered capable of storing energy by the software. It is believed 
that these zones as seen in Figure 38 are representative of the whole building for this specific study 
and its goals. 

 

Figure 38: 3 zone model with boundary conditions highlighted (blue-in connection with the outside, pink adiabatic). 

The middle offices are chosen as representative of the whole floor so all results are extracted per 
square meter.  

 

C Materials and Inputs Used 
 

The parameters that are considered and investigated in this project along with the specific values 
that each one takes, are discussed with BAM designers. Moreover, all different materials and 
constructions used in the model are discussed and agreed with BAM engineers. Table 16, Table 17, 
Table 18 and Table 19 present all materials, constructions and occupancy scenarios used. 
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Infiltration in all models is set to 0.5 ACH constant and the ventilation rate is set to 3 ACH. There is 
no heat recovery implemented in the model as there is no AHU that is modelled. The object that is 
used to simulate the ventilation rate in the model is simple and implements fresh air in the thermal 
zone per hour. The ventilation system is turned on and off based on occupancy.  External shading 
is implemented in the form of blinds. Blinds parameters are presented in Table 15. Shading is 
activated when solar radiation is measured higher than 120 W/m2 and a second temperature 
setpoint of 22oC is set. Fan pressure rise is set to 550Pa. The systems are sized based on the design 
days with a sizing parameter 1. 

Table 15 : Blinds' parameters that are used for solar shading 

Name blinds 
Slat Orientation Horizontal 
Slat Width (m) 0.02 
Slat Seperation (m) 0.03 
Slat Thickness (m) 0.00025 
Slat Angle (deg) 45 
Slat Conductivity (W/m2K) 0.9 
Slat Beam Solar Transmittance 0 
Front Side Slat Beam Solar Reflectance 0.5 
Back Side Slat Beam Solar Reflectance 0.5 
Slat Diffuse Solar Transmittance 0 
Front Side Slat Diffuse Solar Reflectance 0.5 
Back Side Slat Diffuse Solar Reflectance 0.5 
Slat Beam Visible Transmittance 0 
Front Side Slat Beam Visible Reflectance 0.5 
Back Side Slat Beam Visible Reflectance 0.5 
Slat Diffuse Visible Transmittance 0 
Front Side Slat Diffuse Visible Reflectance 0.5 
Back Side Slat Diffuse Visible Reflectance 0.5 
Slat Infrared Hemispherical Transmittance 0 
Front Side Slat Infrared Hemispherical Emissivity 0.9 
Back Side Slat Infrared Hemispherical Emissivity 0.9 
Blind to Glass Distance (m) 0.05 
Blind Top Opening Multiplier 0.5 
Blind Bottom Opening Multiplier 0 
Blind Left Side Opening Multiplier 0.5 
Blind Right Side Opening Multiplier 0.5 
Minimum Slat Angle (deg) 0 
Maximum Slat Angle (deg) 180 
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Figure 39: Graphical representation of heavyweight and lightweight construction (Kotireddy, 2018) 

 

Table 16 : Parameters of materials used 

 

Table 17 : Parameters of Materials Used - No mass Materials 

No mass materials Carpet Air Cavity 
Thermal Resistance (m2-K/W) 0.1 0.15 

Thermal Absorptance 0.9  
 Solar Absorptance 0.8  
Visible Absorptance 0.8  

 

 Brick –  
Fired Clay 

Gypsum 
Wall 

Insulation 
Stucco 

Acoustic 
Tile 

Concrete 
Lightweight  

concrete 

 
 

Air Wall 

Roughness 
Medium 
Rough              

Smooth Medium 
Rough   

Smooth Medium 
Smooth 

Medium 
Rough 

Rough Medium 
Smooth 

Thickness (m) 
    0.1016                  0.0127 varies 0.0253 0.0191 0.2033 0.1016 0.01 

Conductivity 
(W/m-K) 

    0.895 0.16 0.0432 0.69179 0.06 1.73 1.311 1 

Density (kg/m3) 
    1922  784.9 91 1858 368 2243 2240 1 

Specific Heat 
(J/kg-K) 

    790                     830 836.9 836.9 590 836.9 836.8 1000 

Thermal 
Absorptance 

    0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.4 

Solar 
Absorptance 

0.7 0.4 0.5 0.92 0.3   0.65 0.85 0.4 

Visible 
Absorptance 

0.7 0.4 0.5 0.92 0.3 0.65 0.85 0.4 
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Table 18 : Construction of Walls/Ceilings/Floors in heavyweight and lightweight cases 

