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Abstract 

In the context of the increasing pressure for the Netherlands to become a natural gas free country due 

to sustainability targets and earthquakes in Groningen, heating based on renewable energy source is 

essential towards a sustainable future. The challenge in the decarbonisation of the heating sector 

becomes evident when considering that three-quarters of global energy used for heating comes from 

fossil fuel, producing one-third of global energy-related CO2 emissions. 

Smart districts are seen as a powerful ally in the pursuit of a gas free heating system. In that sense, the 

Eindhoven University of Technology (TU/e) is one of the partners in the development of Brainport 

Smart District (BSD), in Helmond. This smart district is planned to be fossil fuel free, creating a gap in 

the heating sector for a renewable solution. Such a smart district can create the perfect environment 

for the dissemination of a new renewable heating regime. 

Although BSD have major ambitions, and some strategies towards accomplishing them are already well 

defined, the heating plans still lack clear definitions. Therefore, the main goal of this project was to 

assist the BSD’s energy design team in their decision making process towards a final design heating 

system for BSD that can reflect its principles and ideas.   

To reach that objective, comparisons were made in order to select the heating systems that are most-

suited for BSD. Initially, a simplified comparison was performed between all the heating systems with 

significantly share in the heating market, or heating systems that had been used in similar projects, in 

order to “filter” the number of possible solutions for BSD. The heating systems were selected based 

on their robustness score, which was calculated using a combination of the minimax regret method, 

the analytical hierarchy process (AHP) and a parametrization process of the importance weight of the 

key performance indicators (KPIs). The KPIs were defined according to BSD’s design principles and 

objectives and consider the requirements of the main stakeholders involved in the heating system of 

BSD. 

The best ranked systems were further compared in a more detailed process, which includes building 

performance simulation (BPS) for the heating demand calculations and formulation of scenarios in 

cases of uncertainty. Such scenarios included climate change, possible expansion of the district, public 

policy, properties of the heating systems, occupancy behavior, and insulation level of the buildings. 

Once more the minimax regret method and the AHP method were used to assign robustness scores to 

the heating systems. These scores considered all scenarios and were used as robustness indicator. 

The results were presented and analyzed through PivotTables and PivotCharts. An interactive 

representation method for the results was selected in order to easily consider the preference of the 

different stakeholders involved in this project. Two different case studies with homeowner and 

policymaker as the decision makers were presented in order to demonstrate the applicability of this 

project and the versatility of the PivotCharts. 

Lastly, the results were discussed and suggestions were given on how to use this project in the decision 

making process towards the most robust heating system for BSD and for specific stakeholders. 

However, the definition of a heating system for BSD is much complex and strongly depends on the 

design’s team preference. Therefore, in order to have the “best” design for the heating system, clearer 

definition and requirements from the decision makers are necessary. 
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1 Introduction 

1.1 Brainport Smart District (BSD) 

 

The society of tomorrow differs fundamentally from the society of yesterday. The world is shrinking 

and boundaries are fading. New demands are placed on living, such as sustainability and sense of 

community. It is possible to see a new tendency in our society where people have become far more 

conscious of the environment and our impact on the earth.  

One of the solutions for a better, more sustainable and more social future is smart cities and districts. 

The smart city concept integrates information and communication technology (ICT), and various 

physical devices connected to the internet of things (IoT) network to optimize the efficiency of city 

operations and services (Peris-Ortiz et al., 2016). Smart city technology allows the direct interaction 

with both community and city infrastructure to better monitor how the area is evolving. Smart cities 

and districts can enhance quality, performance and interactivity of urban services, reduce costs and 

consumption and increase contact between citizens and government.  Therefore, a smart city or 

district may be more prepared to respond to future challenges and changes in our society (Dept. 

Business, 2013). 

Brainport Smart District (BSD) is a smart district planned to be built in Helmond and is the focus of this 

project. Helmond is one of the cities in the Brainport region, the smartest region in the world (ICF, 

2011) and one of the three leading economic regions within the Netherlands. Helmond has developed 

dynamically in recent years, from what in the 1970s was still an industrial town with significant socio-

economic problems, into a leading center in the urban landscape of South-East Brabant (BSD, 2017).   

BSD will be located in an area called “de Marke”, the ideal candidate for a living lab of the city of 

tomorrow (BSD, 2017). The site is surrounded by greenery field, on the edge of two cities (Eindhoven 

and Helmond), and with the convenience of a train station and direct cycle routes to city centers. The 

area has everything it needs to bring the future one step closer and to bring life to the smartest district 

in the world. 

BSD is a district full of opportunity. Not only for Helmond, but also for its strategic partners across the 

region, such as the municipality of Helmond, the province of Noord-Brabant, Eindhoven University of 

Technology (TU/e) and Brainport Development. All of these organizations came together to make the 

BSD a reality. 

The BSD project focuses in seven interconnected main areas, such as circularity, health and society and 

energy; and has twelve design principles that create a base for all the district’s goals. A description of 

the seven main areas can be found on the BSD website (BSD, 2018a), and the twelve design principles 

can be found on the BSD presentation (Geest, 2018). 

As it is possible to imagine, such a daring project comes with many audacious goals, which can be found 

in the BSD online documents, such as the Inspiration book (Inspiratieboek) (BSD, 2018b) and the plan 

of action (Plan van Aanpak) (BSD, 2018c). However, these documents are extensive and contain goals 

related to all areas from BSD. Since this project had a focus on the energy part of the district, more 

specifically in the heating sector, the most relevant goals and designs principles are highlighted next. 
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 The BSD should yield zero greenhouse gas emission and waste. 

 In BSD, only renewable energy sources should be used, generating energy excess. 

 New resources and materials should only be used if there is no alternative. 

 The energy should be converted locally into consumption. 

 In BSD, the energy system must be adaptable to future changes, in terms of technology and 

legislations. 

 Developments should not apply only to BSD, but to other Brabant cities as well, and globally. 

 Developments in BSD must be innovative, but technologically feasible. 

 Developments in BSD must be cheap. 

 BSD should be an area always one (transitional) step ahead of the rest. 

 The energy systems of BSD has to be sufficiently resilient to guarantee 24/7/365 that there is 

enough energy to travel, live and work. 

 Energy should be abundant, free and easily shared among the community. 

Although some of the objectives might seem much daring and unrealistic, such as free energy, these 

are the goals and principles that the BSD should aim for. Ideally, projects involving BSD should come 

as close as possible to the above goals. 

1.2 Motivation 

 

Heating alone consumes over 40% of the EU’s energy (Garcia et al., 2012) and more than half of the 

global energy (Eisentraut and Brown, 2014), being the most problematic sector to decarbonize.   The 

problem with the heating sector becomes evident when considering that three‐quarters of global 

energy used for heat is met with fossil fuels, accounting for approximately one‐third of global energy‐

related carbon dioxide (CO2) emissions (Eisentraut and Brown, 2014). This emission level corresponds 

to the largest amount of greenhouse gases (GHG) emissions of all sectors (Schmidt et al., 2017). 

European data are similar to the rest of the world. Although the European heating and cooling sector 

is moving to clean low carbon energy, 75% of the fuel used still comes from fossil fuels (European 

Commission, 2016a). 

Despite its vast potential at costs that are competitive with those of fossil fuel-derived heat, the 

progress in the deployment of renewable heat has not been as rapid and widespread as for renewable 

electricity. In some cases, this potential is economically well explored, such as the growth of solar water 

heating in China or the widespread deployment of geothermal energy in Iceland. In other cases, 

sustainable policies are needed to stimulate the market, such as the European energy directives. 

The technologies currently used for heat production range from small-decentralized applications, such 

as natural gas boilers and individual heat pumps, to large centralized generation units in district heating 

networks and large-scale industrial boilers. However, currently, heating is mainly achieved with fossil 

fuel energy delivered directly to the buildings (European Commission, 2016), creating emission and 

local safety issues (NOS, 2019a). 

Despite of its magnitude and importance in EU’s energy market, there is still missing a comprehensive 

assessment of how energy efficiency and decarbonisation can be achieved in the heating sector 

(European Commission, 2016b). In addition, for the specific case of the Netherlands, political and 

environmental conditions, such as the climate agreements and the earthquakes in Groningen, 



 
 

19 
 

accelerate the energy transition in the heating sector, pushing the country towards a natural gas free 

energy market (Ende, 2017). This transition creates a gap in the heating sector for a renewable solution 

to become the new heating regime in the Netherlands.   

A new smart district is the perfect place to implement a modern, renewable heating system that could 

influence the way that the world thinks about sustainable development. In addition, BSD’s living lab 

environment creates an optimal condition for new sustainable heating systems to be tested and 

optimized.  

Although the Brainport Smart District have major ambitions, and some plans towards accomplishing 

them are already well defined, the heating plans still lack clear directions and definitions. Energy will 

have a key role in all BSD’s areas, but there is still a need to decide which energy systems are going to 

be used for the new district. 

1.3 Objectives 

 

Selecting a heating system for a new district is a complex subject. The solution needs to comply with 

the requirements of different stakeholders, such as investors, policy makers and homeowners. Many 

times, these stakeholders have conflicting requirements and, consequently, different ideal heating 

solutions. In addition, due to the lack of the energy design team in the initial phase of this project, clear 

and concrete requirements for this project could not be provided. 

With this in mind, the main objective of this project was to assist the BSD’s energy design team in their 

decision making process towards a final design heating system for BSD that can reflect its principals 

and ideas. This broad approach was chosen in order to increase the usefulness of this project to the 

BSD’s design team.  

1.4 Report outline 

 

Figure 1.1 shows a representation of the outline of this report. It is possible to see that the design 

approach used in this project, which is detailed in Chapter 4, is divided into two phases, an initial and 

a detailed comparison. Both these comparisons were performed using key performance indicators 

(KPIs), which were based on BSD’s principles and requirements and detailed in Chapter 2. In addition, 

this chapter presents an overview of the stakeholders involved in this project and their preferences for 

the heating system. 

The objective of the initial comparison was to select only the “best-fitted” systems for BSD out of the 

initial 23 heating systems considered in this project and detailed in Chapter 3. This selection was based 

on the rank of the heating systems, which was computed with a combination of the minimax regret 

method, the analytical hierarchy process (AHP) and a parametrization process of the KPIs’ importance 

weight. 

The initial comparison provided a shorter list of “best-fitted” heating solutions for BSD, which is 

presented in Section 5.1. These systems were further detailed and compared using building 

performance simulation (BPS). Different scenarios were used as formulated alternatives in case of 

uncertainties. These uncertainties included occupancy behavior, insulation levels of the buildings 

envisioned for BSD, climate change and expansion of the district. The results of the detailed 
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comparison are presented in Section 5.2 and include the energy simulations for BSD, the final 

comparison of the heating systems and the computation of their cumulative score, which was 

considered a robustness indicator (robustness score). 

The applicability of this project’s approach and results are demonstrated by different examples 

presented in Chapter 6. One case study describes how a homeowner acting as the decision maker 

could make use of this project, and another uses policymakers as the decision maker. 

Lastly, Chapter 7 summarizes and concludes this project and highlights the concluded objectives. In 

addition, the chapter ends by discussing the limitations of this project and possible future work. 

 

 

Figure 1.1 - Diagram representation of the report outline.
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2 Requirements of the Heating System 

In this chapter, the translation of the system requirements into key performance indicators (KPIs) is 

explained. The KPIs were of paramount importance in the comparison of the different heating systems 

that will be presented further in this project. In addition, the relevant stakeholders involved in the 

selection of BSD’s heating system are presented. 

2.1 Requirements 

 

As explained before, since there was no energy design team for BSD in the beginning of this project, a 

clear set of requirements for the heating system could not be provided. In order to overcome this initial 

problem, the requirements for the heating system were translated from BSD’s principles and goals 

previously defined.  

The translation of requirements from BSD’s principles and goals is relevant since all the developments 

in BSD need to be consistent with the district’s ideas. Therefore, any heating systems considered for 

BSD must be in line with its principles. 

With this in mind, Table 2.1 shows the translation of the principles and goals of BSD previously defined 

into requirements of the system. 

Table 2.1 - Translation of BSD's principles and goals into requirements for the heating system. 

Principle/Goal Requirement 

The BSD should yield zero greenhouse gas emission and waste. No emission of greenhouse gases. 

In BSD only renewable energy sources should be used, 

generating energy excess. 

Exclusive use of renewable 

energy sources. 

New resources and materials should only be used if there is no 

alternative. 

The energy should be converted locally into consumption. 

Exclusive use of on-site resources 

In BSD, the energy system must be adaptable to future changes, 

in terms of technology and legislations. 

BSD should always be one (transitional) step ahead of the rest. 

Adaptable to future changes 

Developments should not only apply to BSD, but to other 

Brabant cities as well, and globally. 
Scalable to other locations 

Developments in BSD must be innovative, but technologically 

feasible. 

Technologically feasible 

Developments in BSD must be cheap. 

Energy should be abundant, free and easily shared among the 

community. 

Low cost 

Low energy requirement 

The energy systems of BSD has to be sufficiently resilient to 

guarantee 24/7/365 that there is enough energy to travel, live 

and work. 

Reliable 
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As it is possible to see in Table 2.1, some of the most audacious principles and objectives were 

translated into more realistic requirements. For example, free and abundant energy was translated 

into a low cost and low energy requirement system. However, some requirements are still subjective 

and might have complications if used to compare different heating systems. In order to avoid 

subjectivity in the comparisons, the requirements are further translated into KPIs that will be used 

throughout this project.  

It is important to point out that some of the requirements are directly connected to the energy 

production system of the district. Since this project was only focused on the heating system of BSD, 

requirements that are related to the energy production were outside the scope of this project. For 

example, the exclusive use of renewable energy sources and the use of on-site resources can only be 

properly evaluated once the energy production system of BSD is known. If a heat pump is considered, 

brown electricity might be coming from the electrical grid or green electricity might be coming from a 

nearby PV station. These two situations are equally possible and have completely different outcomes 

depending on the KPIs used. Therefore, to avoid such problems, only KPIs that depend exclusively on 

the heating systems were used in this project. 

Therefore, Table 2.2 shows the translation of the system’s requirements into KPIs, which are divided 

into KPIs used in the first (initial comparison) and second phase (detailed comparison) of the design 

approach. This division is better explained in Chapter 4. In addition, the requirements that depend on 

the energy production system are written in bold and grouped together to form KPIs that can be used 

in this project. 

Table 2.2 - Translation of the system’s requirements into KPIs with the respective scale. The KPIs are 
divided into which phase of the design approach there are used. 

Requirement Key Performance Indicator (KPI) 

No emissions of greenhouse gases 
Greenhouse gases production [ton/year] – 

1st and 2nd phase 

Exclusive use of renewable energy sources 

Low energy requirement 

Exclusive use of on-site resources 

Energy Demand [MWh/year] - 2nd phase 

Primary Energy Demand [MWh/year] – 1st 

phase 

Adaptable to future changes 

Scalable to other locations 
Robustness Score [-] – 2nd phase 

Low cost 

Initial Investment [€] - 1st and 2nd phase 

Cost of heat delivered [€/year] - 1st and 2nd 

phase 

 

As is possible to see in Table 2.2, only seven requirements were translated into KPIs out of the original 

nine presented in Table 2.1. The “technologically feasible” requirement was not used in the KPIs 

definition since all the heating systems considered in this project were commercially available at the 

time that this project was developed. Therefore, all the heating systems were already technologically 

feasible and there was no need for a KPI to measure this aspect. 
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Another requirement that was not translated into a KPI was the reliability of the system. Initially, 

reliability was considered to be represented by indicators such as the average service availability index 

(ASAI) or system average interruption duration index (SAIDI). Both these indexes are very common for 

electricity. For the Netherlands, SAIDI is also available for natural gas (CEER, 2018). However, data 

becomes scarce or unavailable when considering other types of fuel and heating systems, such as 

biomass, municipal waste and solar heating. With this in mind, reliability is used only in discussions as 

a mean to give extra information on the comparison among the heating systems. 

From the six KPIs presented in Table 2.2, most are self-explanatory, such as initial investment and 

greenhouse gases production. However, the robustness score proposed in this project is still unclear, 

since its details are only explained in Chapter 4. In its calculations, the robustness score took into 

account all the proposed scenarios, such as climate change, building stock insulation and changes in 

the district size. This KPI indicates which heating system has a better overall performance considering 

the other KPIs used in the 2nd phase of the design approach (detailed comparison). This robustness 

score was calculated based on the minimax regret method, the analytical hierarchy process (AHP) and 

a parametrization process of the other KPIs’ importance weight.  

With the help of this KPI, it becomes easy to analyze which heating system behaves better in climate 

change scenarios or a possible expansion of the district. Further explanation of this KPI and its 

calculation methods are given in Chapter 4, where the design approach is detailed, and in Chapter 5 

and 6, where the results are presented.   

2.2 Stakeholders Overview 

 

Three major stakeholders that directly interact with the heating system are identified in this project. 

 Policymaker: In this specific project, the policymakers are mainly represented by the 

municipality of Helmond, whose primary concern is to follow the sustainable regulations 

outlined by the Netherlands and the EU. Therefore, the policymaker’s goals are mainly related 

to reduction in CO2 emissions, increase in energy efficiency and increase in the renewable 

energy share, while ensuring an energy supply security and economic efficiency. 

 Homeowners: This group is represented by the future inhabitants of the district and their 

major concern is related to the cost associated with the heating system, both initial investment 

and annual costs. Furthermore, indoor environment quality is another major factor for 

homeowners (Kotireddy, 2018). Since this project was not concern with indoor quality, 

reliability could be used for such purpose.  

 Private Company/Investors: This group is represented by any private company that might 

invest in BSD looking for business opportunities. The main concerns of this group are most 

likely investment costs and return of investment (payback time). An example of a private 

company that might be interested in investing in BSD is a network operating company in order 

to install a district heating system.  

Table 2.3 shows the relevancy of the heating system’s requirements to the main stakeholders in their 

probable design selection criteria. It is possible to notice that the relevancy is color-coded, where red 

indicates low relevancy, yellow medium relevancy and green high relevancy. 
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Table 2.3 – Relevance of the heating system’s requirements for the different stakeholders considered. 
Relevancy is color-coded, where red indicates low relevancy, yellow medium relevancy and green high 
relevancy. 

Requirements Policy-maker Homeowners Private Companies 

No greenhouse gases production    

Exclusive use of RES    

Low energy requirement    

Exclusive use of on-site resource    

“Future-proof”    

Scalable    

Low Cost    

Reliable    

Technologically Feasible    

 

As it is possible to see by Table 2.3, the different stakeholders have different requirements for a heating 

system. This difference in requirement illustrates the difficulty in the task of selecting a heating system 

for BSD. Ideally, the energy design team would select a heating system that could satisfy all the relevant 

stakeholders, since this project do not have a clear target group. An ideal solution can be achieved by 

consulting with all the relevant stakeholders, further understanding their preferences and 

contemplating all the possible trade-offs, so an optimal balance between the KPIs can be reached. This 

difference in preferences will be further explored in the Analytical Hierarchy Process (AHP) explained 

in the Design Approach. In addition, the different stakeholders and their preferences are also explored 

in the case studies of Chapter 6.  
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3 Overview of Heating Solutions 

This chapter details all the considered heating systems for BSD in this project. Given the high amount 

of heating systems available in the literature, only the systems that have a significant market share in 

the European heating sector or that have been successfully used in similar projects were considered.  

Figure 3.1 shows an overview of the considered heating systems, which are briefly described in the 

following sections of this chapter. It is important for this project to have a clear overview of the 

considered heating systems and to understand the uncertainties regarding some key properties and 

the expected performance range of these systems (literature shows a wide range of suggested values 

for the heating systems efficiency, costs, emissions, etc.). A summary of the heating system’s 

properties is presented Figure 3.2, which shows the range found in the literature for the heating 

system’s properties and the best guess assumption adopted in this project. The complete set of 

information can be found in Appendix J. 

 

Figure 3.1 - Overview of the considered heating systems in this project. 
 

3.1 Centralized Heating Systems  

 

Centralized heating systems are usually a part of a district heating (DH) network. District heating might 

seems to be an outdated technology, since there are mentions of medieval pioneer systems in France 

back in 1334 and commercial system in New York in 1870s (Werner, 2017). However, despite its past 

applications, recent developments have brought much attention to this system, such as the 4th and 5th 

generation district heating (Lund et al., 2014; Buffa et al., 2019). Many authors point that the new 

generations of district heating will play a key role in the implementation of future sustainable energy 

systems (Connolly et al., 2013; Connolly et al., 2014; Mathiesen et al., 2011). 



 
 

26 
 

The main idea of modern DH systems is to use renewable energy sources in order to satisfy local 

customer’s demands for heating, by using a heat distribution network of pipes as a local market. In 

addition, the heat production is to be organized in a way that is more efficient than individual 

production (Werner, 2017). The basic driving forces of DH are connected to its fundamental idea. The 

reduction of primary energy supply, heat recycling and consumer convenience with no owner 

responsibility for boilers and fuel purchase price are just a few examples of this system’s driving forces 

(Werner, 2017).  

Most DH systems installed today belong to the 2nd and 3rd generation. Their main difference is that the 

3rd generation systems have a lower distribution temperature than the 2nd generation, but both of 

them use hot water as transport medium. All the first three generations were used in combination 

with fossil fuels and buildings with high heating demand, which is not true for the 4th and 5th 

generations. These latest generations of DH use conditions with variable (renewable) energy sources 

(less thermal power plants) and customer buildings with lower heating demand, which makes it 

possible to have lower temperatures than the previous generations (Werner, 2017). 

Both 4th and 5th Generation DH networks can reach high efficiencies by operating at low temperatures, 

even with low heating demand buildings (Buffa et al., 2019). However, 4th generation DH systems are 

not able to provide simultaneously both heating and cooling services to different buildings using the 

same pipes. This characteristic is exclusive to the 5th generation DH, which supplies water to buildings 

in a temperature close to the ground temperature (0 – 30°C), where decentralized heat pumps are 

used to meet the buildings’ demands (Buffa et al., 2019). 

Even though 5th generation DH networks are at the early stage of development, several systems are in 

operation in Europe as pilot projects (Buffa et al., 2019). However, many authors still point that the 

optimum supply temperature for district heating is as low as possible until electronic boosting becomes 

necessary, which would prevent the need of higher investments (Lund et al., 2017; Østergaard and 

Andersen, 2016). In addition, further investigation is required to see if the extra electricity spent by 

the booster HPs compensate the heat lost by the higher temperature system (Østergaard and 

Andersen, 2016). The lack of an extra unit to boost up the DH temperatures brings extra simplicity and 

flexibility, since by making an extra investment you are locking the demand to that solution. If the 

system needs to be operated in a higher temperature, the extra investment in the decentralized heat 

pumps (booster HP) is wasted (Lund et al., 2017). 

With this in mind, 5th generation DH are not considered in this project, especially since booster HP 

technology is still in an early stage of development and no authoritative cost assessments are available 

(Østergaard and Andersen, 2016). The focus of DH networks lies then in the 4th generation, with supply 

temperatures around 50 °C, which is close to the limit to comply with the hygienic requirements to 

avoid legionella, and retour temperatures around 25 °C.  

District heating efficiency 

Even though the considered temperatures for the DH system are around 50°C for supply and 25°C for 

return, these temperatures fluctuate during the year, especially during the summer. When there is no 

space heating demand, the supply water can bypass the houses (without exchanging heat) and be 

“dumped” directly in the return pipes, which increases the return water temperature. This can cause 

an increase in energy loss in the system and reduce the thermal plant performance (Schmidt et al., 



 
 

27 
 

2017; Lund et al., 2017). If the return temperature cannot be sufficiently reduced, the pipe dimensions 

or pumping costs will increase to cover the same heating demand (Lund et al., 2017). 

Typical heat losses for old district heating could be well beyond 30% of the total heat production 

(Djørup et al., 2019). However, low temperature DH have losses below 20%, reaching typical values 

lower than 10% (Masatin et al., 2016). These new data goes against the stigma that district heating is 

an inefficient and expensive technology, which might arise due to the fact that all the investment 

comes from one entity instead of all building owners connected to the network, as it would be in case 

of a decentralized solution (Gudmundsson et al., 2013). 

District heating investment cost 

Many studies and benchmark values can be found in the literature about costs related to DH.  The 

International Energy Agency (IEA, 2013) and Persson and Werner (2011) present methods that 

calculate the capital cost of DH systems as a function of the linear heat density and the mean pipe 

diameter. The pipe nominal diameter has to be the smallest possible for economical purposes and can 

be calculated as a function of the heat density (Persson and Werner, 2011) or by a formula proposed 

by Nussbaumer and Thalmann (2016).  If a larger nominal diameter size is selected, there can be an 

economical increase of 30% (Nussbaumer and Thalmann, 2016). 

A more simplified calculation for the capital cost of DH systems is proposed by Gudmundsson et al. 

(2013), which only depends on the number of buildings in the district. This analysis, although simpler, 

differentiate between prebuilt areas and green fields, which is ignored by Persson and Werner (2011). 

As BSD is still a green field, this characteristic may influence in the capital cost of the DH, since costs 

(such as customer connection) can be reduced if the DH system is design and developed at the same 

time as the community is being build. 

District heating operating and maintenance cost 

Other characteristics important to this project related to DH networks are the operating and 

maintenance costs (O&M) and pumping requirements to distribute the heat through the district. The 

International Energy Agency (IEA, 2013) propose benchmark values for both these terms, with the 

pumping requirement of 5-10 kWh/MWhth and O&M costs of 1% of the total capital investment cost. 

Heat sources of district heating 

Lastly, another relevant aspect for DH networks is the heat source of the system. The energy sources 

and technologies are very broad and can include fossil fuels, nuclear, cogeneration heat, waste heat 

and renewable thermal energy, including solar thermal, heat from ground source heat pump and 

biomass (Rezaie and Rosen, 2012). During recent decades, with the transition to the 4th generation of 

DH, renewable heat from geothermal wells, solar collectors and biomass fuels have gain more strength 

in the global market (Werner, 2017). Even with this new sustainable transition, fossil fuel are still 

dominant in the EU’s DH systems, with natural gas having 40% of the market and coal 29% (European 

Commission, 2016a). 

In the next sections, short descriptions of the different energy sources for DH systems considered in 

this project are presented in order to give a clear overview of the main advantages and disadvantages 

of each systems. The descriptions also highlight the broad range found in the literature for the heating 

systems’ properties and their associated uncertainty. The complete set of properties found in the 

literature can be found in Appendix J.  
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3.1.1 Geothermal 

With the current increase in the use of renewable energy sources in DH applications, geothermal 

district heating systems presented an increase of 10% in the global market over the past 30 years 

(Rezaie and Rosen, 2012). Currently, one quarter of the population in the EU lives in urban areas that 

could be reached by geothermal heat through future DH systems (Werner, 2017). If correctly explored, 

geothermal systems can have much benefits, despite its traditional high initial investment. 

There are several technologies in geothermal energy: direct dry steam plants, binary plants, flash 

plants and combined-cycle or hybrid plants. Typical installed capacity vary with the technology and so 

do costs (IRENA, 2017). Geothermal systems can be design with or without heat pumps (HP). The 

addition of HP allows extracting heat from more shallow reservoirs, thus saving a lot on drilling costs 

(Garcia et al., 2012). 

Investment costs for district heating applications range from 0.5 M€/MWth (IEA, 2012) to 2.5 M€/MWth 

(IEA, 2010a). Geothermal applications for greenhouses usually have a lower range than presented 

above and electricity production much higher, reaching 6 M€/ MWe for small binary developments in 

Europe (IEA, 2012).  

One of the major barriers of geothermal power is its high initial investment (IRENA, 2017). However, 

governments have introduced different policy measures in order to stimulate renewable energy 

sources. An example is the Stimulering Duurzame Energie Plus (SDE+), which is a subsidy program 

created by the Dutch government that greatly helped the exploration of geothermal energy, especially 

by the horticultural industry (Kraan, 2013).  

Subsidy programs reduce the initial financial barrier and allow the benefits of expensive heating 

systems with high investment costs to be explored without the financial burden, such as abundance of 

energy and low CO2 emission (Garcia et al., 2012). Geothermal power plants can emit small fluxes of 

greenhouse gases, but these are not the result of combustion but come from natural CO2 flows. 

However, these small emissions only occur in partially open-cycles plants. Most new geothermal plants 

have a close-loop system, where geothermal fluid is completely re-injected into the ground without 

loss of vapor or gas to the atmosphere. Therefore, emissions during operation are expected to be nil 

(IEA, 2012). 

Other costs related to geothermal energy depend on its specific use, temperature of the heat resource, 

O&M and labor costs. For district space heating, total production costs range from 18 €/MWhth (IEA, 

2010a) to 80 €/MWhth (IEA, 2012). Just like the initial investment costs, geothermal applications for 

greenhouse usually have a lower range than presented above, and electricity production much higher, 

reaching 300 €/MWhe (IEA, 2012). However, is important to point out that these are benchmark values 

that represent a total production cost. Other values found in the literature are divided into fix and 

variable costs, such as presented in IEA (2013), Makkonen (2017) and Gudmundsson et al. (2013).  

3.1.2 Biomass 

Biomass is currently the most widely used renewable energy source for heating in the EU. In 2016, it 

represented 90% of all renewable heating (European Commission, 2016a). Biomass shares a high 

degree of technical compatibility with the technologies and knowledge applied in the present natural 

gas and coal based DH regime. Biofuels are easy to use since they are suitable within the traditional 
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combustion infrastructure established from the use of fossil fuels. However, in the long term, biomass 

must target demands where no easy alternatives exist, since its availability is limited (Østergaard and 

Andersen, 2016; Werner, 2017). 

Although biomass is considered a renewable energy source and CO2 neutral by most renewable energy 

policy frameworks, its use for energy purposes has become a highly contested subject with very few 

areas of consensus (Brack, 2017). Since, in general, biomass is less energy dense than fossil fuels and 

contains higher moisture levels, burning biomass for energy usually emits more greenhouse gases per 

unit of energy produced than fossil fuels (Brack, 2017). In fact, in most circumstances, the use of 

biomass for energy releases higher levels of emissions than coal and considerably higher levels than 

gas when comparing technologies of similar ages (Brack, 2017). 

With this in mind, the use of biomass for DH applications are site specific and strongly depend on the 

availability of biomass and its moisture content (Rezaie and Rosen, 2012). The quality of the biomass 

can strongly affect the efficiency of the DH system and its financial aspect. Biomass prices vary 

significantly with its moisture levels and type. It is possible to find values in the literature ranging from 

7 €/MWh to 50 €/MWh (ECN, 2017a; Kwant, 2017).  

The cheaper range of biomass are for woodchips and other types of materials that are not easily 

handled, which might only have such a low price with long-term contracts and large quantities. The 

low price of the woodchip might be associated with a low quality of the fuel, causing problems due to 

its variation and high moisture content. Pollution from the incineration ash and blockage of the ash 

removal occurs in cases of low quality biomass (ECN, 2017a). Better quality of biomass are in the more 

expensive cost range, and are usually associated with pellets, which are better to be transported, 

handled and stored (ECN, 2017a). 

Biomass DH systems have a lower efficiency than natural gas and, as previously mentioned, is a 

function of the quality and moisture levels of the biomass. The investment costs are estimated to be 

between 0.3 M€/MW (Garcia et al., 2012) and 1.3 M€/MW (Sandvall et al., 2017), with fix operational 

costs around 5% of the investment costs (Garcia et al., 2012), and variable costs around 3 €/MWh, 

excluding fuel costs (Soysal et al., 2016).  

3.1.3 Electric Boilers 

Electric boilers can have both small (electronic resistances) and large (electrode systems) applications. 

The efficiency in all the cases is close to 100% (Garcia et al., 2012). Electrical boilers are very flexible, 

simple and can use the excess of electricity production by RES, allowing the integration of renewable 

electricity into the heating sector. However, low temperature heat demand, such as the ones found in 

buildings, requires low quality energy. A high quality energy, such as electricity, is better used when 

oriented to cover other demands first (Garcia et al., 2012). 

Electrical boilers for DH systems have low investment costs, ranging from 50 €/kWth to 230 €/kWth 

(Yilmaz et al., 2017), depending on the installed capacity of the system. Other than the installed 

capacity, the location of the system, temperature application and type of installation have an influence 

on the costs of the system (Yilmaz et al., 2017). 

Fix costs are approximately 1% of the investment costs (Makkonen, 2017; Yilmaz et al., 2017), while 

total variable costs of boilers depend significantly on electricity prices, which highlights the 
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dependency of this system with energy taxes and public policies. Electricity prices in the Netherlands 

can be seen in CBS (2019a).  

An all electrical heating system with electric boilers might have some consequences for the electrical 

grid of the district. In order to minimize the impact in the electrical grid, heat pumps might be a 

preferable solution due to their higher efficiency. 

3.1.4 Heat Pump (HP) 

Similar to electric boilers, heat pumps can absorb the production of excess electricity from renewable 

sources, integrating wind power and other renewable electricity systems to the heating sector 

(Østergaard and Andersen, 2016). Heat pumps are a good match with the 4th generation DH, since the 

reduction of temperatures increase the coefficient of performance (COP) of the heat pumps 

(Østergaard and Andersen, 2016). 

One of the disadvantages of heat pumps is its use of high grade energy sources (electricity) (Garcia et 

al., 2012). However, due to the high COP of heat pumps, the influence of electricity price is reduced in 

the total cost of heat delivered of this system. In addition, differently than electric boilers, high 

investment costs might be seen as a barrier for heat pump applications. Investment costs range from 

0.5 M€/MWth to 1.1 M€/MWth (Sandvall et al., 2017) and fix O&M costs are around 0.8% of the 

investment costs, being close to twice the costs of natural gas DH systems (IEA, 2013) .  

Heat pump plants usually consist of multiple heat pump units. By starting or shutting down heat 

pumps, the structure of the plant enables flexible operation and is able to operate even during 

relatively small heating demands. The heat pumps can be started very fast, with start-up times of less 

than an hour and relatively low operational costs (Makkonen, 2017). However, constant start-ups may 

put strain on the heat pump system, reducing the expected life-cycle of the heat pumps and increasing 

the amount of maintenances. Furthermore, the efficiency of the heat pump may be relatively low 

during start-ups, making this system be more suitable as a base load production unit (Makkonen, 

2017). 

3.1.5 Waste to Energy (WtE) 

There are many waste to energy (WtE) installations around the world that incinerate municipal waste 

to generate energy, especially in the USA and Europe (Werner, 2017). The temperature in the 

incinerator is between 875-1100 °C, making it convenient to burn waste to the production of heat for 

district heating and in some cases also electricity (Garcia et al., 2012). In addition, burning waste helps 

to comply with EU regulations for not having waste landfills (Garcia et al., 2012). 

WtE plants also have many disadvantages, such as the need of extensive treatments of the polluted 

flue gases, high costs and the limitation of this system on the amount of waste produced (Garcia et al., 

2012). Investment costs are estimated to be around 1.1 M€/MWth (Makkonen, 2017; Danfoss, 2014; 

Garcia et al., 2012), with fix operational cost from 1% to 8% of the initial investment cost (Santamaria 

et al., 2016; Garcia et al., 2012). The bigger part of the variable costs are associated with the fuel, which 

varies from 16 €/MWhth to 39 €/MWhth (GIZ, 2017; Danfoss, 2014). 

WtE plants require a major capital investment and must be supported by long term financial planning 

and sufficient resources to secure continuous operation and maintenance. GIZ (2017) shows that 
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market revenue from energy alone cannot cover the full cost of a waste incineration plant. Other 

means are necessary to cover the costs, such as gate fees or tipping fees, public subsidies and other 

funds that can ensure a sustainable operation in the long term. 

3.1.6 Waste Heat 

One of the main ideas of the 4th generation district heating is recycling waste heat (Lund et al., 2014). 

Using waste heat is an efficient way of addressing the governmental policies aimed at reducing fossil 

fuel use for space heating and corresponding CO2 emissions (Rezaie and Rosen, 2012). 

Many studies in different countries have been conducted on the expansion of heat recycling from 

industrial processes and they show high potentials for heat recoveries. However, the main barrier is 

the high initial costs and the economic risk associated to these potential heat recoveries if the primary 

industrial activities close down (Werner, 2017). 

There are several technologies used to recover heat from industrial processes. These processes have 

a wide range of capital costs and payback time, as can be seen in Arzbaecher et al. (2007). Nimbalkar 

(2015) shows that costs from recover waste heat from power plants vary from 0.6 M€/MWth to 2.5 

M€/MWth and have a delivered heat cost ranging from 10 €/MWhth to 30 €/MWhth, depending on the 

electricity prices (Arzbaecher et al., 2007; Gudmundsson et al., 2013). 

However, for a DH system based on waste heat to be successful, a major source of waste heat needs 

to be located relatively close to the district, which might not be common. In addition, the dependence 

of the heating source might create reliability issues for the DH system and heating storage might be 

necessary in order to meet the heating demand of the district. Thermal energy storage systems are 

fundamental to resolve the discrepancy between energy generation from renewables and building 

heating demands. Xu et al. (2018) and Mateo et al. (2014) present analysis in thermal energy storage 

systems that are used for the heating systems that require energy storage, such as waste heat and 

solar thermal.   

3.1.7 Solar Thermal 

The possibility of using large solar collector fields in conjunction with district heating have been 

explored in several countries. During recent years, a remarkable expansion has occurred in Denmark, 

which reached a milestone of 1 million square meters of solar collectors in 2016. In the end of that 

year, 104 Danish DH systems were connected to solar collectors (Werner, 2017). 

One major advantage of this system is that it does not need fuel (European Commission, 2016a; Garcia 

et al., 2012), has high efficiency if the DH temperatures are low, and is CO2 free (if energy and resources 

to create the solar radiation conversion devices are excluded from the consideration) (Garcia et al., 

2012). In addition, the energy is locally produced and is less prone to be influenced by geopolitical 

incidents than conventional energy technologies (Makkonen, 2017). 

Disadvantages of this system include high investment cost and the need of a seasonal storage and/or 

a backup energy source, since it becomes too expensive to have 100% coverage of the heating demand 

by solar thermal (Garcia et al., 2012). Therefore, this system usually needs additional heat generation 

capacity to ensure that all the heating demand are met in periods with insufficient sun radiation, such 

as winter. 
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A wide range of costs could be found in the literature, varying mainly with the location of the system, 

size and heating storage capacity. A system is considered as very large when is over 350 kWth (500 m²), 

but solar district heating systems can reach sizes 100 times bigger, i.e. 35 000 kWth. According to UNEP 

(2015), for large systems in Europe, investment costs can go from 0.3 €/MWhth to 0.94 M€/MWth, but 

other references, such as Valančius et al. (2015), show costs up to 1.1 M€/MWth. In terms of heat 

delivered costs, solar thermal DH systems can range from 18 €/MWhth to 63 €/MWhth (UNEP, 2015).  

Even though this system do not have fuel cost, Makkonen (2017) shows that the average leveled cost 

of energy for solar thermal DH was the highest of any considered technology. Other authors, such as 

Bauer et al. (2010), Ayompe et al. (2011) and Lindenberger et al. (2000) also state that solar thermal 

applications are not economically viable even with thermal storage attached, highlighting the fact that 

solar thermal works better as a complementary energy source for DH systems. 

3.1.8 Concentrating Solar Power (CSP) 

Concentrating solar power (CSP) are a more efficient type of solar collector systems. CSPs are used for 

power generation or high-temperature applications in areas with a high level of direct solar irradiance 

(Garcia et al., 2012). CSP systems, such as parabolic solar collectors, have been studies and 

demonstrated that they are more efficient than conventional solar thermal collectors (Rezaie and 

Rosen, 2012). 

Nevertheless, the increase in efficiency comes associated with a great increase in costs. Dale (2013) 

compile several different projects that used CSP, where the capital costs vary from 2.0 M€/MWth to 

2.5 M€/MWth, depending on the technology used. Operating cost also strongly depend on the 

technology used, ranging from 40 €/MWhth to 100 €/MWhth. The more expensive range is for towering 

systems, due to the costs associated with the use of natural gas in order to maintain elevated 

temperature in clouded days (Dale, 2013). 

3.1.9 Natural Gas Boiler 

Natural gas is responsible for most of the heat produced in Europe and in the Netherlands. It is a very 

versatile fuel, has relatively low emissions for a fossil fuel and has a large distribution network system 

across the EU. It can easily produce heat on demand, making it very useful for DH applications and as 

a backup system for renewable energy sources. Natural gas boilers have been used for DH for more 

than three decades, with a system efficiency ranging from 95% to 105% for modern condensing boilers 

(Garcia et al., 2012). The efficiency of these systems can pass 100% since the calculations are based on 

the lower heating value (LHV) of the fuel and consider the latent heat of vapor in the exit flue gas as a 

residual product (Kou et al., 2019). 

Disadvantages of this system are mainly related to the use of fossil fuel, thus having a larger CO2 

emission and environmental impact than most of the renewable energy sources (Garcia et al., 2012). 