H
ea

vy
w

ei
gh

t 
External Wall Inner Wall Ceiling/Floor 

Brick Gypsum Carpet 
Air Cavity Light Wall Insulation Concrete 
Insulation Brick Air Cavity 
Concrete Stucco Gypsum 

Stucco  Acoustic Tile 

Li
gh

tw
ei

gh
t Brick Gypsum Light weight Concrete 

Air Cavity Light Wall Insulation Air Cavity 
Concrete Gypsum Acoustic Tile 
Insulation   

Stucco   

 

Table 19 : Occupancy and IHG Scenarios considered 

 Low occupancy scenario High occupancy scenario 
Occupancy 10.00-16.00 07.00-18.00 
People (Ppl/m2) 0.02 0.113 
Lighting (W/m2) 2 10 
Equipment (W/m2) 4 10 

 

D Thermal Comfort Control Strategies 
 

In this investigation, in order to decide which thermal comfort control strategies are studied, the 
iCARE project’s suggestion are taken into account. Loomans and Misha suggest that occupants 
have a connection with the outside temperature for at least 20 min, and a diurnal variation of 3oC 
is not noticeable in an office environment. Finally, they suggest that a transitional space can have 
2oC difference in the setpoint without jeopardizing the comfort of the occupants. In order to 
investigate whether these suggestions can augment the energy flexibility of a building and explore 
even a more extreme version of the strategies, the thermal comfort control strategies depicted in 
Table 20 and Table 21 are chosen. 
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Table 20 : Thermal Comfort Control Strategies Investigated 

Strategy No. Thermal Comfort Control Strategies Occupancy and IHG Scenario 

1 Constant Setpoint 22oC Low 

2 Constant Setpoint 22oC & leeway 20min  Low 

3 Constant Setpoint 22oC & leeway 1h  Low 

4 Constant Setpoint 22oC & spatial trans 2oC Low 

5 Constant Setpoint 22oC & spatial trans 3oC Low 

6 Constant Setpoint 22oC & leeway 20min & spatial trans 2oC  Low 

7 Constant Setpoint 22oC & leeway 20min & spatial trans 3oC Low 

8 Constant Setpoint 22oC & leeway 1h & spatial trans 2oC Low 

9 Constant Setpoint 22oC & leeway 1h & spatial trans 3oC  Low 

10 Diurnal 21oC-24oC  Low 

11 Diurnal 21oC-24oC & leeway 20min  Low 

12 Diurnal 21oC-24oC & leeway 1h  Low 

13 Diurnal 21oC-24oC & spatial trans 2oC Low 

14 Diurnal 21oC-24oC & spatial trans 3oC Low 

15 Diurnal 21oC-24oC & leeway 20min & spatial trans 2oC Low 

16 Diurnal 21oC-24oC & leeway 20min & spatial trans 3oC Low 

17 Diurnal 21oC-24oC & leeway 1h & spatial trans 2oC  Low 

18 Diurnal 21oC-24oC & leeway 1h & spatial trans 3oC Low 

19 Diurnal 20oC-24oC  Low 

20 Diurnal 20oC-24oC & leeway 20min  Low 

21 Diurnal 20oC-24oC & leeway 1h  Low 

22 Diurnal 20oC-24oC & spatial trans 2oC Low 

23 Diurnal 20oC-24oC & spatial trans 3oC Low 

24 Diurnal 20oC-24oC & leeway 20min & spatial trans 2oC Low 

25 Diurnal 20oC-24oC & leeway 20min & spatial trans 3oC Low 

26 Diurnal 20oC-24oC & leeway 1h & spatial trans 2oC  Low 

27 Diurnal 20oC-24oC & leeway 1h & spatial trans 3oC Low 

 