In addition, natural gas DH might not be as expensive as other heating systems previously presented, 

but the total cost of this system has a high dependence on the natural gas prices, being able to reach 

more than 90% of overall costs (IEA, 2010b). The dominance of the fuel in the total cost of operation 

for fossil-fired plants can be seen as a potential problem (Penn State, 2019), especially considering the 

current Dutch tendency and public policy toward natural gas (Ende, 2017). 
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Natural gas prices in the Netherlands can be found in CBS (2019a), where is possible to see the effect 

of public policy and energy tax increase in the natural gas prices in the last few years. Investment costs 

can vary from 0.03 M€/MWth (NERA, 2009) to 0.13 M€/MWth (Soysal et al., 2016), and fix O&M costs 

are approximately 2-5% of the investment cost (Danfoss, 2014).  

3.1.10 Combined Heat and Power (CHP) 

Cogeneration or combined heat and power (CHP) is the simultaneous generation of electricity and 

useful heat. CHP generation is often economic and reduces both GHG emission and fuel consumption 

when compared with separated generation of heat and power (European Commission, 2016a). This 

system is efficient because it avoids the large amount of waste heat that is involved in power 

generation plants, making fuel efficiency reach more than 90% (Rezaie and Rosen, 2012). 

This technology can be cost effective even in small-scale application, such as communities or individual 

sites. Even small buildings and offices can operate onsite small cogeneration plants to supply heat for 

space heating in winter and to run chillers or air coolers in the summer. Then, heat is treated as the 

main product and electricity is used on site or sold (Rezaie and Rosen, 2012). 

Several studies suggest that CHP and waste incineration will have major roles as sources of energy in 

DH future systems (Rezaie and Rosen, 2012). However, the economic potential of CHP plants is not 

being fully exploit due to barriers such as the complex need to comply with both electricity and heat 

supply regulations (European Commission, 2016a). In addition, another barrier associate with these 

systems are the high costs, which can reach initial investments of more than 10 M€/MWe (IEA, 2013) 

depending on the fuel and technology used. 

The fuel used has a major influence on the characteristics of the CHP plant, such as the share of electric 

and thermal power produced and costs. The fuels that have less electrical efficiency are the ones that 

produce more heat. In addition, different CHP technologies have different efficiency and costs, such as 

gas engine or combine cycle gas turbine (CCGT). 

For natural gas, electrical efficiency is around 45%, with investment costs ranging from 0.5 M€/MWe 

to 2 M€/MWe (Sandvall et al., 2017; IEA, 2010c). Furthermore, annual O&M costs range from 30 €/kWe 

(Makkonen, 2017) to 200 €/kWe (IEA, 2010c). 

Biomass CHP has the highest thermal efficiency and, consequently, the lowest electrical efficiency of 

the considered CHP systems. Investment cost of this system lies between 0.6 M€/MWth and 3.5 

M€/MWth (Sandvall et al., 2017) and heat delivering costs between 50 €/MWhth and 60 €/MWhth (IEA, 

2010d). WtE CHP has similar efficiencies as biomass, but with higher costs. Investment costs range 

from 1.4 M€/MWth to 5.3 M€/MWth (Santamaria et al., 2016; Pöyry Energy, 2009), with fix cost of 

approximately 2% of the investment cost and variable costs of 20 €/MWhth to 30 €/MWhth, excluding 

fuel costs (IEA, 2013; Makkonen, 2017). 

For coal CHP, Back and Kofoed-Wiuff (2017) propose an average investment cost for European plants 

of 1.9 M€/MWth. The authors also propose a fixed O&M costs ranging from 1.5% to 4% of the 

investment cost. The variable cost are dominated by the coal cost, which, for the specific case of the 

Netherlands, is approximately 32 €/MWh and can account for 45% of the total production cost (Back 

and Kofoed-Wiuff, 2017). 
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Lastly, Geothermal CHP has high costs and need proper soil conditions to be technically feasible. 

Investment costs range from 1 M€/MWth to 3 M€/MWth (IEA, 2012) and total cost of heat delivered is 

between 30 €/MWhth and 120 €/MWhth (IEA, 2012; IEA 2010a). 

3.2 Individual Heating Systems 

 

Two major reasons that a country might have a low share of heating capacity linked to DH are the low 

price of electricity or fossil fuel and the dispersion of the communities inside the country, which make 

a centralized solution such as DH to become more expensive and less efficient (Lund et al., 2010). The 

low capacity of DH can also be linked with national fields of gas and oil, which make the internal supply 

high and the prices low. In addition, the presence of these national fields push regulations and shape 

national mentality, making the county dependent on the consumption of the fossil fuel. 

Finally, bad reputation, high-alleged initial investment cost, heat losses and the perception that 

buildings in Western Europe do not need as much heat complement the reasons that building owners 

might prefer individual heating systems over DH (Gudmundsson et al., 2013). 

3.2.1 Individual Heat Pumps (HP) 

The most common types of heat pumps use electricity as the driving force for the compressor to 

“move” thermal energy in the opposite direction of spontaneous heat transfer. These systems work as 

heaters in winter, transferring thermal energy from the external environment to the inside of the 

buildings, and work as an air conditioning in summer, transferring thermal energy from the inside to 

the outside of buildings. Compression HPs are divided into air source (ASHP) and ground source (GSHP), 

having different characteristics, such as prices and efficiency. 

GSHP are more disruptive than ASHP, needing more space to be dig and perforated in order to properly 

install the HP underground. Consequently, the installation of GSHP is more expensive, resulting in a 

higher investment cost. However, this system has higher overall efficiency and is less influenced by the 

external weather than the air source alternative.       

Investment costs for GSHP range from 0.8M€/MWth to 1.5 M€/MWth, while for ASHP range from 0.6 

M€/MWth to 1.4 M€/MWth (NERA, 2009). The higher costs of the GSHP are compensated by its higher 

efficiencies, with typical values of 280-500%, while ASHP have typical efficiencies of 250-440% (Garcia 

et al., 2012). The total costs of heat delivered for both types of compression heat pumps are very 

similar, with typical fix values of 1% of the initial investment (NERA, 2009) and variable values 

dominated by the electricity cost. 

Beside the “regular” compression heat pumps, there is a type of heat pump that uses heat as the 

driving force instead of electricity, which are known as absorption HPs. The efficiency of these systems 

are smaller than the compression type, with typical values around 135% (Santamaria et al., 2016). 

Absorption HPs have an investment cost ranging between 0.45M€/MWth and 1.5 M€/MWth 

(Makkonen, 2017; HEAT4U, 2013), and a total heat cost varying from 25€/MWhth to 72 €/MWhth 

(HEAT4U, 2013).  
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3.2.2 Individual Electric Boiler 

The initial cost of electric boilers is one of the lowest among the considered heating systems in this 

project. The investment costs are much lower than the individual HPs, but there might have a need to 

invest in an expansion of the electric grid due to the relative low efficiency of electrical boilers (Lund 

et al., 2010). Although this solution might be good to “absorb” the excess electricity production from 

RES, it still has high energy demands and CO2 emissions when compared with HPs. Moreover, this 

alternative is very sensitive to potential increases in electricity prices (Lund et al., 2010). 

Other than low initial investments, the advantages of this system include reliability and simple 

installation, since it does not require pipework or connection to gas or heat grids. In addition, since 

this system has very few parts, it needs relatively little maintenance (Ingrams, 2019). 

Values found in the literature for initial investments vary from 0.15 M€/MWth (Santamaria et al., 2016) 

to 0.8 M€/MWth (Sandvall et al., 2017), with fix O&M costs from 1% to 15% of the initial investment 

cost (Santamaria et al., 2016; Sandvall et al., 2017). The variable costs are dominated by the electricity 

cost, which can be seen in CBS (2019a). 

3.2.3 Individual Natural Gas Boiler 

Individual natural gas boilers have a market share of 79% in the European heating sector, with less 

than 10% of them having condensing technology (Garcia et al., 2012). Condensing boilers achieve high 

efficiency by condensing water vapor in the exhaust gases and recovering its latent heat of 

vaporization, which would otherwise be wasted. They are considered a most developed technology 

because it has only a minor possible efficiency improvement left (Garcia et al., 2012). 

This system has a moderate initial investment, ranging from 0.1 M€/MWth (NERA, 2009) to 0.5 

M€/MWth (Pöyry Energy, 2009). In addition, natural gas boilers need regular maintenance and are very 

dependent on the price of gas, which can be seen in CBS (2019a). These systems have a typical fix O&M 

cost from 1% to 7% of the initial investment cost (HEAT4U, 2013; NERA, 2009). 

3.2.4 Micro CHP 

In central Europe, micro CHP are typically run as heating appliances similar to conventional boilers. 

This system provides space heating and warm water in residential, suburban, rural or commercial 

buildings. However, unlike a boiler, micro CHP generates electricity together with the heat at very high 

efficiencies and therefore helps to save fuel, cut greenhouse gas emissions and reduce electricity costs 

(Simader et al., 2006). 

Micro CHP using natural gas offers a significant reduction in the fuel demand and CO2 emissions when 

compared with natural gas boilers (Lund et al., 2010). However, if the micro CHP uses H2, then the fuel 

demand and emissions increase significantly due to the electricity needed for the electrolysis (Lund et 

al., 2010) or the natural gas needed for steam methane reforming. The micro CHP based in biomass is 

similar to H2 and do not offer improvements when compared with the natural gas CHP or NG boilers. 

Therefore, only the natural gas micro CHP is considered in this project. 

The micro CHP using natural gas as fuel is efficient in reducing the fuel demand and CO2 emissions in 

the short term, but at an expensive investment. Investment costs found in the literature range from 

0.9 M€/MWth to 3 M€/MWth (Simader et al., 2006), with O&M costs varying from 8 €/MWhth to 20 
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€/MWhth (US DOE, 2015), excluding fuel costs. In addition, this solution is not competitive in the future, 

since with the RES electricity production and excess electricity, the benefits of this solution are reduced 

and the high investments result in a low cost-effective solution (Lund et al., 2010). 

3.2.5 Individual Solar Thermal 

As previously mentioned, solar thermal power is not a reliable energy source since it directly depends 

on the sun availability to deliver heat (Euroheat and Power, 2011). This system does not need fuel nor 

a separate tank for DHW, but it needs a storage tank to provide heat at night and during periods with 

not enough sun power. With this in mind, solar power is recommended as a supplementary heating 

system, needing to be couple to another heating option (Gudmundsson et al., 2013; Garcia et al., 

2012).  

Individual solar thermal systems have a relatively high investment cost, with values found in the 

literature varying from 0.5 M€/MWth (Croxford and Scott, 2006) to 1.5 M€/MWth (Pöyry Energy, 2009), 

depending on the assumed installation cost and solar irradiance. Total heat delivering costs vary from 

30 €/MWhth to 65 €/MWhth (Croxford and Scott, 2006; GREBE, 2017). 

3.2.6 PVT 

PVT (photovoltaic thermal) or photovoltaic thermal hybrid solar collector is a technology capable of 

converting solar radiation into thermal and electrical energy. This system needs approximately 38% 

less roof space than a combined system of PV modules and thermal collectors with the same efficiency 

yield and is a good solution for when there is roof space limitation (Elswijk et al., 2004). 

Nevertheless, the integration of both electrical and thermal system brings complication and extra 

complexity to the system, resulting in a higher costs (Elswijk et al., 2004; Matuska, 2014). Investment 

costs range from 0.7 M€/MWth (Matuska, 2014) to 2.1 M€/MWth (Herrando and Markides, 2016), and 

total heat delivering costs are between 32 €/MWhth and 71 €/MWhth (Herrando and Markides, 2016). 

3.2.7 Individual Biomass Boiler 

As previously mentioned, biomass is considered a renewable energy source by most European 

renewable policies. However, its use for energy purpose is still contested by several authors, since 

burning biomass for energy purpose has a high CO2 emission (Brack, 2017). Nevertheless, biomass is 

still a widely used energy source in Europe and it can be an interesting solution depending on the 

location and the availability of the fuel. 

Besides CO2 emissions, biomass boilers can emit other types of pollutants and require maintenance 

and extra work to maintain the boiler clean and with a constant fire. In addition, this system usually 

requires extra space to storage the fuel and has an expensive installation. Initial investment values 

found in the literature vary from 0.2 M€/MW (Sandvall et al., 2017) to 1 M€/MW (Santamaria et al., 

2016), with fix O&M costs ranging from 0.2% to 5% of the initial investment cost (Sandvall et al., 2017; 

Pöyry Energy, 2009). 
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3.3 Summary 

 

As previously mentioned, it is possible to find a wide range of suggested values for the heating systems’ 

properties, such as efficiency, costs and emissions. These ranges of properties add uncertainties in the 

comparison made in this project. However, without using more complex models and simulations, the 

benchmark values and suggested inputs from the literature are the available data for the initial 

comparison between the heating systems. 

With this in mind, the data gathered in the literature review is presented in the form of ranges in Figure 

3.2, where the dots represents the best guess values found in the literature. Each graph presented is 

associated with one KPI. CO2 emission factor (EF) and primary energy factor (PEF) are not KPIs, but are 

used on the calculation of the CO2 emission and primary energy demand. The CO2 EF and PEF of the 

heating systems are calculated based on the PEF and the CO2 EF of the fuels and the efficiency of the 

heating systems. All the details of the fuels and the heating systems found in the literature are 

presented in Table J.1 and Table J.2. 

 

 

Figure 3.2 - Range of values for a) total cost of heat delivered, b) investment cost, c) primary energy 
factor and d) CO2 emission factor found in the literature for the 23 heating systems considered. The 

dots represent the best guess values for each heating system. 
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4 Design Approach 

As previously explained, the BSD energy design team was not assembled at the beginning of this 

project, which made it difficult to understand the preferences and requirements for the heating system 

of the district. This absence directly influenced the design approach taken in this project. 

In this chapter, the design approach for this project is detailed. The approach is divided into two main 

phases: 

1. Initial Comparison: In this phase, all the heating systems described in Chapter 3 were reduced 

to only a few “best-fitted” solutions for BSD. These solutions were chosen based on an initial 

comparison using some of the KPIs defined in Section 2.1 and a coarse estimation of the energy 

demand profile for BSD based on data found in the literature. Furthermore, a combination of 

the minimax regret method, the Analytical Hierarchy Process (AHP) method and a 

parametrization process of the KPIs’ importance weight was used to rank the systems.  

2. Detailed Comparison: This phase consisted in a detailed comparison of the “best-fitted” 

solutions for BSD selected from the previous phase. The detailed comparison used building 

performance simulations to calculate more detailed energy demand profiles for BSD 

(compared to the first phase). In addition, different scenarios were considered, such as climate 

change, district expansion and changes in tax policies.  The solutions were compared using the 

KPIs defined in Section 2.1 and their robustness score, which was calculated using a 

combination of the minimax regret method, the AHP method and a parametrization process 

of the KPIs’ importance weight. 

4.1 Initial comparison 

 

As it is possible to see in Chapter 3 and in Figure 3.1, several different heating systems were considered 

as possible solutions for this project. Many of them, such as coal and natural gas CHP, were clearly 

unfit for BSD, since these systems go against the sustainable principles of the district. Nevertheless, all 

the heating systems that have a significant market share in Europe or that have been used in similar 

projects were considered in the initial phase of this project. 

Due to the high number of heating systems, it would have been inefficient and computational 

expensive to simulate and analyze all of the systems in depth. Therefore, an initial comparison was 

performed so that only the “best-fitted” solutions for BSD could be simulated in detail and analyzed in 

depth.   

The “best-fitted” heating solutions were chosen based on key performance indicators (KPI) defined in 

Section 2. As shown in Table 2.2, there are four KPIs defined for the first phase of the design approach, 

which are repeated next. These KPIs were considered to be the most important for the main 

stakeholders involved in the heating sector of BSD and defined in Chapter 2. 

 Initial Investment Cost [€] 

 Total Operating Cost (Fuel cost + O&M cost) [€/year] 

 CO2 Emission [ton/year] 

 Primary Energy Demand [MWh/year] 
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In order to compare the various heating systems, it was necessary to first estimate the heating demand 

of the district. The following section describes how the heating demand of BSD was estimated based 

on the available information of the urban vision and the available literature data. 

4.1.1 Coarse estimation of the heating demand of BSD using reference values 

At the start of this project, the final urban plan of BSD was not available yet. Therefore, a proposition 

of the expected buildings was made in order to estimate the heating demand of the district. 

4.1.1.1 Assumed composition of BSD 

As is possible to see from BSD (2019), the initial urban vision for the district included 1500 residences. 

However, the current urban vision could still be seen as in the planning phase, as it did not provide a 

comprehensive detail of the buildings that were planned for BSD. In addition, one section next to the 

district was envisioned as being a commercial area for office buildings and was not included in the 

urban vision plans, but surely needed to be included in the energy considerations.  

Although BSD is primarily a residential district, other buildings and business are expect to settle in the 

region. As it is possible to see from the example of Brandevoort I, which is a modern district next to 

BSD, a district with such size attracts business such as shops, restaurants and supermarkets. 

With this in mind, Table 4.1 details the proposed building stock for BSD. The residential buildings’ 

distribution was obtained from CBS (2019b) and reflected the peculiarities from Helmond, while still 

maintaining the characteristics from the smart district project. Many of the buildings’ assumptions 

were based on Brandevoort I, due to its geographic and ideological proximity. 

Table 4.1 - Assumed BSD building stock composition. 

Building Type Units Useful Area [m2] Internal Area [m2] External Area [m2] 

Houses 

Detached 255 165 191 242.5 

Semi-Detached 195 142 157 194.5 

Terrace 470 125.5 147 173 

Terrace-Corner 235 127.5 149 185 

Apartment* 345 3,502.4 3,502.4 4,650 

Total 1,500 130 (CBS, 2019b) - - 

Office Buildings 10 5,025 5,225 5,600 

Supermarket 2 1,420 1,566 1,630 

Shop 10 250 273 322 

Multi-Functional Building 1 9,500 10,190 10,640 

Restaurant/Café 4 200 213 256.5 

* Apartment buildings have six floor and 33 residential unit (RVO, 2017), with an average useful area of 106 m2. 

Even with the distribution of the building stock detailed, the building designs were still unknown (e.g. 

the insulation levels, window-to-wall ratio, etc.). The buildings’ characteristics can drastically affect the 

district’s energy demand. In order to try to compensate for this uncertainty, two scenarios were 

considered for the buildings’ insulation levels. The first fulfilled the current building energy 

requirements as described in the energy code for buildings (RVO, 2019a). The second assumed 

buildings with a higher insulation levels. This second scenario was used since buildings were expected 

to have more strict energy requirements in the upcoming years (RVO, 2019b; RVO, 2019c) and the 
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insulation levels in the buildings are expected to increase in order to comply with new regulations. The 

difference between the two insulation levels scenario is discussed further in this Chapter.  

In the following sections, the buildings presented in Table 4.1 are briefly detailed and the steps to 

calculate BSD’s heating demand are explained. 

4.1.1.2 Residential buildings 

The heating demand for the residential buildings was calculated from the average gas consumption for 

the houses in the Netherlands. As is possible to see in Milieu Centraal (2019) and in Table 4.2, the 

average Dutch house consumes 1470 m3 of gas. In addition, the gas consumptions are detailed 

between the houses type, where detach houses have the highest gas consumption and apartments 

the lowest.  

Table 4.2 - Average gas consumption per year in Dutch residences. 

Building Type Average gas consumption per year in m3 

Detached 2,410 

Semi-Detached 1,800 

Terrace 1,350 

Terrace-Corner 1,580 

Apartment 1,000 

Total 1,470 

         Source: (Nibud, 2019). 

The data presented in Table 4.2 considers all the residential buildings in the Netherlands with a gas 

connection, which represents 95% of all the Dutch residential building stock (Milieu Centraal, 2019). 

Therefore, the data englobes buildings that have gas connection, but do not use gas for their heating 

demand, such as buildings with heat pumps or biomass boilers. According to Ende (2017), 89% of the 

Dutch houses use gas boilers to meet their heating demands. 

Furthermore, the building stock in the Netherlands is very heterogeneous, with many old residences 

that have low insulation levels. Modern houses tend to have more insulation and, consequently, lower 

heating demands. This tendency can be clearly seen in Figure 4.1, which was retrieved from Milieu 

Centraal (2019). Therefore, the data from Table 4.2 needed to be corrected to consider only modern 

buildings (2015 or later) that use gas boilers to meet their heating demands, which have higher 

insulation level and lower heating demand. 

 
Figure 4.1 – Average gas consumption of houses in the Netherlands by building construction year 

(Milieu Centraal, 2019). 
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Finally, for an estimation of the heating demand based on data from Table 4.2, it was necessary to 

subtract the gas used for cooking. Eurostat (2017) showed that around 6% of the gas consumed in 

residential buildings is used for cooking in Europe and Nibud (2009) showed that this share is only 4% 

for the Netherlands. Therefore, a value of 5% of the natural gas used in residential buildings was 

assumed to be for cooking purposes. 

By considering all the data presented above and assuming an average efficiency of 95% for the natural 

gas boilers present in modern houses, it was possible to transform the average gas consumptions 

presented in Table 4.2 into heating demands. The boiler efficiency was assumed based on the lower 

heating value (LHV) of the Dutch natural gas, which is 31.65 MJ/m3 (RVO, 2018). The calculated heating 

demand is presented in Table 4.3. 

Table 4.3 - Average heating demand of Dutch residential buildings per residence type. 

Building Type Average heating demand in kWh per year 

Detached 14,616 

Semi-Detached 10,917 

Terrace 8,187 

Terrace-Corner 9,582 

Apartment 6,065 

Total 8,915 

 

Table 4.3 shows the average heating demand for the modern residential building stock (2015 or later), 

which most likely follow the current Dutch building code (RVO, 2019a). However, buildings in BSD 

might have higher insulation levels, which are necessary to comply with new and stricter energy 

regulations, such as BENG (RVO, 2019b). Since it is still not possible to have representative measured 

data from these types of buildings, a total heating demand for the buildings was assumed based on a 

high insulated building scenario.  

Initially, the high insulated buildings were going to be based on the BENG 1 requirement. This indicator 

accounts for space heating and cooling demands only (RVO, 2019c) and has already been changed 

since the original BENG rules were proposed in 2015, as is possible to see in RVO (2019d) and Timax 

(2019). However, according to a recent letter from Minister Ollongren to the House of Representatives 

(Rijksoverheid, 2019), it seems that this indicator is close to have a final definition and come into effect. 

Nevertheless, using the BENG 1 indicator as an expected heating demand for the building in BSD was 

deemed not accurate. Other than not having a final defined value at the time that this project was 

being developed, this requirement is used as a reference for policymakers and does not correspond to 

heating demand found in practice. Instead, it was assumed that the residential building stock would 

have a total heating demand of 30 kWh/m2/year, which included space heating and DHW. Admittedly, 

the value can be seen as strict, but it was considered a lower level for the expected heating demand 

of the residential building stock. In addition, this value represented well the difference between 

current practice and high insulated buildings. It is important to point out that this assumption was 

normalized by the useful internal area according to NEN 2580 (2007), and not the total internal area. 

With this in mind, Table 4.4 shows the average heating demand of the residential buildings in BSD for 

the two considered scenarios, the current energy regulation for buildings and the high insulated 

buildings.  
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Table 4.4 - Average heating demand of BSD’s residential buildings for the two considered scenarios. 

Building Type 
Average heating demand in kWh per year 

Current High Insulated 

Detached 14,616 4,950 

Semi-Detached 10,917 4,260 

Terrace 8,187 3,780 

Terrace-Corner 9,582 3,840 

Apartment 6,065 3,180 

Total 8,915 3,900 

 

In order to correctly size the heating system in the residential stock, a heating demand profile was 

necessary. For such, data from NEDU (2018) was used, which represents the average consumption 

profile of the residential building stock in the Netherlands. With this profile, together with the data 

from Table 4.4, it was possible to obtain the heating duration load for the residential building and 

correctly sized the heating system for the residential buildings.  

4.1.1.3 Non-residential buildings 

With all the attention given to BSD relating sustainability and technology, it was assumed that only 

modern office buildings would be present in the district. These new offices would most likely be 

considered sustainable, just like the other 15 sustainable buildings presented by Peutz (2014) and de 

Bont et al. (2016). As it is possible to see in these papers, the average heating demand of these 15 

sustainable buildings is 45 kWh/m2/year, which was used as the heating demand for office buildings 

that comply with the current energy regulations. Out of all the 15 sustainable buildings considered by 

Peutz (2014) and de Bont et al. (2016), the most sustainable building has a heating demand of 

approximately 25 kWh/m2/year, which was the value considered for the high insulated office buildings. 

Since the above values were normalized by the useful area, it was necessary to define an average area 

for the office buildings in BSD. However, an average area for an office building is not trivial to define 

and not easily found in the literature, since it strongly depends on the location, type of office and the 

company that uses it. Therefore, the offices envisioned for BSD were based in a medium office 

presented in RVO (2017), which has approximately 5000 m2 of internal area. This value is in line with 

the ones presented by the Dutch association of real estate agents and appraisers (NVM, 2016). 

For the case of supermarket buildings, most of the assumptions adopted were based on Annex 31 

(2012), Annex 44 (2017) and Van der Sluis et al. (2015). These projects aimed to obtain benchmark 

values for energy consumption in supermarkets considering their most common performance 

indicators. 

In Annex 44 (2017) is possible to see a correlation of total heating consumption per sales area for Dutch 

supermarkets. In addition, this project shows that the average supermarket in the Netherlands has an 

internal useful area of around 1400 m2, with a sales area of 1000 m2. The average Dutch supermarket 

has a gas consumption of around 16 m3/m2/year (sale area), which is equivalent to a heating demand 

of 95 kWh/m2/year, when considering the average useful area presented in Table 4.1, a boiler 

efficiency of 95% and a LHV for natural gas of 31.65 MJ/m3 (RVO, 2018). 
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Just like the office buildings, a higher insulated supermarket was also considered for the calculation of 

the lower expected heating demand of the district. According to the energy demand distribution in 

supermarkets presented in Annex 44 (2017), a heating demand of 15 kWh/m2/year was assumed. 

However, it is important to point out that a supermarket that truly makes use of heating recovery 

system in their refrigeration demand, can have a heating demand close to zero (Annex 44, 2017).  

Heating demand assumptions for shops are much complicated because they highly depend on the type 

of shops that are considered. It is possible to imagine that a butcher shop would have a higher heating 

demand than a clothing shop, mainly because of the high hot water demand. With this is mind, Nuiten 

et al. (2013) present the energy demand of a typical small shop that follows the current building energy 

regulation (RVO, 2019a). In this report, it is possible to see that the small shop has a heating demand 

of approximately 67 kWh/m2/year. This demand is much smaller than the average demand for Dutch 

shops presented in W/E (2015) and was considered a good indication for modern shops. 

Following the examples of the other non-residential building types previously discussed, a high 

insulated shop was also considered. The heating demand of this building was assumed to be 25 

kWh/m2/year. In addition, the average size of the shop was based in RVO (2017). 

For the multifunctional building, the shop 1 in Rotterdam from Walker et al. (2017) was used for the 

current energy regulation scenario. This building has a heating demand of approximately 15 

kWh/m2/year. However, the building size presented in this paper was not used. Instead, the 

multifunctional building presented in RVO (2017) was considered to have a better average size 

representation.  

The heating demand for a high insulated multifunctional building was assumed using the same strategy 

as the office case, i.e., the same proportional heating demand reduction. Thus, the heating demand 

assumed was 8 kWh/m2/year. 

Lastly, Nuiten et al. (2013) was used for assuming the heating demand of restaurants/cafés, which 

shows that a restaurant/café that complies with the current energy regulations have a heating demand 

of approximately 52 kWh/m2/year. For a high insulated restaurant/café, a heating demand of 30 

kWh/m2/year was assumed. The surface area of RVO (2017) was used as a base for the restaurant/café. 

Table 4.5 - Average heating demand of BSD’s non-residential buildings for the two considered 
scenarios. 

Building Type 
Average heating demand in kWh per year 

Current High Insulated 

Office 226,125 125,625 

Supermarket 94,100 21,120 

Shop 16,750 6,250 

Multifunctional  142,500 76,000 

Restaurant/Café 10,860 6,000 

 

Similar to the residential building, the heating demand profile was also necessary to calculate a load 

duration curve and properly size the heating system of the non-residential buildings. Walker et al. 

(2017) present the hourly demand for an office building and for a multifunctional building. Due to the 

lack of data available in the literature, the hourly demand profile for small shops, supermarkets and 

restaurants/cafés were considered the same as the multifunctional building.  
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4.1.2 Ranking of Solutions 

With the heating demand from BSD defined, it was possible to move forward with the initial 

comparison of the heating systems. Different scenarios were created in order to have a more complete 

comparison, taking into account the uncertainties related to the heating demand and to the properties 

of the heating systems.  

As is possible to see in the previous section, two scenarios for the insulation level of buildings were 

defined, which directly affected the heating demand of the district. One where the buildings follow the 

current energy regulation, and another scenario with higher levels of insulation. In addition, three 

scenarios were created for the uncertainties related to the properties of the heating systems: 

minimum values, best guess and maximum values (these assumptions are based on the range 

presented in Figure 3.2). Therefore, it was possible to have six different combinations considering the 

heating demand scenarios and the property of the heating system, as it can be seen in Figure 4.2. 

 
Figure 4.2 - Scenario composition for the initial comparison considering the different heating 

demands and the different properties values of the heating systems. 
 

Therefore, a comparison method that took the different scenarios into account was necessary. 

Kotireddy (2018) compared three robustness assessment methods, the max-min method, best-case 

and worst-case method and the minimax regret method. Out of the three methods, the minimax regret 

method (Savage, 1951) is recommended to use when certain risk could be accepted as a trade-off by 

the decision maker and the design should work well in all possible scenarios, which is usually the case 

for the decision making process for a heating system of a district. The minimax regret method selects 

the best solution based on performance regret.  

Performance regret is the performance difference between a design solution and the best performing 

design solution for a particular scenario. The maximum regret across all scenarios is used as a measure 

of robustness (Kotireddy, 2018). The minimax regret method calculates the maximum regret for all 

scenarios and it selects the design with the minimum regret. The following example is used to further 

clarify this method. 

Figure 4.3 shows three imaginary designs being compared in three different scenarios. It is possible to 

see that design C is the best performing design for scenario 1, thus having zero regret. For scenario 2, 

design B has the best performance and thus has zero regret, while design A and C have regrets of 7 

and 1 respectively. For scenario 3, design B has once again zero regret and design A and C have regrets 

of 4 and 1. Comparing the regrets of the designs across all considered scenarios, it can be seen that 

design C has the lowest maximum regret and is thus the most robust, even though design B has lower 

regret in more scenarios. 
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Figure 4.3 - Calculation of regrets of a performance indicator for three imaginary designs for the 

considered scenarios (Kotireddy, 2018). 
 

The minimax regret method calculates the regret of all heating systems across all different scenarios 

for each KPI individually. Since this method cannot take all the KPIs into account simultaneously, an 

additional method was used to calculate an overall ranking of the heating systems considering all KPIs. 

For this purpose, multi-criteria decision making (MCDM) processes were useful. One of the most widely 

used MCDM methods is the Analytical Hierarchy Process (AHP) (Saaty, 1987). The goal of the AHP 

method is to rank the different alternatives, in term of priority, given the goals of the decision makers. 

This method is very useful when there is no alternative that outperforms the others in all the relevant 

KPIs or when there is no performance indicator that has an ultimate importance. 

One of the reasons that the AHP method was preferred in this project over other MCDM methods was 

due to the guidelines for the comparisons used in this method, which are often a point of uncertainty 

in other MCDM methods. In addition, the dependency of the decision makers’ inputs are limited and 

are restricted to only one step of the method. Since the BSD’s design team was unavailable at this 

stage of the project, an MCDM methods that did not need inputs from the decision makers would be 

ideal.  

Even though the AHP method has a limited dependency of the decision makers, their inputs are still 

necessary for the conclusion of this method. These inputs are used as importance weights for the 

criteria or KPIs that are being used in the comparison. Therefore, in order to be able to conclude the 

AHP method without inputs from the decision makers, an alteration in the normal framework of the 

method was proposed where all the different KPIs importance weights were considered.  

The AHP method constitutes of three different matrixes, the alternative (heating systems) 

performance matrix, the KPI performance matrix and a final matrix to synthesize the final score. In the 

alternative (heating systems) performance matrix, the heating systems are compared to each other in 

pairwise comparisons to assess their preference based on a certain KPI. There were a total of four 

heating systems performance matrixes in this project, since four KPIs were used in the initial phase of 

the project. The pairwise comparisons can use an objective scale (using real data or measurements) or 

a subjective scale. For any subjective comparison in the AHP method, Figure 4.4 can be used as a 
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guideline. In the particular case of this project, an objective method was used for the heating system 

matrix, which was the regret value calculated from the minimax regret method previously explained. 

However, the KPI matrix can only use a subjective method based on Figure 4.4, as it is be explained 

further in the text. 

 
Figure 4.4 – Guideline for the subjective scale used in the AHP method. 

 

Figure 4.5 gives an example of a heating system performance matrix, with the cells already filled. As it 

is possible to see, the heating systems are compared by a means of a fraction. Therefore, the regret 

values used in this method needed to be normalized, since the minimum value for regret was 0, which 

would have created problems in the pairwise comparisons. With this in mind, the regret values were 

normalized in a 1 to 9 scale, since it is the same scale used in Figure 4.4. 

With this in mind, if the normalized regret of the heating system A and heating system B is 1 and 2 

respectively, then the second cell of the first row would have a value of 2. This cell would mean that 

the system A is preferred over the system B 2 times when KPI X is considered. In the same way, the 

first cell of the second row would have a value of 0.5, which would mean that the system B is preferred 

0.5 times over the system A when the KPI X is considered. 

 
Figure 4.5 - Filling of an alternative (heating system) performance matrix for two imaginary heating 

systems. 
 

Once all the values in the matrix are filled, it is possible to calculate the last column (priority). These 

values represent the priority of each alternative regarding the criterion used (KPI). These values are 

calculated by the eigenvalue of the matrix and are normalized in a 0-1 scale. 

With all the alternative performance matrixed filled and all the priorities calculated, it is possible to 

proceed to the second set of matrixes of this method, the KPIs performance matrix. This matrix is filled 
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in the same way as the alternative matrixes. However, there is only one KPI performance matrix, where 

all the KPIs are compared to each other in pairwise comparisons. In this matrix, a subjective scale needs 

to be used, which is usually based on the decision makers’ input. 

Figure 4.6 gives an example of a KPI performance matrix already filled. This matrix has the same 

interpretation as the heating system matrix. However, this matrix can only use a subjective method 

(according to Figure 4.4) for the pairwise comparison, which is based in the decision maker’s inputs. 

By taking the second cell in the first row as an example, it would mean that, KPI X is two times more 

important than KPI Y in order to reach the project’s goal. In the same way, the first cell of the second 

row has a value of 0.5, which means that the KPI Y is half as important as KPI X to reach the project’s 

goal. Once all cells are filled, the priorities can be calculated similarly than the alternative performance 

matrix. In this example, the eigenvalues are 2 and 0, which are normalized to become 1 and 0. 

 
Figure 4.6 - Filling of a KPI (criteria) performance matrix for two imaginary KPIs. 

 

With all the alternative and KPI performance matrixes filled, it is possible to perform the synthesis of 

results in the last matrix of the AHP method. The priorities of the heating system regarding to the KPIs, 

which are calculated in the heating system performance matrixes, are multiplied by the respective 

priorities of the KPIs, which are calculated in the KPI performance matrix. These values are added to 

have the final rank. 

Figure 4.7 clarifies this process with an example. In this figure is possible to see that each cell is filled 

by the product of the priority of the alternative in relation to the KPI to the priority of that respective 

KPI. For example, the first cell from the first row is filled by the priority of the heating system A 

regarding the KPI X multiplied by the priority of the KPI X. The final score column is calculated by the 

sum of each row, i.e., the final score of the heating system A is the sum of the products of the priorities 

of this heating system in relation to each KPI to the priority of that respective KPI. 

 
Figure 4.7 – Example of the synthesis of results matrix. 

 

As presented above, the normal framework of the AHP method still has the dependence of the decision 

makers’ input. This input is fundamental to the subjective scale used to fill the KPI performance matrix. 

In order to try to overcome this need for input, a parametrization process involving the relative 

importance of each KPI was used. This process varied the weights of the KPIs in order to have all 

possible combination from the decision makers’ preference. The ranks were then added to have a 

cumulative score for each alternative. Figure 4.8 shows a flowchart of the AHP method used in this 

project with the parametrization of the KPI’s importance weight. 

This parametrization process aims to select the heating systems with the highest score independently 

from the weights of the KPIs. Since the goal of this phase of the project is to select a few “best-fitted” 
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solutions for BSD to analyze with more details, it would make sense to select the heating systems that 

are constantly among the best rank alternatives, independently of their exact rank and the decision 

makers’ inputs. Therefore, the “best-fitted” heating alternatives are selected based on their 

cumulative score and their rank position along the parametrization process. 

 

Start
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performance matrixes

KPI weights =1

Determine the KPI 
performance matrix

Determine the overall rank 
of the heating systems

All KPI weight 
combinations 

used?

End

Different KPI 
weight 

combination

True

False

Performance the synthesis 
of results

 

Figure 4.8 - Flowchart of the AHP method used in this project with the addition of the 
parametrization process on the KPI's importance weight. 
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4.2 Detailed comparison 

 

The second phase of the design approach constituted of further analyzing the heating alternatives 

selected in the previous phase. For such, the dependence on data from the literature was reduced and 

more data was calculated. The building performance simulation (BPS) tool IES-VE was used to calculate 

the heating demand of the buildings assumed for BSD. 

In addition, with less heating alternatives, a more detailed analysis using the KPIs defined in Section 2 

was not so cumbersome. Therefore, extra scenarios were proposed to analyze the behavior of the 

heating systems to changes in climate, district size and public policy. These scenarios were also used 

to try to take into account the high uncertainties related to the heating systems and the heating 

demand from the buildings. All these heating demand scenarios were simulated together with the 

heating systems in EnergyPRO (2017) to calculate their performance in the different scenarios 

considered for the district. 

Finally, a robustness score for the heating systems was calculated using the minimax regret method, 

the Analytical Hierarchy Process (AHP) and the parametrization of the KPI’s importance weights. This 

robustness score was used as an indicator to provide suggestions for the best heating systems and to 

evaluate the results. 

4.2.1 Estimating the demand of BSD using building performance simulation 

The heating demand of BSD was estimated using building performance simulation (BPS). In this project, 

IES-VE was used to simulate the various buildings in the district in order to reach an estimation of their 

heating demand. Some of the data and assumptions previously defined were used again, but new data 

and more detailed inputs were required for the building simulations. 

Simulating all the different buildings within the district would have been much computational 

expensive. Moreover, the uncertainties in the models would have been much large. An alternative 

approach was to simulate “average” buildings with the assumption that the individual differences 

within each type of building were compensated among each other. In order to try to reduce some 

uncertainties and capture some of the building’s peculiarities, an average was assumed for each 

buildings type present in BSD, i.e., every type of residential and non-residential building had its own 

average case. The designs of the buildings are presented in their respective Appendices of this 

document. 

A major advantage of the chosen approach is that the building types that have most influence in the 

district’s energy demand due to their higher frequency are the ones that have a higher confidence in 

the average assumption. The bigger the control group, the less likely is that an outlier or a certain 

singularity will affect the average estimation or have a major effect in the energy demand of that group 

of buildings. The buildings that do not have such a presence in the district for a confident estimation 

of the average, are the cases that most likely will not have a major effect on the total energy demand, 

and thus, their uncertainties are less reflected on the district’s heating demand.  

The uncertainties related to the heating demand calculation of the buildings are associated mainly to 

occupancy behavior and insulation levels. Similarly to the characteristics from the heating systems 

presented in Chapter 3, a wide range of suggested value could be found in the literature for these 
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factors. A brief explanation of these factors is presented in the next sections for residential and non-

residential buildings. More details can be found in Appendix A through F. 

4.2.1.1 Residential buildings 

In order to correctly perform the energy simulations for the residential buildings, the aspects affected 

by the occupancy behavior needed to be properly defined. These aspects included occupancy 

presence, temperature set point, internal heat gain and hot water demand. All the different profiles 

for residential buildings can be seen in Appendix A. 

In accordance to the average approach taken to calculate the district’s heating demand, an average 

occupancy profile was defined for all the residential buildings in the district. Therefore, simplifications 

such as “working profile” or “stay at home profile” could not be used. These simplifications were 

successfully used in Kotireddy (2018) and Hoes (2014), but it would not make sense using them as an 

average profile for the district. If this would have been the case, there would be nobody at home in 

the district during periods of the day, which is highly unlikely. Therefore, the work presented by 

Guerra-Santin and Silvester (2017) and Ministerie van VROM (2009) were used as base to define an 

average occupancy profile for the residential buildings and an average temperature set point. The 

profiles used in all residential buildings inside the district can be seen in Appendix A. 

Although the profiles used for the residential buildings are the same, different building types were 

assumed to have different household size, which directly affected factors such as the internal heat gain 

and DHW demand. Thus, an average household size for each residential building type is presented in 

Table 4.6. 

Table 4.6 – Household size, internal heat gain and DHW consumption for residential buildings. 

Type Units 
Household 

size 

Area 

[m2] 

Weekday Int. 

Gain [W/m2] 

Weekend Int. 