Table 21 : Thermal Comfort Control Strategies Investigated 

Strategy No. Thermal Comfort Control Strategies Occupancy and IHG Scenario 

28 Constant Setpoint 22oC High 

29 Constant Setpoint 22oC & leeway 20min  High 

30 Constant Setpoint 22oC & leeway 1h  High 

31 Constant Setpoint 22oC & spatial trans 2oC High 

32 Constant Setpoint 22oC & spatial trans 3oC High 

33 Constant Setpoint 22oC & leeway 20min & spatial trans 2oC  High 

34 Constant Setpoint 22oC & leeway 20min & spatial trans 3oC High 

35 Constant Setpoint 22oC & leeway 1h & spatial trans 2oC High 



Productivity Loss Calculation 
 

 67 
 

36 Constant Setpoint 22oC & leeway 1h & spatial trans 3oC  High 

37 Diurnal 21oC-24oC  High 

38 Diurnal 21oC-24oC & leeway 20min  High 

39 Diurnal 21oC-24oC & leeway 1h  High 

40 Diurnal 21oC-24oC & spatial trans 2oC High 

41 Diurnal 21oC-24oC & spatial trans 3oC High 

42 Diurnal 21oC-24oC & leeway 20min & spatial trans 2oC High 

43 Diurnal 21oC-24oC & leeway 20min & spatial trans 3oC High 

44 Diurnal 21oC-24oC & leeway 1h & spatial trans 2oC  High 

45 Diurnal 21oC-24oC & leeway 1h & spatial trans 3oC High 

46 Diurnal 20oC-24oC  High 

47 Diurnal 20oC-24oC & leeway 20min  High 

48 Diurnal 20oC-24oC & leeway 1h  High 

49 Diurnal 20oC-24oC & spatial trans 2oC High 

50 Diurnal 20oC-24oC & spatial trans 3oC High 

51 Diurnal 20oC-24oC & leeway 20min & spatial trans 2oC High 

52 Diurnal 20oC-24oC & leeway 20min & spatial trans 3oC High 

53 Diurnal 20oC-24oC & leeway 1h & spatial trans 2oC  High 

54 Diurnal 20oC-24oC & leeway 1h & spatial trans 3oC High 

 

E Productivity Loss Calculation 
 

Productivity and comfort is an important factor regarding occupants in office buildings. There is a 
strong connection between the environment around us and the way we perform. Temperature is 
a dominant factor and affects the way occupants work and feel. Higher temperatures cause 
discomfort, sleepiness and lack of focus while lower temperatures result to stiffness of fingers and 
discomfort. Next to CO2 concentration, which is often taken to express the air quality, freshness 
can be determined by means of temperature, relative humidity and CO2 concentration collectively.  

Several studies have been conducted that investigate the connection between thermal comfort 
and indoor climate and productivity and performance in an office environment. The method 
suggested by Hester Thoen (Thoen, 2018) is used in order to classify and choose which studies to 
take into account when considering productivity loss in Dutch office buildings. The studies are 
categorized into ones that calculate productivity loss based on temperatures and PMV values, ones 
that connect productivity loss with CO2 concentration and lastly the ones that connect it with 
Freshness. There are also different studies that connect acceptability with CO2 concentration in 
different ways with different calculation methods. All combinations are used in this study. 

The studies used for this investigation are presented in Table 22. 
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Table 22 : Productivity Loss Calculation - Studies used 

 Percentage Dissatisfied Calculation Connection studied  

Kosonen en Tan 
(Kosonen & Tan, 

2004) 

 

PMV and productivity 
Thermal 
comfort 

Roelofsen 
(Roelofsen, 2016) 

 

Lan et al (Lan, 
Wargocki, & Lian, 

2011) 

 

Jensen et al (Jensen, 
Toftum, & Friis-
Hansen, 2009) 

 

Seppanen 
(Seppänen, Fisk, & 

Lei, 2006) 

 
Temperature and 

Productivity 

Productivity loss 
Wargocki (Wargocki, 

Wyon, Baik, 
Clausen, & Fanger, 

1999) 

CO2 concentration - Wargocki 
(Wargocki, Knudsen, & Krzyzanowska, 

2010) 
CO2 concentration 
and productivity 

Indoor 
Air 

quality 

CO2 concentration - Gunnarsen 
(Gunnarsen & Fanger, 1992) 

CO2 concentration - PD (Normalisatie-
instituut, 1999) 

Freshness - Clements Croome 
(Clements-Croome, 2008) 

Freshness and 
productivity 

Freshness - Fanger (Fanger, Lauridsen, 
Bluyssen, & Clausen, 1988) 

Freshness - Roelofsen (Roelofsen, 
2016) 

Productivity loss 
Bako-Biro (Bako-
Biro, Wargocki, 

Weschler, & Fanger, 
2004) 