Gain [W/m2] 

DHW demand 

[L/day] 

Apartment 345 2.1 106 1.8 1.9 126 

Terrace 470 2.7 125.5 2.1 2.2 162 

Corner 235 2.7 127.5 2.1 2.2 162 

Semi-Detached 195 3.4 142 2.1 2.2 204 

Detached 255 3.5 164.7 2.1 2.2 210 

Total 1500 2.8 [1] 130 [2] 2.0 [3] 2.1 168 

[1] – (CBS, 2017) ; [2] – (CBS, 2019b) ; [3] – (Kotireddy, 2018). 

 

As shown in Table 4.6, the average internal heat gains assumption on weekdays was 2.0 W/m2 for the 

appliances and lighting gains in the building stock (Kotireddy, 2018; Hoes, 2014). For weekends and 

holidays, since the occupancy profile pointed to a higher presence of inhabitants, an average value of 

2.1 W/m2 was used for the appliances and lighting gains. More details can be seen in Appendix A. 

For the DHW, many aspects affect the building’s consumption, such as the occupant age, building 

location and household size (Koiv et al., 2013), which creates difficulty in the correct estimation of 

DHW. Benchmark values ranging from 40 to 100 L/day could be found in the literature (Kotireddy, 

2018). With this in mind, an average value of 60 L/person/day was adopted (Kotireddy, 2018) for the 

residential buildings. This value was assumed to only depend on the household size. Therefore, the 

DHW demand was independent from external conditions and building types. 
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Lastly, the ventilation requirements in the Netherlands are regulated by the Dutch building code, which 

defines a minimum ventilation rate of 0.9 dm3/s.m2 (Hoes, 2014). However, since this rate is a minimum 

regulatory value, the ventilation rate might be higher in practice in order to assure comfort for the 

residents. Usually different rooms have different ventilation requirements (CIBSE, 2015; CIBSE, 2014), 

such as bathrooms and kitchens, which normally have a higher ventilation rate than other rooms in 

the house. In addition, modern houses have CO2 sensors that can increase the ventilation rate if 

necessary.  

Since this project was not concern with occupant’s comfort, more complex assumptions for the 

ventilation rate were not necessary and an average value of 1.2 dm3/sm2 was assumed for all the 

residential buildings (Kotireddy, 2018). This rate already considered possible higher ventilation rates 

in certain rooms, such as bathrooms and kitchen. In addition, balanced ventilation with a heat recovery 

system with an efficiency of 80% was assumed for all residential buildings. 

4.2.1.2 Non-residential buildings 

All the aspects affected by the occupancy behavior of non-residential buildings are detailed in the 

Appendices B through F of this project. However, some aspects that need further clarification are 

enlightened in this section. 

With the exception of the office buildings, all the occupancy profiles from the other non-residential 

buildings were based on modulating profiles from similar buildings present in Brandevoort I, in 

Helmond. The data from these modulating profiles were recorded by Google and were based on an 

historical average visit to those particular buildings from people that share their location with Google. 

Admittedly, these profiles are far from ideal, since many people might have visited the buildings 

without their phones or they might not allow Google to track their location. However, occupancy 

profiles for non-residential buildings are very scarce in the literature and not enough data could be 

found. 

Nevertheless, the modulating profiles were assumed to be accurate enough for this project. However, 

since there were no shopping malls or similar buildings in Brandevoort I, the same occupancy profile 

for the shop building was assumed for the shopping mall area of the multifunctional building. The only 

difference between these two cases was the occupancy density, which was assumed to be 30% higher 

in the shopping mall than in the shop buildings (NTA 8800, 2019). 

Finally, the last characteristic that is worth mention in the non-residential buildings is the ventilation 

rate. In all non-residential buildings, a smaller ventilation rate outside working hour was assumed. This 

tendency is commonly found in buildings in order to reduce their energy requirements. According to 

the European Standard EN 15251 (2007), outdoor airflow equivalent to 2 air volumes of the ventilated 

space has to be delivered to the space before occupancy (e.g. if the ventilation rate is 2 ach, the 

ventilation can start one hour before the occupancy). Infiltration can be accounted as a part of this 

calculation. Therefore, ventilation rates for non-working hours were calculated accordingly. In 

addition, it is important to mention that a ventilation heat recovery with an efficiency of 80% was 

assumed for all the non-residential buildings. This is the same assumption adopted by RVO (2017) in 

its simulations. 
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4.2.2 Scenarios and uncertainties 

As previously mentioned, since BSD was still in a conceptual phase when this project was being 

conducted, there were many uncertainties related to how its building stock would look like and how 

the inhabitants would behave. In order to try to compensate for these uncertainties, different 

scenarios were created with different assumptions for the insulation levels and occupant behavior. 

The results from the scenarios can be interpreted in a range format of possible energy demands for 

BSD. A possible heating solution for the district should be able to meet all these results, since all of 

them are likely to occur due to the uncertainties present on this project. 

4.2.2.1 Insulation levels 

Similar to the first phase of the design approach, two insulation levels were assumed for the building 

stock of BSD. The first scenario assumed that the buildings followed the current energy standard (RVO, 

2019a), and the second assumed a higher insulation level, which would be similar to the expected 

insulation level for BENG buildings according to RVO (2017). However, unlike the first phase of the 

design approach, now the heating demand in buildings was calculated through simulations.  

The current energy standard and the BENG regulations follow specific calculation methods to define 

their energy requirements (NEN 7120, 2011; NTA 8800, 2019). These calculation methods cannot 

reflect several important aspects present in a real building that affect its heating demand. Therefore, 

the minimum insulation levels and the infiltration rate were the only aspects used from the current 

energy regulation and the BENG requirements, which were deemed sufficient to represent the 

difference between a current standard building and a high insulated building. The insulation levels 

from all the buildings considered in this project for both considered scenarios can be seen in their 

respective Appendices. 

It is worth mentioning that a third and even more insulated building scenario was also considered for 

the BSD buildings. However, since the insulation cost of a building is a significant part of the total initial 

cost, building owners seldom chose insulation levels much higher than the requirements of the 

building code. In addition, high-insulated buildings, such as passive houses, tend to have overheating 

and comfort issues. With this in mid, these types of buildings were disregarded as a significant share 

of BSD’s building stock.  

4.2.2.2 Occupancy behavior 

Besides the insulation levels, the occupancy behavior have high uncertainties associated to it, which 

can strongly affect the district’s heating demand. In order to try to compensate for these uncertainties, 

some key inputs that affect the energy results were varied to create extra scenarios and to have a 

higher confidence in the occupancy behavior assumptions. Therefore, extra simulations were 

performed using the variation presented in Table 4.7. These variations were used on the “best guess” 

values highlighted in the summary tables presented on the respective Appendix of each building type. 
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Table 4.7 – Variation in the occupancy behavior from the best guess assumptions presented in the 
Appendices of each building type. 

Building 
Temperature 

Set Point 
Ventilation 

Lighting 

Gain 

Appliances 

Gain 

People 

Gain 

Hot Water 

Demand 

Houses 

±1 °C 

±0.1 L/sm2 ±0.4 W/m2 (daily average) 

±10% ±20% 

Apartments ±0.1 L/sm2 ±0.4 W/m2 (daily average) 

Office ±0.2 L/sm2 ±1 W/m2 ±1 W/m2 

Supermarket ±0.1 L/sm2 ±1 W/m2 ±1 W/m2 

Shops ±0.1 L/sm2 ±1 W/m2 ±1 W/m2 

Dining Area ±0.15 L/sm2 ±0.5 W/m2 ±0.5 W/m2 

Kitchen ±0.1 L/sm2 ±1 W/m2 ±1 W/m2 

Multifunctional ±0.1 L/sm2 ±1 W/m2 ±0.5 W/m2 

 

4.2.2.3 Climate scenarios and district size 

Climate change and the possible expansion of the district were also considered possible scenarios. In 

the district expansion scenario, the number of residential houses was assumed to increase in 50% from 

the original number of residences, totalizing 2250 residential buildings. In this scenario, the residential 

buildings were assumed to still maintain the same original proportion presented in Table 4.6. 

For the climate, the standard weather condition was assumed in accordance to NEN 5060 (2018). This 

norm gives considerations for the representation of a typical meteorological year (TMY) for energy 

requirements. A TMY is a set of meteorological data with values for every hour of the year. Normally, 

the past 10 years are used as a base for a TMY, and its representation is in the form of assign years 

that are considered most “typical” for each month of the year. 

The NEN 5060 (2018) is based on the data from the weather station of de Bilt.  Therefore, the 

considerations given by this norm to create a TMY are only valid for this location. However, it is 

assumed that the same TMY from de Bilt can be expanded to the weather station of Eindhoven, which 

was used because KNMI does not have a weather station in Helmond. Admittedly, this might not be 

the best way to create a TMY for Helmond, but the inaccuracies involving this process were considered 

acceptable for the heating demand calculations of this project. 

Due to the recent climate changes events in Europe, two extra climate scenarios were considered other 

than the TMY. One scenario was assumed to have more extreme temperatures, i.e., with hotter 

summers and colder winters. This scenario is based on the “TO 1%” from the temperature exceeding 

calculations section of NEN 5060 (2018). This section was chosen since it had more extreme 

temperatures (RVO, 2019e). 

The other climate scenario assumed an overall increase in temperature across the year. This scenario 

consisted in the respective warmest months for all the years considered by NEN 5060 (2018). Details 

from the three climate scenarios are presented in Table 4.8, where it is possible to see that the 

“hottest” scenario has the highest monthly average temperatures, resulting in a yearly average 

temperature increase of approximately 3 °C when compared to the TMY.  
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Table 4.8 – Variation in the occupancy behavior from the best guess assumptions. 

 
TMY “TO 1%” Hottest 

Temp [°C] Year Temp [°C] Year Temp [°C] Year 

January 2.81 2001 -1.40 1997 6.72 2007 

February 4.84 2004 -0.08 2012 7.00 2002 

March 5.85 2004 6.98 2005 8.71 2014 

April 9.46 2002 13.42 2007 13.56 2011 

May 15.37 2000 15.25 1998 16.33 2008 

June 16.99 2011 17.22 2006 18.95 2003 

July 18.05 2008 23.04 2006 23.01 2006 

August 19.04 2001 19.64 2003 20.78 1997 

September 16.16 2011 15.97 2005 18.07 2006 

October 10.32 2010 11.41 2011 14.22 2001 

November 8.11 2003 6.01 2010 9.68 2015 

December 3.96 2003 -1.39 2010 9.49 2015 

Year 10.94  10.57  13.92  

 

It is important to mention that creating a climate scenario with months from different years generates 

discontinuities between the months. In order to prevent these discontinuities, the first and the last 

eight hours from each months that present discontinuities were replaced by a cubic spline 

interpolation. However, the spline interpolation was often replaced by a linear interpolation when it 

generated unrealistic results. In addition, a reference year always need to have a length of 365 days. If 

a February month of a leap year is selected, the first 28 days of the February month are used for the 

reference year. 

4.2.2.4 Public policy effect on the electricity and gas prices 

Lastly, considerations for future scenarios were important to analyze the robustness of the heating 

systems. These considerations did not have an influence in the heating demand, but were more related 

to financial and environmental aspects. Two different future scenarios were considered, with and 

without tax shift from electricity to natural gas. 

These two scenarios only differentiated from each other after 2030, since the Dutch government has 

already shared its recent planes to shift taxes from electricity to natural gas (NOS, 2019b). With this 

current plans, the energy tax on gas will increase by a total of 10 cents per m3 until 2026, while the 

energy tax on electricity will reduce 5 cents per kWh. The increase does not come in one go, the price 

per cubic meter of gas will increase by 4 cents in 2020, after which the price will increase by 1 cent per 

year. The electricity price will also be reduced in steps (NOS, 2019b). 

This tax shift was the only significant change assumed for the tax price share of natural gas and 

electricity until 2030. The market price share of the natural gas and the electricity were assumed to 

follow their current trend, which was calculated based on the prices without taxes shown by CBS 

(2019a). Figure 4.9 shows the assumed price progression for electricity and natural gas until 2050. 
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Figure 4.9 - Electricity and natural gas price progression for small consumers in the Netherlands. Red 

dots show the calculated years and the rest is fitted in a linear progression. 
 

The influence of the current tax shift policy on the electricity prices is clearly seen in Figure 4.9, 

between 2019 and 2026. This tax shift policy period was assumed to be followed by a period where 

the energy tax for the electricity remained constant, causing a small price increase in the electricity 

prices due to the normal inflation. After 2030, in the scenario without tax shift, an average increase of 

2% on the electricity price was assumed until 2050. In the scenario with tax shift, 6 cents per kWh were 

assumed to be reduced from the energy tax for electricity. 

For the natural gas, the energy tax policy was assumed to be maintained until 2030, making the natural 

gas prices have a yearly increase of approximately 3 cents per cubic meter. After 2030, in the case 

without tax shift, the energy tax price for natural gas were assumed constant, and the market share 

price of natural gas was assumed to increase 1.2% per year. For the scenario with tax shift, 20 cents 

per m3 were assumed to be increased from the energy tax until 2050, which corresponded to 1 cent 

per year. 

However, the natural gas predictions were further complicated by the future tendency of using a 

mixture of natural gas and hydrogen in the gas grids. The hydrogen use in the Dutch gas mix was 

assuming to have the same progression as presented in Bekhuis (2018), but it was assumed that the 

hydrogen use only started from 2030. In addition, assuming the same hydrogen price calculation from 

Mulder et al. (2019), it was possible to have a new price progression for natural gas, as can be seen in 

Figure 4.10. Furthermore, it is possible to notice that the tax shift has a smaller influence in the natural 

gas mix price. This happens because it was assumed that hydrogen is produced by the cheapest 

method between steam methane reforming (hydrogen produced from natural gas) and electrolysis 

(hydrogen produced by electricity), which attenuates the tax shift influence. 

It is important to point out that the prices shown in Figure 4.9 and Figure 4.10 are for small end users, 

i.e., residential buildings. For bigger consumers, the price is expected to be smaller, as it is possible to 

see in CBS (2019a).  
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Figure 4.10 - Natural gas mix price progression for small consumers in the Netherlands. 

 

Other than the price for electricity and natural gas, the emissions were also assumed to change in the 

future. The CO2 emission for the electricity of the Dutch grid was assumed to be 0.19 kg/kWh by 2030 

(ECN, 2018), and zero by 2050 (Bekhuis, 2018). For the natural gas case, CO2 emissions were assumed 

to stay constant until 2030. After this period, emissions start to decrease due to the use of hydrogen, 

culminating in zero emissions in 2050, when 100% of the natural gas mix was assumed to be hydrogen. 

However, the emissions resulted by the production of hydrogen were not accounted for in this project.  

Finally, it is important to point out that biomass was assumed to have a constant price increase 

according to the inflation (2%). This fuel was assumed not to be affected by the tax shift policy. For the 

heat cost of district heating systems, the prices were defined according to ACM (2018) and had a similar 

price progression than the electricity. 

4.2.2.5 Overview of scenarios 

Figure 4.11 shows a summary of all different scenarios considered for the heating demand simulated 

in this phase of the design approach. A total of 36 heating demand scenario were simulated, with four 

different reference years, resulting in 144 different cases. 

 
Figure 4.11 - Scenario composition for the detailed comparison. Scenarios consider building 

insulation levels, occupancy behavior, climate change, district size, different years and public policy. 
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The minimum and maximum assumptions from the occupancy behavior depicted in Figure 4.11 refer 

to the variations considered in Table 4.7. However, the minimum and maximum refer to the heating 

demand of the buildings, and not to the absolute values of the assumptions. Thus, the minimum case 

represents a scenario where the assumptions minimize the heating demand, i.e., low ventilation rate 

and hot water demand and high internal gains. The maximum case is the opposite, where the 

ventilation rate and the hot water demand are maximized and the internal gains are minimized, 

resulting in a maximum heating demand. 

4.2.3 Ranking and Robustness Evaluation 

The estimated heating demands for BSD were used as inputs to analyze how the selected heating 

systems from the first phase performed in BSD. Thus, it was possible to assess the performance of the 

heating systems in the different possible scenarios proposed for BSD, using all the different KPIs 

defined in Chapter 2. 

The integration of the heating demands with the heating systems was fairly simple and could have 

been done by different software present in the literature. However, EnergyPRO (2017) was the 

software used in this project, mainly due to its user-friendly interface, intuitive use and frequent 

applicability in district heating projects.  

In addition, EnergyPRO was preferred over other software because of a possible continuation of this 

project. EnergyPRO easily allows modelling, optimizing and the analyses of different heating systems, 

with different complexities and configurations. The software also allows the integration of the 

electrical system of BSD, and presents the results in a very intuitive, and yet detailed way. In the 

possibility of a continuation of this project, EnergyPRO would proof to be a powerful tool to simulate 

and optimize the integration of the electrical and heating sector of BSD. 

Once all the heating systems were simulated using the relevant heating demands for BSD, all the 

relevant data was available and could be properly analyzed. In order to calculate a robustness score 

for the heating systems, the minimax regret method, the AHP method and a parametrization process 

of the KPI’s importance weight was used. The robustness score for the heating systems is analyzed 

together with the other KPIs in order to make final considerations and suggestions for the 

recommended heating systems for BSD. 

Due to the high amount of data produced in this project, all the results were presented through 

PivotCharts and PivotTables, which allowed to summarized, analyzed, filtered and presented the 

results in a user-friendly manner. Furthermore, representation of all results was too complex to be 

presented without an interactive design, where the decision makers could optimize the visualization 

method based on their own preferences. 

Especially in the evaluation of the most complex requirements, such as scalability and “future-proof”, 

PivotCharts are particularly very helpful. With this tool it becomes easy to visualize the results of all 

different options and to change the results based on the decision makers’ needs and requirements. 

Furthermore, it becomes fairly easy to add data to the charts and tables, such as new options or new 

inputs. With this in mind, a possible expansion on this project becomes a smooth process. 
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5 Results 

In this chapter, the relevant results from this project are presented. The results are divided into the 

two phases of the design approach. In the first phase, the most relevant heating system for BSD were 

selected, and in the second phase, these heating systems were simulated and analyzed in depth. 

5.1 Initial Comparison 

 

As it is possible to see by Figure 3.2 and Appendix J, many different values could be found in the 

literature for the heating system, e.g., the same heat pump could have different price and efficiency 

depending on its manufacturer or type. One of the KPI presented in Figure 3.2 is the primary energy 

factor (PEF) of the heating systems. This factor connects primary and final energy by indicating how 

much primary energy is used to generate a unit of usable thermal energy. The PEF of the heating 

systems is a function of the PEF of the fuels, presented in Table J.1, and the efficiency of the system, 

presented in Table J.2. In addition, the PEF of the combine heat and power (CHP) systems were 

calculated using the power bonus method (Esser and Sensfuss, 2016), where the electricity produced 

is subtracted from the PEF of the system. 

Although primary energy factors are thermodynamically universal, some problems can be seen by 

using this factor, such as not properly depicting the current decarbonisation of the European energy 

sector (Taylor, 2018) and the presence of different calculation methods (Esser and Sensfuss, 2016). 

Moreover, it is possible to see national variation for the same energy sources, since countries have the 

autonomy of defining their own PEFs. Public policy and politics can often influence the definition of 

PEF (BPIE, 2017). With this in mind, it becomes easier to understand the variation of the PEFs found in 

the literature and presented in Table J.1 for the different fuels considered in this project. 

Even with the presented problems, PEF was chosen for the initial comparison in order to have an 

estimation of the total energy demanded for each heating system. Without more complex calculation 

and further analyses, a total energy demand was otherwise hard to estimate. However, the primary 

energy demand was replaced by total energy delivered to the system in the detailed comparison, as 

suggested by BPIE (2017) and presented in Table 2.2. 

In addition, it is important to point out that the PEFs presented on Figure 3.2 do not include the heat 

losses associated with centralized alternatives, such as district heating and CHPs. These losses are 

assumed to be around 20% and are added directly to the heating demand. Furthermore, the costs of 

the district heating network are not accounted for in the graphs for the centralized solutions. These 

costs are added separately in the comparison. 

5.1.1 Coarse estimation of heating demand and load duration curves 

As previously explained, a base district’s heating demand was necessary to compare the heating 

systems and analyze their performance using the defined KPIs. In this initial comparison, two heating 

demand were assumed based on literature data, one considering buildings according to the current 

energy regulations, and another assuming higher insulated buildings, similar to the insulation levels 

expected for BENG buildings. The two assumed heating demands for BSD can be seen in Figure 5.1. 
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Figure 5.1 – Assumed annual heating demand of BSD for the current building stock scenario and high 
insulated buildings scenario. 

 

However, only the total heating demand was not sufficient to have a complete comparison between 

the heating systems. For such, the load duration curve was also needed. The load duration curve supply 

important information for the correct sizing of the heating systems, and therefore, for their initial 

investment cost. 

Figure 5.2 shows the assumed load duration curve for BSD considering both heating demand scenarios. 

In addition, as it is possible to see, there are different duration curves for individual and centralized 

heating systems. The reason for such difference is that peak heating demands usually occur in different 

hours of the day for different buildings. Therefore, the sum of the peak heating demands of all the 

individual heating systems is higher than for a centralized system. 

         

Figure 5.2 - Load duration curve for centralized and individual heating systems considering the two 
building insulation scenarios for the coarse estimation of the heating demand. 

 

With the heating demand for BSD properly defined, it was possible to calculate the performances of 

the heating systems. These performances were calculated by using the range of values presented in 

Figure 3.2 and the assumed heating demands from Figure 5.1 and Figure 5.2. In addition, as previously 

mentioned, it was still necessary to add 20% of heating losses and to add the district heating network 

costs to the centralized systems’ calculations. 
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5.1.2 Performance and performance regret of the heating systems 

The performances results of the heating systems can be seen in Appendix G, where they are divided in 

four graphs, one for each KPI. The heating systems have one performance value for each of the 

scenarios considered. Six scenarios were considered in the initial comparison, as can be seen in Figure 

4.2.  As previously seen, regret is expressed as the maximum performance difference between a 

heating system and the best performing heating system in that scenario.  

The regret values for all the heating systems are plotted in Figure 5.3 and Figure 5.4, which depict the 

heating systems with the lowest cost of heat delivered regret written in black. The heating systems 

that have the lowest investment cost regret are also written in black, but are highlighted in a bolded 

format. The same is done for primary energy demand (PED) regret in Figure 5.3, and for CO2 emission 

regret in Figure 5.4, but the names of the heating systems are written in blue. 

If there would be heating systems with minimum regret values for all four KPIs, the initial comparison 

could have stopped at this point. In that case, the last step from the first phase of the design approach 

would not have been necessary, because those systems would clearly be the most fitted solutions for 

BSD. However, as it is possible to see in Figure 5.3 and Figure 5.4, there were no heating systems that 

outperform the others in all KPIs. Therefore, it was necessary to rank the solutions in order to conclude 

this initial comparison. 

 
Figure 5.3 - Graphic representation of three KPI regrets. The heating systems that have the lowest 
heat delivered cost regret are written in black, the systems that have the lowest investment cost 

regret are highlighted in a bolded format, and the systems with the lowest PED regret are written in 
blue.  
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Figure 5.4 - Graphic representation of three KPI regrets. The heating systems that have the lowest 
heat delivered cost regret are written in black, the systems that have the lowest investment cost 

regret are highlighted in a bolded format, and the systems with the lowest CO2 emission regret are 
written in blue. 

 

5.1.3 Ranking and selection of the “best-fitted” heating solutions 

In order to rank the systems, the AHP method was used and the weight of the KPIs were varied to 

consider all possible combinations. However, repeat combinations were disregarded from the 

calculation. For example, in case that the decision makers would have the same preference for the 

KPIs, it does not matter if the KPI’s preference weights are 1 or 7, as long as they are all the same. So 

only one of the cases was considered and the other 6 were disregarded in order to not repeat the 

evaluation of the same case. 

In total, 2303 different cases were computed. Table 5.1 shows the final overall rank of the heating 

systems, where the cumulative score of the systems was the sum of all their scores considering the 

different KPI importance weight cases.  

However, further discussion and analyses were still needed before selecting the “best-fitted” heating 

systems for BSD. Some heating systems have characteristics that the design approach could not 

account for. In addition, Figure 5.5 shows a rank map of all the heating systems, where the systems 

have a yellow representation if they were within the best 5 systems in that KPI weight combination. 

This figure also needed to be taken into consideration for the selection of the “best-fitted” heating 

system, because a system that has a high frequency of appearance among the best ranked options 

needs to be further considered even if the system has a low cumulative score. 
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Table 5.1 – Final rank for the heating systems considering the initial comparison. 

Alternative Cumulative Score  

DH - Heat Pump 176.85 

Boiler - NG 159.38 

GSHP 138.43 

DH - Waste Heat 134.88 

DH - NG Boiler 133.64 

Boiler - Bio 133.05 

ASHP 116.06 

DH - Geothermal 108.99 

Boiler - Electric 107.82 

DH - Solar Thermal 107.29 

DH - CSP 103.17 

Absorption HP 101.28 

DH - Bio Boiler 95.78 

PVT 94.03 

Solar Thermal 91.75 

DH - Electric Boiler 84.25 

Micro CHP* 70.83 

CHP – Geothermal 70.75 

DH - Waste to Energy 67.24 

CHP – NG 60.55 

CHP – Coal 57.75 

CHP - Biomass 45.86 

CHP - WtE 43.36 

SUM 2303 

* Micro CHP for natural gas. 

As shown in Table 5.1, among the top five heating systems, two use natural gas as a fuel source. As 

explained before, the absence of natural gas is one of the requisites for BSD. With this in mind, the DH 

natural gas boiler system was not considered as a viable solution for the district. However, the 

individual natural gas boiler was still selected for the next phase of the project, not as a possible 

solution, but as a source of comparison. All the other heating systems can be compared with gas boilers 

in order to show their potential benefits to home owners or other stakeholders that are reluctant to 

switch to a renewable heating system. 

Waste heat DH systems appear as one of the best possible solutions. However, the assumption 

adopted in the comparison considered that all the heating demand from BSD is covered by a source of 

waste heat close to the district. Given that BSD is primarily a residential district and no heavy industries 

are being considered for that area, having such a heat source is highly unlikely. Nevertheless, if BSD’s 

plans include such a waste-heat source in the future, then waste heat DH system should be considered 

as a possible heating system. 

If DH Waste Heat and DH Natural Gas Boiler are not considered as possible solutions, the next best-

ranked heating systems in Table 5.1 are ASHP and Biomass Boiler. However, ASHP has much similarities 
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with GSHP and considering a different heating system would add more value to the final comparison. 

Therefore, DH Geothermal was considered instead. Nevertheless, the AHP method could not account 

for any possible technical impossibilities that would prevent the implementation of a geothermal well 

close to BSD area. These limitations are better discussed on the detailed comparison results. 

As is possible to see in Figure 5.5, the only heating systems that appear as “best-ranked” systems and 

were not yet discussed are the Electric Boilers, DH Solar Thermal and DH Biomass Boilers. The DH 

Biomass Boiler needed a very specific KPI importance weight to appear as one of the best possible 

heating systems. In addition, as previously discussed, the cultivation of biomass for energy purposes 

have associated problems and environmental impacts (Brack, 2017). In addition, considering the size 

and location of the district, it is likely that biomass would have reliability issues and would need to be 

imported from other locations. Therefore, this system was not considered as a possible solution. 

 
Figure 5.5 – Compilation of all ranks of heating systems, where the systems are represented in yellow 

dots if they are within the best 5 ranked systems in that KPI importance weight combination. 
 

Although DH Solar Thermal have a higher frequency as a “best-ranked” heating system than DH 

Biomass Boiler, as presented in Figure 5.5, it was still not considered significant enough to be 

considered for the project’s next phase. In addition, thermal solar systems have major reliability 

problems, especially in the winter when there is less solar power production and more heating 

demand. Therefore, this heating system is more indicated to be an auxiliary system. 

Lastly, the Electric Boiler has a high frequency as a “best-ranked” heating system and has a relatively 

high cumulative score. Although this heating system might bring the need of a more robust and 

expensive electrical grid for BSD, it has no other reliability issues or environmental impacts that were 

not considered. Therefore, this heating system was considered for the next phase of this project and 

as a possible solution for BSD. 
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It is interesting to point out that if the complete process of ranking the heating system is performed 

without the systems that have been previously disregarded, the “best-fitted” systems remain the 

same. As shown in Table 5.2, the cumulative scores of the heating systems changed, but the first six 

heating systems remained the same. 

With this in mind, Table 5.3 shows the heating systems that were considered for the detailed 

comparison phase of this project. These systems were considered the most robust in the initial 

comparison, not only for always having the highest cumulative score among the considered heating 

systems, but also for having a high frequency of appearance among the best ranked options.  

Table 5.2 – Final rank of the heating systems considering a case with only 20 heating systems and 16 
heating systems. 

Alternative Cumulative Score   Alternative Cumulative Score  

DH - Heat Pump 216.01  DH - Heat Pump 276.10 

Boiler – NG 188.23  GSHP 251.71 

GSHP 172.29  Boiler - NG 207.51 

Boiler - Bio 158.82  Boiler - Bio 176.17 

DH – Geothermal 146.28  DH - Geothermal 157.72 

Boiler - Electric 133.68  Boiler - Electric 144.01 

DH - Solar Thermal 125.96  DH - Solar Thermal 135.12 

DH - CSP 121.80  DH - CSP 133.65 

Absorption HP 120.29  Absorption HP 130.59 

DH - Bio Boiler 112.82  DH - Bio Boiler 122.04 

PVT 109.22  PVT 116.62 

Solar Thermal 107.13  Solar Thermal 114.03 

DH - Electric Boiler 99.08  DH - Electric Boiler 105.53 

CHP – Geothermal 85.89  CHP - Geothermal 89.06 

Micro CHP* 83.51  Micro CHP* 88.28 

DH - Waste to Energy 79.31  CHP - Biomass 54.87 

CHP – NG 69.91  SUM 2303 

CHP - Coal 68.07  

CHP - Biomass 54.11  

CHP - WtE 50.58  

SUM 2303  

* Micro CHP for natural gas. 

Table 5.3 – Considered heating system for the detailed comparison. 

Alternative 

DH - Heat Pump 

Boiler - NG 

GSHP 

Boiler - Bio 

DH – Geothermal 

Boiler – Electric 
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5.2 Detailed Comparison 

5.2.1 Estimated heating demand and peak loads 

For the detailed comparison, the heating demand for BSD was calculated through the BPS software. 

As explained in Chapter 4.2, the different buildings assumed for BSD were simulated separately in 

order to have a heating demand for the district. This bottom-up approach resulted in various heating 

demands corresponding to the defined scenarios. These scenarios are summarized in Figure 4.11 and 

their demands are shown in Figure 5.6, where the upper values from the ranges correspond to the 

maximum occupant behavior scenario, and the lower range, the minimum. In addition, Figure 5.7 

shows the peak heating demands for the individual and centralized heating systems in all different 

scenarios considered. The annual heating demand and peak heating demand assumed from the 

literature data (initial comparison) are depicted in red in Figure 5.6 and Figure 5.7 for comparison. 

Detailed results from the energy simulation of the different buildings in BSD can be found in the 

Appendix I. These results are also compared with available literature data in Appendix H in order to 

analyze the results and assumptions made during the detailed comparison. 

 
Figure 5.6 - Annual heating demand of all different scenarios considered. Red dots represent the 
results from the coarse estimation of BSD’s heating demand (1st phase of the design approach). 

 
Figure 5.7 - Peak heating demand of all different scenarios considered. Red dots represent the results 

from the coarse estimation of BSD’s heating demand (1st phase of the design approach). 
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As presented by Figure 5.6 and Figure 5.7, the high insulation scenarios have a lower heating demand 

than the scenario that considers the current insulation levels of the Dutch building stock. This result is 

expected, since the high insulation scenario assumed more insulation and less infiltration for the 

building. In addition, it is interesting to notice that the two climate scenarios have opposite influences 

in the heating demand. On the one hand, the “1%” scenario considered a climate change that resulted 

in more extreme temperatures, increasing the heating demand due to colder temperatures in the 

winter. On the other hand, the “hot” scenario considered an overall increase in temperature, creating 

more mild winters and decreasing the heating demand. 

It is worth mentioning that Figure 5.6 shows a good match between the heating demand results from 

the initial comparison and their correspondent simulated demands. Considering that the assumed 

heating demands from the initial comparison were supposed to represent a minimum and maximum 

range of expected heating demand for BSD, they had a good proximity with the lower range of the high 

insulation scenario and the higher range of the current scenario. In matter of fact, the “Literature High 

Insulation” presents a deviation of 3.5% from its correspondent simulated case, and the “Literature 

Current” has a deviation of 9%. Therefore, the assumed heating demand from the initial comparison 

served its purpose, giving a realistic range of heating demand for BSD without using more complex and 

detailed simulations.  

The match between the peak heating demands from the initial comparison and their correspondent 

simulated demands are not as good as the heating demand case. This bigger difference is expected 

since the heating demand profile used for supermarkets, shops and restaurants/cafés were considered 

the same as the multifunctional building from Walker et al. (2017). This assumption was made due to 

lack of literature data and clearly influence the results.   

5.2.2 Additional detailed assumption for heating systems 

With the heating demands defined, the heating systems selected from the initial comparison could be 

simulated in a detailed analysis. Due to the higher detail level of the simulations, some of the 

properties defined in Figure 3.2 and in Appendix J could not be used in the detailed simulations. 

Instead, these properties had to be replaced by more detailed inputs in the simulations that could 

better represent the heating systems. For example, instead of using one benchmark value for the total 

cost of heat delivered, this input was divided into fix O&M, variable O&M and fuel costs.  

In addition, PEF was no longer used. As previously discussed, this factor can lead to misleading results, 

since it might be defined by public policy or political influence (BPIE, 2017). Furthermore, since the 

energy system of BSD was not completely defined yet, it was better not to associate the heating 

systems with primary energy. Instead, total energy demand required by the heating systems was 

calculated based on efficiency and energy losses. Therefore, the decision makers can later decide the 

best way to meet this demand. 

CO2 emission factors follow the same idea as the PEF and were no longer used for the heating systems. 

Instead, the total emission from the heating systems was calculated based on the heating demand, 

efficiency of the system and the type of fuel used. 

It is important to point out that all the electricity used in the simulations was assumed to have the 

same characteristics as the Dutch electrical grid. Since it was still undefined which electricity 

production method BSD would have, a conservative approach was chosen. Therefore, it was assumed 
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that BSD would have at least the same share of renewable energy as the Dutch electrical grid and the 

same price.  

Table 5.4 summarizes the most important inputs for the detailed simulation of the heating systems. It 

is important to mention that the efficiencies were calculated with the HHV of the respective fuels. For 

biomass, this value is 15.1 MJ/kg (RVO, 2018; Harmelink, 2017), and for natural gas, 35.17 MJ/m3 (ECN, 

2018). For the heating systems that use electricity as fuel, the efficiencies were obtain from Table J.2. 

All the inputs shown in Table 5.4 are straightforward and easy to understand, with the exception of 

the DH-Geothermal case. This heating system requires electricity to pump water through the 

geothermal well, which was assumed to have a demand of approximately 25 kWhe/MWht (Yildirim et 

al., 2010), three times the requirement for the DH water pump (IEA, 2013). This factor was multiplied 

by the electricity emission and electricity price to have the resulting fuel cost and emission for the DH-

Geothermal.  

The efficiency of the DH Geothermal is not presented in Table 5.4 because it did not follow the 

calculations found in the literature. Usually, the efficiency of geothermal power plants is calculated as 

a function of the running capacity of the system, the total mass flow rate and the reservoir enthalpy. 

However, this calculation method does not indicate the total energy demand of the heating system. 

Therefore, the efficiency of DH Geothermal was calculated as the ratio of the total energy input and 

the total energy output of the system. 

Table 5.4 - Inputs of the heating systems for the detailed comparison with their respective variations 
for the sensitivity analysis. 

Heating System 

Fuel O&M Cost Initial 

Investment 

[M€/MW] 

Efficiency 

[%] 
Cost 

[€/MWh] 

CO2 Emission 

[kg/MWh] 

Fix 

[€/kW] 

Variable 

[€/MWh] 

Bio 

Boiler 

Residential 45.3  ± 15 
373  ± 32 

24  ± 5 6  ± 1 0.6  ± 0.1 83  ± 2 

Non-res 28.6  ± 15 13  ± 5 4  ± 1 0.35  ± 0.15 88  ± 2 

NG 

Boiler 

Residential 87 ± 9 
183  ± 11 

3.5  ± 1.5 0.3  ± 0.1 0.1  ± 0.02 88.3  ± 6 

Non-res 77  ± 8 1.9  ± 1 0.17  ±0.1 0.06  ± 0.015 94.6  ± 4 

Elect 

Boiler 

Residential 203  ± 20 
340  ± 40 

3  ± 1.5 0.5  ±0.25 0.09  ± 0.01 99  ± 1 

Non-res 122  ± 20 2  ± 1 0.5  ±0.25 0.06  ± 0.02 99  ± 1 

GSHP 
Residential 203  ± 20 

340  ± 40 
12  ± 3 0.5  ±0.25 1.4  ± 0.2 320  ± 40 

Non-res 122  ± 20 6  ± 2 0.5  ±0.25 1.0  ± 0.2 330  ± 40 

DH-Geo 3  ± 1 10  ± 5 24  ± 12 3  ± 1 1.2  ± 0.6 - 

DH-HP 106  ± 14 340  ± 40 5.6  ± 1.4 1  ± 0.5 0.8  ± 0.2 360  ± 30 

DH system 0.8  ± 0.3 2.72  ± 1.1 1% - 2.3  ± 0.2 M€ 83 

 

It is important to point out that just like the electricity from the Dutch national grid, it was assumed 

that the electricity prices in BSD vary with the consumption of the end-users. Larger electricity 

consumers tend to have lower prices (CBS, 2019a). In addition, the prices used for the DH cases are 

similar to industrial application presented in CBS (2019a). Alternatively, a wholesale price of electricity 

could have been assumed for those cases, reducing the fuel cost of the DH alternatives. However, the 

industrial prices of electricity were considered sufficient for this project, since it was unknown which 

rate a DH company would pay for electricity. 
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The inputs presented in Table 5.4 directly affect the final comparison between the heating systems 

and, thus, influence in the final result of this project. Therefore, uncertainties related to these inputs 

can have a significant impact on the project’s outcome. In order to try to compensate for these 

uncertainties, a sensitivity analysis was performed on these parameters. Therefore, a variation 

considered for the inputs is also presented in Table 5.4. 

5.2.3 Analysis and presentation of results 

The inputs of Table 5.4 combined with their variations (sensitivity analysis) resulted in three scenarios 

for the heating system. These scenarios were combined with the 144 previously defined scenarios 

presented in Figure 4.11, totalizing a large and complex set of data. The results from these different 

scenarios could have been grouped in different ways depending on the objective of the analysis and 

which stakeholder was on focus. Therefore, instead of struggling to create a large set of graphs trying 

to anticipate the decision makers’ needs, an interactive representation method for the results was 

preferred. Thus, the decision makers could choose their own preferences and requirements and clearly 

present the different results of this project in a way tailored to their needs. 

PivotTable and PivotChart are tools present in Excel that allow an interactive representation of the 

results. The tables are used to summarize, analyze, explore, and present the results of the project. The 

charts complement the tables by adding visualizations to the data, and allowing to easily see 

comparisons, patterns, and trends. With the use of slicers and filters, it becomes easy and intuitive to 

obtain the results needed in the analysis. 

Figure 5.8 shows the slicers proposed to filter the different results of the PivotTable and PivotChart. In 

this specific example, the results show the scenario with high insulation buildings, the best guess 

assumption for the heating system’s inputs and occupancy behavior. In addition, two specific years in 

the future were considered. This design selection was applied to the data to create the PivotChart 

depicted in Figure 5.9. Furthermore, for more detailed results, all the data depicted in Figure 5.9 are 

available in the PivotTable, shown in Figure 5.10. 

This representation is only one of many possibilities for presenting the performance of the heating 

systems. Other KPIs were also considered, such as initial investment, CO2 emissions and total energy 

demand. The KPIs can be analyzed in many different ways, evidencing different years, climate 

scenarios, and with different insulation levels for the building stock and occupancy behavior 

assumptions. In addition, comparisons become very simple and easy to visualize by presenting the 

results as a difference function from a base item (another heating system, for example). 

More details about the applicability of the PivotTable and PivotCharts are presented in the next 

chapter, where different case studies are presented that highlights the usability of this project for 

different stakeholders. 

 
Figure 5.8 – Example of the design selection of the slicers for the representation of results. 
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Figure 5.9 - Plot of the total cost of heat delivered for 2030 and 2050, considering all different 

scenarios, high insulated buildings, and the best guess assumption for the heating systems’ inputs 
and occupancy behavior scenario. Chart according the design option of Figure 5.8. 

 

 

Figure 5.10 – Data results of the total cost of heat delivered for 2025 and 2050, considering all 
different scenarios, high insulated buildings, and the best guess assumption for the heating systems’ 

inputs and occupancy behavior scenario. Table according the design option of Figure 5.8. 