CO2 concentration - Wargocki 
(Wargocki, Knudsen, & Krzyzanowska, 

2010) 
CO2 concentration 
and productivity 

CO2 concentration - Gunnarsen 
(Gunnarsen & Fanger, 1992) 

CO2 concentration – PD (Normalisatie-
instituut, 1999) 

Freshness - Clements Croome 
(Clements-Croome, 2008) 

Freshness and 
productivity 

Freshness - Fanger (Fanger, Lauridsen, 
Bluyssen, & Clausen, 1988) 

Freshness - Roelofsen (Roelofsen, 
2016) 
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To calculate the productivity loss for each case investigated, a productivity loss value is calculated 
per occupied hour for all studies considered. An average of the productivity loss based on thermal 
comfort and a productivity loss based on air quality is extracted.  

Many of the above studies only focus on one aspect. Little is known about the combined effects of 
these factors. Nevertheless, this is important because in an office environment these factors never 
occur alone. Dai and Lan (Dai, Lan, & Lian, June 2014) also suggest that the combined effect is 
assumed to be in the range of the average of the productivity loss due to thermal comfort and due 
to indoor air quality and the maximum value between the two. After calculating the average effect 
of thermal comfort and indoor air quality, an average productivity loss value is calculated for a 
whole year and this is the value that characterizes each case investigated in the database. 

 

F Open Plan office assumptions 
 

In order to simulate an open office, the three thermal zones are considered one and there is an 
airwall dividing the area. The properties of that wall are presented in Table 16.  

When modeling an open plan office, the side walls are given minimal mass in all heavyweight and 
lightweight variations (as the lightweight inner walls presented in Table 18 to represent the lack of 
thermal mass from internal walls in a floor plan.  

When examining a cellular type of building, implementing the thermal comfort control strategies 
that are chosen to be studied is straightforward. Regarding an open plan office building though, 
assumption have to be made to implement transitional space variations. The idea of defining 
different thermal zones for each personal station is not considered as it is unrealistic. The 
simulation software will not be able to produce reliable results with that kind of geometry (zone 
into a zone). In order to simulate the spatial transition comfort control strategies proposed and 
studied by Loomans and Mishra (Mishra & Loomans, 2017), personal stations are considered and 
the area around them is considered transition area.  Two types of stations are assumed. An energy 
consuming one (100W) and an energy efficient one (<50W). These stations are assumed to be able 
to retain the set-point at the working station. The surrounding space is conditioned based on the 
transitional space set-point 

The challenge is finding a way to extract the correct values of the air temperature surrounding the 
personal conditioning stations in order to assess the thermal comfort and productivity of the 
employees. The Fanger model cannot be used as there are too many assumptions that have to be 
made in order to calculate a PMV value in these cases and the results would not be trustful. 
Productivity loss in the cases that the tool investigates, is calculated based on the average loss 
according to several studies that have been presented in literature. The vast majority of these 
studies calculate productivity loss based on PMV values. In the cases though that personal stations 
are considered in the simulation, the calculation of PMV values contains more uncertainties than 
desired. The productivity loss in these cases (personal condition stations) is calculated based on 
only one of the studies mentioned in ANNEX E which calculates productivity loss based on only 
room air temperatures. 
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Another challenge is choosing the correct values of the air temperature surrounding the personal 
conditioning stations. The setpoint will be lower due to the transitional space setpoint, but it is 
considered that the temperature around the workspaces will be higher due to the personal 
stations. This could be resolved by considering the air temperature constant (e.g.20oC) around the 
occupants and assess the thermal comfort through this temperature and not the output of the 
simulation. Another possibility would be to assume that the temperature in the working stations is 
1 or 2 degrees higher than the average that the simulation provides and assess the thermal comfort 
from that temperature. The strategy that is followed is linked to what happens to a cellular office 
with the same thermal comfort control strategy. If the strategy assigned to the model suggests 
constant temperature in the cellular office, a constant temperature of 22oC around the personal 
stations is assumed. If the strategy suggests free flowing temperature between a heating and a 
cooling setpoint the same is assumed for the area around the personal stations. The trend of the 
temperature is considered the same as the trend of the simulated temperature of the transitional 
space.  