5.2.4 Analysis using the regret results (robustness analysis) 

Although presenting the absolute values of the different KPIs is very useful, these representations 

cannot account simultaneously for all the different scenarios and KPIs. Finding the most robust heating 

solution for all the considered scenarios and KPIs would require an extensive and complex analysis. In 

order to facilitate this task, the solutions were ranked using the process detailed on Chapter 4, where 
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the minimax regret and AHP methods were used together with a parametrization process of the 

importance weight of the KPIs. Since the number of heating systems are smaller than the initial 

comparison, the weights of the KPIs could be vary from 1 to 9, which is the complete scale of the AHP 

presented in Figure 4.4. This parametrization process resulted in 6223 different cases, which were added 

to have a cumulative score for each heating system. This score was considered the robustness of the 

systems (robustness score). 

The robustness score is a metric that accounted for the different insulation levels of the buildings, 

occupancy behavior scenario, the variations on the heating system’s input and the different scenarios 

considered for the district (climate change, expansion of the district, public policy, etc.). Therefore, a 

different set of slicers was required than the one presented in Figure 5.8. These new slicers were 

specifically proposed to simplify the analysis of requirements, such as adaptability to future variations 

and scalability.  

Figure 5.11 shows an example of the slicers used for the robustness score representation and how the 

results could be filtered. In this specific case, all the scenarios and heating solutions were considered, 

and their robustness score were grouped in different years in Figure 5.12. Figure 5.13 shows the results 

in a PivotTable. 

 
Figure 5.11 – Example of slicer selection for representation of the robustness scores of the heating 

system. 

 
Figure 5.12 – Robustness score of the heating systems considering all scenarios and all different years. 

Chart according to the design option of Figure 5.11. The system with the highest score is recommended. 
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Figure 5.13 – Robustness score of the heating systems considering all scenarios and all different years 

in the table format. Table according the design option of Figure 5.11. 
 

According to Figure 5.12 and Figure 5.13, DH Geothermal is the most robust heating system when 

considering investment cost, total cost of heat delivered, CO2 emissions and total energy demand for 

the system. However, there were high uncertainties related to this heating system that the methods 

used in this project could not account for. The feasibility of a geothermal well highly depends on the 

intended location of the project and the soil properties, such as geothermal gradient. Depending on 

the local properties in BSD, the DH geothermal well might have different characteristics than assumed 

in this project, and thus, different scores as presented in Figure 5.12 and Figure 5.13. Furthermore, the 

local properties of the BSD soil can be such that a geothermal well might not even be technically 

feasible. 

Therefore, the geothermal slicer and filter were added, as can be seen in the previous figures, to show 

the results disregarding the DH Geothermal system. Without considering this system, the overall ranks 

of the other heating solutions changed because their regret levels also changed, as can be seen in 

Figure 5.14. It is possible to notice that without considering the DH Geothermal system, the two 

heating solutions with the highest scores are GSHP and DH Heat Pump, while in Figure 5.12, the 

Electrical Boiler have a higher robustness score than the GSHP. 

 
Figure 5.14 - Robustness score of the heating systems considering all different scenarios and all 
different years, but disregarding the DH Geothermal heating system. The system with the highest 

score is recommended. 

Sum of Robustness Score Column Labels

Row Labels Biomass Boiler DH_Geothermal DH_HP Electrical Boiler GSHP Natural Gas Boiler Grand Total

2019 535                          2,161                     936      838                       836      917                            6,223            

All 535                          2,161                      936      838                       836      917                            6,223            

2030 446                          1,824                     1,252   899                       977      824                            6,223            

All 446                          1,824                      1,252   899                       977      824                            6,223            

2050 427                          1,726                     1,101   1,044                    930      995                            6,223            

All 427                          1,726                      1,101   1,044                    930      995                            6,223            

2050_Tax 420                          1,551                     1,181   1,077                    1,007  988                            6,223            

All 420                          1,551                      1,181   1,077                    1,007   988                            6,223            

Grand Total 1,829                       7,262                     4,470   3,858                    3,749  3,724                         24,892          
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As previously mentioned, the “Scenarios” slicer shown in Figure 5.11 was proposed to facilitate the 

analyses of requirements, such as adaptability to future variations and scalability. For example, Figure 

5.15 shows the robustness score variation between the standard scenario and the bigger district 

scenarios for all heating systems except DH Geothermal. This representation highlights which heating 

systems have an increase in the robustness score in the case of an expansion of the district. However, 

the analysis of the variation of the robustness score alone might be misleading. Even though Electrical 

Boiler have a positive variation with the expansion of the district, as can be seen by Figure 5.15, its 

robustness score is still lower than the GSHP, as can be seen in Figure 5.16, which has a negative 

variation with a bigger district. 

The increase in the robustness score of the DH Heat Pump system with a bigger district is expected, 

since DH systems have a high fix costs that end up being diluted in a bigger district scenario. Therefore, 

DH Heat Pump does not have a proportional increase in costs with the increase of the district. The low 

increase of costs, together with relative low increase of emission and energy demand results in an 

increase in the robustness score of the DH Heat Pump.  

Individual solutions do not share the same characteristic as the DH systems and usually have a 

proportional increase in costs in a district expansion case. However, the slight increase in robustness 

score of the Electric Boiler, which might be unusual at first sight, is related to the lower investment 

cost of the Electric Boilers compared to the other heating systems. Therefore, a bigger district results 

in a lower increase in costs for the Electric Boiler than the other heating systems, reducing the 

investment cost regret for the Electric Boiler system. The lower investment cost increase, combining 

with a relatively low increase in the total energy demand, end up offsetting the relative increase in 

emissions and total cost of heat delivered, resulting in a slight increase in the robustness score. 

The other heating systems do not excel in any of the KPIs and do not have such a good balance between 

the variations of their performances with an expansion of the district. The relative high investment 

cost of the GSHP, high emissions of the Biomass Boiler and the high operation cost of Natural Gas Boiler 

are determinant factors for the robustness score variation of these heating systems in Figure 5.15. 

 
Figure 5.15 - Robustness score differences between the bigger district scenario and the standard 

scenario, considering all different years, but disregarding the DH Geothermal heating system. 
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Figure 5.16 - Robustness scores of the bigger district scenario and the standard scenario, considering 

all different years, but disregarding the DH Geothermal heating system. 
 

The same analysis was done with climate variation. This cases was used to analyze how the heating 

systems perform with possible future changes. In this case, the results are similar to the scalability 

example previously presented, where the DH Heat Pump and the GSHP have the highest robustness 

score, but not necessarily the best variation. Figure 5.17 and Figure 5.18 show an example for the 

climate change analysis. Notice that the worse variation is for the DH Heat Pump, mainly due to an 

increase on the investment cost regret and the total cost of heat delivered caused by the reduction of 

heating demand in the “hot” scenario. The best variation is for the GSHP, which is caused by a 

reduction in the total cost of heat delivered regret, combined with an already low total energy demand 

and CO2 emission regret. 

 
Figure 5.17 - Robustness score difference between the climate change scenarios and the standard 

scenario, considering all different years, disregarding the DH Geothermal heating system 
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Figure 5.18 - Robustness scores of the climate change scenarios and the standard scenario, 
considering all different years, but disregarding the DH Geothermal heating system. 
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6 Case Study and Applicability 

In this chapter, two different case studies are described to better exemplify the applicability of the 

method and results presented in this project. These two case studies represent two different 

stakeholders involved in this project and how their preferences and needs can be reflected in the 

presented results. 

6.1 Homeowner  
 

As previously discussed, if a homeowner is acting as the decision maker, usually the priority lies in a 

heating system that has low investment cost and low total costs of heat delivered. The heating system 

needs to maintain these performance indicators low independently of the scenarios considered, so a 

certain level of robustness is also required for the heating systems. 

The initial investment results are fairly easy to represent, given the fact that the costs were not 

considered to change across the years. Therefore, the initial investment costs of all heating systems 

are presented in Figure 6.1, considering all different scenarios, the high and current building insulation 

levels. In addition, the results presented consider the best guess values for the heating systems’ 

properties and the best guess values for the occupancy behavior assumptions.  

 
Figure 6.1 - Initial investment of all heating systems in all different scenarios, considering the high 

and current building insulation levels and the best guess assumption for occupancy behavior and the 
property of the heating systems.  Chart according to the design option of Figure 6.2. 

 
Figure 6.2 – Slicer design selection used to represent Figure 6.1. 
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As is possible to see in Figure 6.1, the district heating systems have an initial investment cost much 

higher than individual heating systems. However, the values presented in Figure 6.1 refer to the total 

investment cost of the systems. Many of the costs of a DH system are not passed to the homeowners, 

such as the heat network and the heat generation plant. These costs are the responsibility of private 

companies. The initial cost of the homeowners are limited to the installation of the heat substation 

and the connection to the heating grid. Therefore, the analysis was once again performed and 

presented in Figure 6.3, but only considering the homeowners’ investment costs. The result is 

presented in €/house because this unit is more relatable for homeowners.  

 
Figure 6.3 – Homeowner’s initial investment for all heating systems in all different scenarios, 
considering the high and current building insulation levels and the best guess assumption for 

occupancy behavior and the property of the heating systems. Chart according to the design option of 
Figure 6.2. 

 

As shown in Figure 6.3, the Natural Gas Boiler and the Electrical Boiler have the lowest initial 

investment cost in all different scenarios, followed by the DH systems. It was not assumed a difference 

in investment costs for the DH systems, since the DH substation do not depend on the heat source.  

The other priority for homeowners is the total cost of heat delivered, which, differently from initial 

investment, has a more complex representation since this indicator was considered to vary with time. 

The variation of the total cost of heat delivered was assumed to be mainly due to changes in fuel cost 

caused by inflation and energy taxes. Natural gas and electricity were assumed to follow the price 

progression presented in Chapter 4, with an addition of fix and network operator costs of €300 per 

year. Biomass was assumed to have a price progression defined according to the inflation (2%) and an 

assumed fix cost of €400 per year. The heat price for DH was defined according to ACM (2018) and had 

a similar price progression as electricity.  

Figure 6.4 and Figure 6.5 present the total cost of heat delivered for homeowners considering the 

different years. These graphs follow the preference presented in Figure 6.2, but have a different year 

selection. 
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Figure 6.4 – Total costs of heat delivered for homeowners for all different scenarios, considering the 

high and current building insulation levels and the best guess assumption for occupancy behavior 
and properties of the heating systems in 2019 and 2030. 

 

 
Figure 6.5 - Total cost of heat delivered for homeowners for all different scenarios, considering the 
high and current building insulation levels and the best guess assumption for occupancy behavior 

and properties of the heating systems in 2050, for scenario with and without energy tax shift. 
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As shown in Figure 6.4 and Figure 6.5, GSHP has the lowest heat delivered costs in all presented cases, 

which is also the heating system with the highest initial investment. Since there was not an option that 

had a low initial investment and a low total cost of heat delivered, the minimax regret method and the 

AHP methods were required to calculate the robustness of the heating systems.  

Ideally, the homeowners would know their preference and would be able to use it as inputs for the 

KPIs weight in the AHP method. However, since their preference were still unknown, a parametrization 

method was once again used. Nevertheless, the parametrization process did not consider all KPIs 

weight combinations. In order to take into account the homeowners’ preferences, only the 

combinations that prioritize the initial investment and the total cost of heat delivered were considered. 

The robustness scores of the heating systems are presented in Figure 6.6, considering all heating 

systems, and Figure 6.7, disregarding the DH Geothermal heating system. 

 
Figure 6.6 – Robustness scores of the heating systems considering a homeowner as decision maker. 

The system with the highest score is recommended. 

 
Figure 6.7 – Robustness score of the heating systems considering a homeowner as decision maker, 

but disregarding DH Geothermal. The system with the highest score is recommended. 
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As is possible to see, the DH Geothermal is the most recommended heating systems for homeowners, 

since it has the best robustness score between the considered options. However, if this system would 

not be feasible due to some possible complication in the BSD area, GSHP would take the place as the 

most recommended heating system for homeowners. 

It is important to point out that the results presented in Figure 6.6 and Figure 6.7 were obtained varying 

the preference of the homeowners regarding all the KPIs, but prioritizing the initial investment and 

total cost of heat delivered. This was the reason that DH Geothermal and DH Heat Pump have different 

scores while having the same initial investment and heat delivered cost. The low CO2 emission and 

energy demand of the DH Geothermal made this option had a higher robustness score. 

Nevertheless, it would be possible that a homeowner might have a difference preference for the KPIs 

that would result in a different system as the recommended solution. Furthermore, CO2 emission and 

energy demand might not even be considered at all by a homeowner. Therefore, a scatter plot showing 

the initial investment and total cost of heat delivered for all the different scenarios is presented in 

Figure 6.8. In this graph is possible to see that the DH system has an initial investment that do not 

depend on the size of the system and that in many cases has a similar cost of heat delivered as GSHP, 

but with a significant lower investment cost. 

     

  
Figure 6.8 - Initial investment and total cost of heat delivered for the heating systems considering 

homeowners as decision makers. 

 

Finally, the presented results using PivotCharts might also be useful for homeowners to visualize a 

comparison between the heating systems. This comparison view can also be useful for homeowners 

that are uncertain about their preference and want a better idea of the payback time when considering 

the initial investment and the total cost of heat delivered. Furthermore, the comparison view is much 
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useful to highlight the benefits of switching from a natural gas regime to a renewable heating system. 

Figure 6.9 shows the initial investment difference between Natural Gas Boilers and other heating 

systems, and Figure 6.10 shows the total cost of heat delivered difference between Natural Gas Boiler 

and other heating systems.  

 
Figure 6.9 - Initial investment difference between NG Boiler and other heating systems (GSHP and DH 

HP) for all scenarios and considering the current and high insulation buildings. 

 
Figure 6.10 – Total cost of heat delivered difference between NG Boiler and other heating systems 
(GSHP and DH HP) for all scenarios and years, considering the current and high insulation buildings. 
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As presented in Figure 6.9, there was a difference varying from approximately €5000 to €9000 between 

the initial investment cost of GSHP and DH HP. Considering the total cost of heat delivered presented 

in Figure 6.10, GSHP has a payback time of approximately 21 years in the most optimistic scenario 

when compared to DH HP. In the pessimistic scenarios, it is not possible to reach a payback when 

comparing GSHP and DH HP. When compared to NG Boilers, the payback time from GSHP vary from 

16 to 21 years, and from 4 to 19 years for DH HP. 

 However, these results and recommendations differ if a policymaker is the decision maker. A case 

study is presented with a policymaker as decision maker in the next section. 

6.2 Policymaker 

 

Differently from the homeowners, policymakers prioritize a robust design that has low CO2 emission 

and low total energy demand. Costs tend not to be high on the priority list, as can be seen in Table 2.3. 

Therefore, Figure 6.11 shows the CO2 emission of the different heating systems considering all 

scenarios. Since it was assumed that in 2050 all heating systems would no longer have CO2 emission, 

with the exception of biomass boiler, which had a constant emission throughout the years, only 2019 

and 2030 are shown in Figure 6.11. In addition, since the tax shift policy do not affect the heating 

system’s CO2 emission, this scenario is not represented in Figure 6.11. 

 

 

Figure 6.11 – Average CO2 emission results for all heating systems considering all variations of the 
heating systems’ properties. Results also consider the high insulated and current building insulation 
levels and the best guess assumption for occupancy behavior for 2019 and 2030. Chart according to 

the design option of Figure 6.12. 
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Figure 6.12 - Slicer design selection used to represent Figure 6.11. 

 

As is possible to see in Figure 6.11, DH Geothermal has the lowest CO2 emission in all cases considered, 

followed by GSHP and DH Heat Pump. Biomass Boiler has the highest emissions, followed by Electric 

Boilers. However, electricity was assumed to have a higher share of renewable energy in 2030, making 

the emissions for Electric Boilers slightly lower than Natural Gas Boiler that year.  

The other important aspect for policymakers is the total energy demand. Since it was assumed that 

the energy demand of the district and the efficiency of the heating systems do not change with the 

years, the total energy demand of the heating systems also remained constant with time. Therefore, 

this KPI has a simpler representation, which can be seen in Figure 6.13. With exception of the years, 

this figure follow the preference presented in Figure 6.12. 

 
Figure 6.13 - Average total energy demand results for all heating systems considering all variations of 

the heating systems’ properties. Results also consider the high insulated and current building 
insulation levels and the best guess assumption for occupancy behavior. 

 

As shown in Figure 6.13, the heating system with the lowest energy demand was once again DH 

Geothermal, followed by GSHP and DH Heat Pump. Since there were two heating systems that have 

lowest CO2 emissions and energy demand, a further analysis would not be necessary if policymakers 

were only concerned with these two KPIs. In this case, the recommended heating systems from a policy 

maker perspective would be the DH Geothermal and the GSHP.  
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However, policymakers tend to also take robustness of the system into consideration. Therefore, a 

similar method as the one presented in the homeowner case was used, but now the parametrization 

method prioritize CO2 emission and total energy demand. The robustness scores of the heating 

systems are presented in Figure 6.14, considering all heating systems, and Figure 6.15, disregarding 

the DH Geothermal heating system. 

 
Figure 6.14 - Robustness score of the heating systems considering a policymaker as decision maker. 

The system with the highest score is recommended. 

 
Figure 6.15 - Robustness score of the heating systems considering a policymaker as decision maker, 

but disregarding DH Geothermal. The system with the highest score is recommended. 
 

As is possible to see, DH Geothermal and GSHP were the most robust heating systems and are the 

recommended systems from a policymaker perspective. With the exception of a few cases for 2050, 

DH Geothermal and GSHP were always the best ranked heating systems independently of the KPI 

preference, as long as CO2 emission and total energy demand were prioritized. 
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7 Conclusions, Limitations and Future Work 

This chapter presents the main conclusions that could be drawn from this project. In addition, this 

chapter highlights the limitations of this project and concludes by indicating future research directions.  

7.1 Conclusions 

 

The main purpose of this project was to assist the BSD’s energy design team in their decision making 

process towards a final design of the heating system that can reflect BSD’s goals and characteristics. 

Both the project’s objective and the design approach were shaped from the absence of a design team 

during the initial stages of this project. Therefore, a broad approach was prioritized in order to increase 

the usefulness of the project to BSD’s design team. 

This broad approach brought many new obstacles, since all heating systems dominant in the market or 

that had been used in similar projects were initially considered for this project. Due to the high number 

of heating systems initially considered, a detailed analysis of their applicability for BSD would have been 

much tiresome. Furthermore, many heating systems had properties that were in direct conflict with 

the principles and ideas of BSD. Therefore, these systems needed to be “filtered” for the BSD case. 

During the selection of the “best-fitted” heating systems for BSD, the absence of the design team once 

again shaped the approach taken by the project. Without a clear guideline from decision makers, a 

parametrization process was used in the KPI’s importance weight in the AHP method, which allowed the 

selection of the most robust heating systems. The same parametrization process was applied in the 

detailed comparison of the heating systems in order to calculate their robustness score. 

All the extra effort brought by the limitations present in the start of this project created a more robust 

method for the selection of the heating system for BSD. This method can be used by the energy design 

team to select the most robust heating system considering all different stakeholders, as it was 

presented in Chapter 5. In addition, it can also be used for specific stakeholders, as it was presented in 

Chapter 6.  

Important conclusions drawn from the results presented in Chapter 5 and Chapter 6 indicated that, 

out of all the considered heating systems, DH Geothermal was the most robust solution for BSD. This 

heating system could best meet the requirements of the different stakeholders considered in this 

project. In case that factors not considered by this project prevent the installation of geothermal wells 

in BSD area (such as soil properties or low geothermal gradient), GSHP and DH Heat Pump became the 

recommended system depending on further definitions. On the one hand, DH Heat Pump had a higher 

overall robustness in future years and behaved better with a possible expansion of the district. On the 

other hand, GSHP had a higher overall robustness until 2030 and performed better in climate change 

scenarios.  GSHP behaved well in a tax shift scenario, but DH HP still had a higher robustness score, 

being the recommended system in a tax shift scenario where the energy tax in electricity was reduced. 

The same situation repeats itself when specific stakeholders were considered and DH Geothermal was 

disregarded as a solution. For a policymaker point of view, GSHP was the preferred heating system 

because of its low CO2 emissions and low total energy demand. For a homeowner perspective, GSHP 

had the highest robustness score when all KPIs are considered, but HP DH was recommended if only 

economical aspects were taken into consideration. 
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In short, selecting a heating system for a district is not trivial and different decision makers can 

drastically change the preferred system. Therefore, extra definitions and preference requirements are 

necessary before a final decision for a heating system for BSD can be made by the energy design team. 

Nevertheless, the design approach and the methods presented in this project can again be used with 

the updated preferences and definitions in order to select a robust heating system.  

7.2 Limitations and Future Work 

 

The initial stages of the project were shaped due to the lack of design team. The KPIs used in the project 

were derived from BSD’s energy documents and designs principles, and only heating systems that were 

commercially available and had a representative share in the heating market were considered. 