E.g.  A thermal comfort control strategy that suggest for the cellular office 21oC heating setpoint, 
24oC cooling setpoint and for the corridor 19oC heating setpoint and 26oC cooling setpoint. To apply 
that to an open plan office considering personal stations, a setpoint of 19oC for heating and 26oC 
for cooling is simulated and the thermal comfort is assessed by adding 2 degrees to the simulated 
temperatures and assuring that the calculated temperature falls between 21oC to 24oC 

 

G Heating and Cooling system schedules and timesteps 
 

The first system investigated, is an air based heating and cooling system. Another very dominant 
type of system in Dutch office buildings, especially the ones built in the previous decades, is a 
heating system of water based radiators without the implementation of a cooling system. Based 
on the results needed to be extracted, hourly timesteps are considered sufficient, but in order to 
be able to incorporate all thermal comfort control strategies, 20 minute timesteps are used for the 
air based heating and cooling system. Regarding the water based heating system, as these type of 
systems do not respond as quick as an air based system, changing the timestep of the simulation 
models to 10 minutes is decided. All other parameters remain the same as in the previous system 
investigation, in order to be able to compare results of each case to the other systems. The same 
methodology is used to choose a sample size, simulate, validate and use the appropriate 
classification algorithm to predict the results for the non –simulated parameter combinations. 

When considering the starting point of an HVAC system in a building, the investigation is made on 
the specific case. Thermal mass, weather, insulation levels, materials, internal heat gains and other 
parameters are taken into account. This is not possible for this investigation as in the database that 
supports the tool designed, more than 1million cases are considered and there are several 
combinations of internal heat gains, insulation levels, and setpoints.  

To decide on the starting point of the HVAC systems, two different starting points were considered. 
30 and 60 minutes before occupancy starts. The 2 different extreme cases with different insulation 
levels that are used in the preliminary simulations are investigated and simulated for both 30 and 
60 minutes before occupancy. Both the air heating/cooling system and the water based radiator 
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system are considered. These cases include a heavyweight and a lightweight building with low or 
high insulation and a low and a high occupancy and internal heat gains scenario. 

The results show that all cases investigated result in satisfactory indoor climate when occupants 
are present and the results in energy consumption and the other indicators are not significantly 
different as they appear to be within less than 2% for all different cases comparing the two different 
starting times. Based on that outcome, the HVAC system in the model with an air heating and 
cooling system and the system with a water based radiator are simulated to start 60 minutes before 
occupancy. This also results in an advantage in the automation of the simulations and the post 
processing of the results. 

 

H Machine learning methodology 
 

Machine learning teaches the algorithm to learn from experience as its algorithms use 
computational methods to “learn” information directly from data without relying on a 
predetermined equation as a model. The algorithms adaptively improve their performance as the 
number of samples available for learning increases. Machine learning uses two types of techniques: 
supervised learning, which trains a model on known input and output data so that it can predict 
future outputs, and unsupervised learning, which finds hidden patterns or intrinsic structures in 
input data. A supervised learning algorithm takes a known set of input data and known responses 
to the data (output) and trains a model to generate reasonable predictions for the response to new 
data. Supervised learning uses classification and regression techniques to develop predictive 
models. Classification models classify input data into categories. There is no specific way to realize 
which classification algorithm can offer the best result for each investigation. This is why, in this 
study, different algorithms are trained to find the best fitted one for each sample. Support vector 
machines, decision trees and nearest neighbor classifiers are used to accurately predict the results 
from the rest of the cases.  

In order to be able to create the full database, the methodology depicted in Figure 40 is followed. 
A sampling method, the latin hypercube method, is used in order to choose a representative 
sample from the whole set of parameter combinations. The sample is simulated based on the 
yearly assessment and all indicators based on that assessment are calculated. Cost is not 
considered at this phase as it does not interact with the other indicators, is unpredictable and 
dependent on political and other type of decisions. By excluding it, it is believed that the final 
product is future proof. Cost can be included by post-processing the results later on in the tool. A 
support vector machine is going to be used in order to create the full database. In machine learning, 
support-vector machines (SVMs, also support-vector networks) are supervised learning models 
with associated learning algorithms that analyze data and understand patterns. 
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In order to assess the different algorithms and their performance a validation scheme is needed. A 
cross validation is used in order to protect against overfitting. The sample is divided into 5 folds. 
The algorithm is trained based on 4 of the folds and assessed based on how close the results of the 
fifth one are. The process is repeated for all folds and the validation percentage that is considered 

is the average of the validation percentages for each fold. 

The support vector machine is used and the right size of the sample is determined when the error 
between the results of the support vector machine and the validation set will be within the 
acceptable limits. Choosing a representative sample of the design space was not successful in 
training the algorithm. 

 

I Grouping Database Results 
 

In the design space there are several parameters investigated, but one is special. The thermal 
comfort control strategies investigated are special in the way that there are 54 different ones that 
are included, while all other parameters take 2-3 values only. By having that many different values 
for one specific parameter and the fact that they are not correlated, creates confusion to the 
classification algorithms that were used and the validation percentages are lower than expected. 

To resolve the issue, breaking the design space down to 54 folds is decided. That way, the 
investigation is repeated 54 times one for every thermal comfort control strategy that is included 

Figure 40 : Methodology to create the database using machine learning algorithms 

Classification 
 Algorithm 
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in the project, and it will be easier for the algorithm to identify the patterns between the results in 
each fold. It is believed that a considerably large sample is sufficient enough to help the 
classification even with the design space in one piece but the computational time in this stage is 
very crucial and minimizing that, is of high importance. 

Since the simulated results represent energy consumption, temperatures and PV generation, they 
are very specific, every different case presents a different outcome for each indicator. Classification 
algorithms though, identify the number of classes that the results are separated in, and understand 
the correlations between the predictors and classes. If every single case has a different result, the 
number of classes are the same as the number of cases in the sample. When this happens, the 
classification algorithm cannot identify any patterns and therefore fails to predict any new results 
that are asked. To avoid this confusion, there is a need to reduce the number of classes in the 
simulated sample. It is accepted that when conducting an energy building simulation, the 
percentage of error that can be expected is around 5-10%. Based on that assumption, training the 
algorithm and asking from it to predict the exact outcome of the non-simulated cases based on the 
specific outcome of the sample, means that false accuracy is pursued. The results of the simulations 

of the cases included in the sample, are grouped per 10% as seen graphically in Figure 41 left.  
Based on the minimum value, every group between the minimum value and 1.1 times the minimum 
value is replaced by the average value of that group (1.05 times the minimum value). This is 
repeated as many times as needed to reach the maximum value simulated. The procedure is 
followed for all the indicators that are calculated. By using this method, the classes that follow the 
sample are drastically decreased. The algorithm can identify patterns and return results. The 
procedure is visualized in Figure 41. Each bubble represents a result. The algorithm creates one 

Figure 41 : Graphing representation of grouping the results and how the number of classes decrease with this method 
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class per result. When grouping the results, and each class includes more results, the algorithm can 
identify patterns and classify the future combinations correctly.  

During the validation procedure, the percentage of validation is not the only indicator that is used 
to choose the most fit classification algorithm for each part of the design space. The confusion 
matrix is also of high importance. As seen in Figure 42, the confusion matrix showcases how far 
from the correct values are the wrongly predicted ones by the algorithm. If two algorithms perform 
very similarly based on validation percentages, the confusion matrix is drawn to make sure that the 
algorithm chosen to recreate the non-simulated results is predicting results at least close to the 
correct-if simulated ones. 

 

J Cost Assumptions 
 

Cost is an important indicator for the tool as engineers use it daily to evaluate performance of 
different solutions and take decisions. Operational cost has not been studied in this project but 
investment cost is included in the tool as it is calculated in order to be able to compare cases and 
results from the characterization assessment that Annex 67 suggests. 

The investment cost for each case is calculated assuming a heat pump connected to the distribution 
system. The different HVAC systems and their investment costs are not included in the calculation. 
Façade, glazing properties and the heat pump are considered as depicted in Table 23 (Kingspan, 
2016) 

Both operational and investment cost need to be revisited to be tailored for the cost assumptions 
that each company uses in their calculations. That makes the tool designed as a fit for purpose 
product and its results more valuable to its users. 

Figure 42 : Confusion Matrix of a classification algorithm that represents the true and 
predicted class after performing the validation scheme 
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Table 23 : Investment Cost Assumptions 

Investment Cost Assumptions 

Façade Rc values (m2K/W) Cost of insulation €/m2 
3.5 22 
6 39 
9 49.9 

Glazing – U value (W/m2K) Cost of window €/m2 
3 65 
1.5 75 
0.8 120 

Glazing - g value (-) Extra Cost of window €/m2 
0.8 0 
0.6 5 
0.35 10 

System Cost € 
Air Source Heat pump 1130 
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