However, the BSD design team can expand this project to include more innovative heating systems 

and different performance criteria that were overlooked. As an example, replacement costs were not 

considered, not properly prioritizing heating systems that have a higher technical life time.  

Scenarios were used in this project as formulated alternatives in cases of uncertainty, which inherently 

have limitations since it would be unrealistic to take all possible scenarios into consideration. However, 

uncertainties in technology innovation and their impact on the heating systems’ costs were not 

considered. Considering this uncertainty might enhance the quality of the comparison. Furthermore, 

this uncertainty might have a major impact, since the BSD’s construction timeline might change. The 

consideration of technological advances and its impact on heating systems cost present interesting 

area for future work. 

This framework only takes into account one heating system at the time and do not considered 

combinations of the systems. For example, if a design would use HP for the base load and another 

system for the peak heating demand, it might show improvement in performance. Similarly, solar 

thermal might be used in combination with other renewable heating systems to improve the overall 

performance of the system. An extension of the work to considered more complex heating system’s 

design is interesting for future work.    

For reasons of scope, this project focused only on the heating system of BSD. However, it is important 

to consider the integration of the heating system with other sectors of BSD, such as mobility and 

electricity production. Therefore, a project that can integrate the whole energy sector of BSD is 

important to a good smart district design, but requires future work. 

The minimax regret method was chosen because of the decision makers’ attitude towards the risk 

acceptance in similar projects. However, in practice, various decision makers with different attitudes 

towards risk acceptance are involved in a project. Therefore, different methods could have been 

considered that considers different risk-taking approaches of decision makers, such as max-min 

method and the best-case and worst-case method (Kotireddy, 2018). An expansion of the project to 

consider different regret methods and robustness assessments present an interesting opportunity for 

future work. 

Lastly, policy measures and subsidy programs were not considered in this project. These factors might 

reduce the initial investment and total cost of heat delivered of heating systems that use renewable 

energy sources. The influence of these two factors on the comparison of the solutions can be an 

interesting expansion of this project, since these subsidies can be very useful for BSD’s design team. 
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A Appendix A – Residential Buildings 

A.1 Building Design 

 

All the design of the houses used in this project were based on RVO (2017) and represent a typical 

Dutch construction. It was assumed that the first floor of the houses have a living room and kitchen, 

and the bedrooms were located in the second floor. The last floor from the houses was considered a 

storage room, which influenced the assumptions for internal heat gain, occupancy presence and 

temperature set point. 

The design of the apartment building used in this project was also based on RVO (2017) and has 33 

residential units with an average area of 106 m2. This building has six floors, and the ground floor has 

three apartment units and three storage rooms. The apartment building has a central part constituted 

of hallways, stairs and an elevator space. All the non-residential space were assumed not to have 

heating or cooling. 

   

  

Figure A.1 – a) Detached House. b) Semi-Detached House. c) Terrace House. d) Corner House. e) 
Apartment Building. Designs from (RVO, 2017). 

 

The insulation level of the high insulated building were based on RVO (2017). However, the insulation 

level of the semi-detached houses was considered too elevated and it was assumed the same as the 

detached houses. For the terrace houses, the insulation level presented in RVO (2017) was considered 

too low and the values of Kotireddy (2018) were adopted instead. 

For current energy regulation buildings, the insulation levels presented in RVO (2019f) were followed. 
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Table A.1 – Different insulation levels adopted for the residential buildings. High insulation values 
according to RVO (2017) and Kotireddy (2018), and current values according to RVO (2019f). 

Construction 
Rc value [m2.K/W] U value [W/m2.K] 

High Insul. Current High Insul. Current 

Detached and 

Semi-

Detached 

Houses 

Floor 6 3.5 0.1624 0.2734 

Walls 7 4.5 0.1396 0.2144 

Internal Ceiling 1.01 1.01 0.8 0.8 

Roof 8 6 0.1226 0.1624 

Roof Window 0.67 0.743 1.65 1.3 

Windows 1.31 0.743 0.8 1.3 

Door 0.55 0.743 1.4 1.3 

Terrace and 

Corner Houses 

Floor 6 3.5 0.1624 0.2734 

Walls 6 4.5 0.1622 0.2144 

Internal Ceiling 1.01 1.01 0.8 0.8 

Roof 7 6 0.1397 0.1624 

Roof Window 0.74 0.743 1.3 1.3 

Windows - Terrace 1.03 0.743 1 1.3 

Windows - Corner 1.34 0.743 0.8 1.3 

Door 0.55 0.743 1.4 1.3 

Apartment 

Buildings 

Floor 5 3.5 0.1939 0.2734 

Walls 6 4.5 0.1622 0.2144 

Internal Ceiling 7 4.5 0.1382 0.8 

Internal Partition 6 4.5 0.16 0.2105 

Roof 7 6 0.1397 0.1624 

Windows 1.03 0.743 1 1.3 

Door 0.55 0.743 1.4 1.3 

 

A.2 Temperature Set Point 

 

The temperature set point for residential building was based on a report from Ministerie van VROM 

(2009). However, out of the six profiles identified for the Netherlands in the report, only five were used 

to create the average profile of this project, since the last profile had only discrete points. 

The temperature profile was divided into weekdays and weekends. It is possible to see that weekends 

have a higher temperature set point, probably due to more residents staying at home instead of going 

to work or school. 

It is important to point out that the last floor of the houses was considered to be a storage space. 

Therefore, the heating set point was assumed to be 3 °C lower than the other floors in order to reflect 

its lower use. 
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Figure A.2 – Heating set point profiles for residential buildings. Profile based on Ministerie van VROM 

(2009) 

 

A.3 Occupancy Profile 

 

The occupancy profile for residential buildings was proposed based on the work of Guerra-Santin and 

Silvester (2017) and the temperature set point profile (Ministerie van VROM, 2009), but corrected for 

the BSD case, i.e., considering bigger household sizes and younger population (CBS, 2017). It was 

assumed that the temperature set point and the occupancy profile were connected. Therefore, higher 

set point temperatures indicated higher chances of occupancy. With this in mind, it is possible to see 

a delay in the reduction of occupants in the morning in the weekends, which is related to a higher 

chance of residents staying at home and not going to work or school.  

It is important to point out that the profiles shown in Figure A.3 need to be combined to represent the 

occupancy presence in apartment buildings. In addition, since the last floor of houses was assumed to 

be a storage space, no significant occupancy was assumed. 

 

 
Figure A.3 - Occupancy profile for residential buildings. 
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A.4 Internal Heat Gain 

For internal heat gains on weekdays, an average value of 2.0 W/m2 for the residential building stock 

was used for the appliances and lighting gains (Kotireddy, 2018; Hoes, 2014). For weekends and 

holidays, since the occupancy profile reflects a higher presence of inhabitants, an average value of 2.1 

W/m2 was used instead. These average internal heat gain values are in line with the electricity 

consumption of Dutch households for Brandevoort I (CBS, 2017), which is about 30% higher than the 

Dutch average (CBS, 2019c). 

Lighting and appliances use, and their corresponding internal heat gains, were assumed to be triggered 

in proportion to hourly occupancy profile and reduce to standby mode when idle. The internal heat 

gain profile for each zone was based on ISSO (2011) and was made in a similar method found in the 

literature, such as in reference Kotireddy (2018) and Hoes (2014), and adapted to the occupancy profile 

defined in this project.  

It is important to point out that no relevant internal gain for the storage was assumed for houses. In 

addition, since apartment buildings were assumed with only one floor, the profile for the first and 

ground floor needed to be combine. 

    

 

Figure A.4 - Internal heat gain profile for residential buildings. 
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A.5 Hot Water Demand 

 

The domestic hot water (DHW) consumption was assumed to be independent from external 

conditions, i.e., the profile used for residential buildings did not depend on the type of building nor 

external climate. It was assumed that the DHW demand only depends on the household size. 

Therefore, all residential buildings were assumed to have the same DHW profile, which was based on 

NEN 7120 (2011) and Kotireddy (2018) and can be seen in Figure A.5. 

 

Figure A.5 - DHW profile for residential buildings. 
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A.6 Summary of Inputs Found in the Literature 
 

Table A.2 - Summary of inputs for occupancy behavior found in the literature for residential buildings. 

Aspect Reference Value 

DHW 

Kotireddy, 2018; Plas, 2018; 

Bekhuis, 2018 
40-100 L/person/day 

NTA 8800, 2019 40.29 L/person/day 

Proposed on this project 60 L/person/day 

DHW Profile Adapted from NEN 7120, 2011; Kotireddy, 2018 (Appendix A.5) 

Heating Set Point 

Adapted from Ministerie van VROM, 2009 (Appendix A.2) 

Kotireddy, 2018 18-22 °C (occup); 14-18 °C (non-occup) 

Bekhuis, 2018 22 °C (occup); 18 °C (non-occup) 

Hoes et al., 2011; 21 °C (occup); 14 °C (non-occup) 

CIBSE, 2015 17-24 °C depending on the room 

NTA 8800, 2019 20 °C (occup); 16 °C (non-occup) 

ISSO, 2011 20-23 °C depending on the room 

Cooling Set Point Not considered 

Occupancy Profile 

Adapted from Guerra-Santin and Silvester, 2017; Ministerie van VROM, 2009 

Kotireddy, 2018 Evening + all day 

Hoes et al., 2011 Evening + day and night 

ISSO, 2011 - 

Infiltration 

Kotireddy, 2018 Max 0.36 ACH 

CIBSE, 2014 Max 0.5-2 ACH 

Hoes et al., 2011 0.08 L/sm2 

RVO, 2017 0.15-0.4 L/sm2 

Proposed on this project 0.2 L/sm2 

Lighting Internal 

Gain 

Kotireddy, 2018 1-3 W/m2 

Hoes et al., 2011 2 W/m2 

CIBSE, 2015 100-300 LUX 

ISSO, 2011 500 LUX 

Appliance Heat 

Gain 

Kotireddy, 2018 1-3 W/m2 

Hoes et al., 2011 2 W/m2 

ISSO, 2011 10-300 W (List of appliances) 

ISO, 2008 2-20 W/m2 (occupants + appliances) 

Ventilation Rate 

Hoes et al., 2011 1 dm3/sm2 

CIBSE, 2015; EN 15251, 2007 Values depends on the room 

ISSO, 2011, NTA 8800, 2019 0.9 dm3/sm2 

ASHRAE, 2013 5 L/s.pers or 0.3 L/sm2 

Proposed on this project 1.2 L/sm2 

Occupants Heat 

Gain 

Milieucentraal, 2017 122 W 

CIBSE, 2015; ASHRAE, 2017 115-130 W 

ISSO, 2011 46-70 W/m2 

ISO, 2008 2-20 W/m2 (occupants + appliances) 
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B Appendix B – Office Building 

B.1 Building Design 

 

The design of the office building used in this project was based on RVO (2017) and has five equivalent 

floors. Due to simplicity, the elevator was not considered in the simulations, but its space was 

subtracted from the useful area, as in accordance to NEN 2580 (2007). The office buildings were 

assumed to have an automatic shading system (Louvres), which lowers if the incident irradiance is 

more than 200 W/m2 and retracts if is less than 175 W/m2. 

 

 
Figure B.1 – Office Building. Design obtained from (RVO, 2017). 

 

Table B.1 - Different insulation levels adopted for the office buildings. High insulation values according 
to RVO (2017) and current values according to RVO (2019f). 

Construction 
Rc value [m2.K/W] U value [W/m2.K] 

High Insul. Current High Insul. Current 

Office 

Buildings 

Floor 5 3.5 0.1939 0.2734 

Walls 6 4.5 0.1622 0.2144 

Internal Ceiling 1.01 1.01 0.8 0.8 

Roof 7 6 0.1397 0.1624 

Windows/Door 1.03 0.743 1 1.3 
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B.2 Temperature Set Point 

 

The temperature set point profile for office buildings is presented in Figure B.2. The values were based 

in NTA 8800 (2019) and the upper temperature limit for a comfortable workplace defined by the World 

Health Organization (BBC, 2004).  

   

Figure B.2 - Temperature set point profiles for office buildings. 

 

B.3 Occupancy Profile 

 

An occupancy profile for a typical Dutch office building is not something easily found in the literature. 

Many researches use other countries as base and cannot properly represent the Dutch work 

conditions, such as vacation time and work flexibility. Therefore, the occupancy profile for office 

buildings was based in measured data from a typical Dutch office presented by Rozendaal (2019). Every 

day of the working week had similar occupancy, except for Friday, which had almost one third of the 

occupancy ratio from the other days. This difference in presence was reflected in other assumptions, 

such as internal heat gain. 

 

Figure B.3 - Occupancy profiles for office buildings. Profiles based on the data presented by 
Rozendaal (2019). 
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B.4 Internal Heat Gain 

 

The office buildings were assumed to be modern and sustainable. This was reflected in the lighting 

heat gains, which assumed efficient lights with heat gains of 6 W/m2 (RVO, 2017). Appliances heat gains 

had an average of 5 W/m2, with heat gains during working hours of 9 W/m2 and standby values of 1.5 

W/m2 (ISO, 2008). Values for the working hours of Friday were one third lower for appliances and one 

sixth lower for lighting heat gains.  

   
Figure B.4 - Lighting and appliances heat gains for office buildings. 

 

B.5 Hot Water Demand 

 

The hot water demand profile for offices assumed a peak at the beginning of the day, for cleaning, and 

a smaller peak close to lunch time, for people that might use hot water for meal or cleaning. Each 

person in the office was assumed to consume 4.16 liters of hot water per day (NREL, 2019). Combining 

this value with the occupancy density defined in NTA 8800 (2019), it was possible to defined the profile 

in Figure B.5. 

 

Figure B.5 - Hot water demand profile for office buildings. 
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B.6 Summary of Inputs Found in the Literature 
 

Table B.2 - Summary of inputs for occupancy behavior found in the literature for office buildings. 

Aspect Reference Value 

Hot Water 

Demand 

NREL, 2019 4.16 L/person/day 

Engineering ToolBox, 2003 22 L/person/day 

NTA 8800, 2019 0.065 L/m2/day 

NTA 8800, 2019 1.4 kWh/m2/year 

Hot Water Profile Proposed on this project (Appendix B.5) 

Heating Set Point 

NTA 8800, 2019 21°C (occup); 16°C (non-occup) 

EN 15251, 2007 20-24°C 

ISSO, 2011 21-23°C 

Cooling Set Point 

NTA 8800, 2019  24°C (occup); 26 °C (non-occup) 

BBC, 2004 24°C 

EN 15251, 2007 23-26°C 

ISSO, 2011 23.5-25.5°C 

Occupancy Profile Based on Rozendaal, 2019 Appendix B.3 

Occupancy Density 

NTA 8800, 2019 0.213 person/m2 

EN 15251, 2007 10 m2/person 

CIBSE, 2015 4-20 m2/person 

ASHRAE, 2013 0.02-0.6 person/m2 

Infiltration 

NTA 8800. 2019 0.2-0.4 L/sm2 

CIBSE, 2014 1 ACH 

Proposed  in this project 0.2 L/sm2 

Lighting Internal 

Gain 

NTA 8800, 2019 16 W/m2 

RVO, 2017 6 W/m2 

EN 15251, 2007 500 LUX 

CIBSE, 2015 8-12 W/m2 

Appliance Heat 

Gain 

NTA 8800, 2019 4 W/m2 

ISO, 2008 15 W/m2 (operat.); 1.5 W/m2 (standby) 

ASHRAE, 2017 Table of appliance (check reference) 

ISSO, 2011 Table of appliance (check reference) 

CIBSE, 2015 10-25 W/m2 

Proposed in this project 5 W/m2 (average) 

Ventilation Rate 

NTA 8800, 2019 1.38 L/sm2 (useful area)* 

EN 15251, 2007 2 ACH (before occupation) 

EN 15251, 2007 7 L/s/person (occupation)* 

ISSO, 2011 10 L/s/person 

ASHRAE, 2017 5 L/s/person 

Occupants Heat 

Gain 

NTA 8800, 2019 5 W/m2 

CIBSE, 2015; ASHRAE, 2017 130 W (75 W sensible + 55 W latent) 

ISO, 2008 2-20 W/m2 (occupants + appliance) 

*Correction factors may apply. Check the respective reference
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C Appendix C – Supermarket 

C.1 Building Design 

 

The design of the supermarket building was based on RVO (2017) and has two separate areas, a 

shopping area and an office space. The office area had many of the same assumptions as the office 

buildings. Supermarkets were assumed without automatic shading devices. 

 
Figure C.1 - Supermarket. Design obtained from (RVO, 2017). 

 

Table C.1 - Different insulation levels adopted for supermarkets. High insulation values according to 
RVO (2017) and Current values according to RVO (2019f). 

Construction 
Rc value [m2.K/W] U value [W/m2.K] 

High Insul. Current BENG High Insul. 

Supermarkets 

Floor 7 3.5 0.1397 0.2734 

Walls 6 4.5 0.1622 0.2144 

Internal Partition 5 4.5 0.1905 0.2105 

Roof 8 6 0.1226 0.1624 

Windows/Door 1.1422 0.743 0.9 1.3 

 

C.2 Temperature Set Point 
 

The modeling of a supermarket can be very complex, with different temperature assumptions for 

different aisle and sections of the supermarket (Arias, 2005). However, the supermarket modeled in 

this project was simplified and did not deal with those complex assumptions and modeling. Instead, 

one temperature set point was assumed for the entire shopping area. With this in mind, the profile 

from Figure C.2 is assumed, with its temperatures based on NTA 8800 (2019), and using a setback value 

similar to Witt et al. (2015). 

   

Figure C.2 – Temperature set point profiles for supermarkets. 
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C.3 Occupancy Profile 

Studies related to occupancy in supermarkets are not common in the literature. Therefore, a 

modulating profile from a supermarket in Brandevoort I, in Helmond, was used as a base for the 

supermarket in this project (Google, n.d.-a). 

  

   

  

 
Figure C.3 - Occupancy profiles for supermarkets. Profile based on Google (n.d.-a). 
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C.4 Internal Heat Gain 

The values presented on Figure C.4 are related to the total useful area of the supermarket, and were 

calculated based on Annex 44 (2017). These profile were assumed to be connected to occupancy, since 

more shoppers result in higher demand for the appliances. 

  

  

  

 
Figure C.4 - Appliances heat gain profiles for supermarkets. 

 



 

113 
 

The profile for lighting heat gain was assumed for the sale area and for the office space. 

 
Figure C.5 – Lighting heat gain profiles for supermarkets. 

 

C.5 Hot Water Demand 

 

. Shoppers do not commonly use hot water in supermarkets and this demand is associated mostly to 

cleaning. According to Annex 44 (2017), hot water is required for early morning preparation of meals 

and late night cleaning of the supermarket before closing. Annex 44 (2017) was the most complete 

work found in the literature for supermarkets. However, this work does not analyze in depth the hot 

water demand of supermarkets. Nevertheless, the total energy share consumed by hot water in 

supermarkets presented by Annex 44 (2017) and Clark (2015) is used in an interactive process to 

assume a total hot water demand of approximately 80 liters/day. 

 

Figure C.6 - Hot water demand profiles for supermarkets. 

 

 



 
 

114 
 

C.6 Summary of Inputs Found in the Literature 

Table C.2 - Summary of inputs for occupancy behavior found in the literature for supermarkets. 

Aspect Reference Value 

Hot Water 

Demand 

Annex 44 3% of total energy demand 

Arias, 2005 2 % of total energy 

Proposed in this project 9 L/day/person 

NTA 8800, 2019 0.065 L/m2/day 

Hot Water Profile Proposed on this project (Appendix C.5) 

Heating Set Point 

CIBSE, 2014; CIBSE, 2015 19-21 °C 

NTA 8800, 2019 21°C (occup); 16°C (non-occup) 

ISSO, 2011 17.5-20.5°C 

Distrifood, 2013 19-21 °C 

Witt et al., 2015 18°C (occup); 17 °C (non-occup) 

Proposed in this project 19°C (occup); 18°C (non-occup) 

Cooling Set Point 

CIBSE, 2015  21-23 °C 

NTA 8800, 2019 24 °C 

ISSO, 2011 22-24°C 

Witt et al., 2015 24°C (occup); 25°C (non-occup) 

Distrifood, 2013 21-23 °C 

Proposed in this project 23°C (occup); 24°C (non-occup) 

Occupancy Profile Proposed on this project based on Google (n.d.-a) – Appendix C.3 

Occupancy Density 

CIBSE, 2015 5 m2/person 

ASHRAE, 2013 0.08 person/m2 

NTA 8800, 2019 0.088 person/m2 (useful area) 

Infiltration 

RVO, 2017 0.4 L/sm2 

CIBSE, 2014 0.5 ACH 

Proposed  in this project 0.2 L/sm2 

Lighting Internal 

Gain 

CIBSE, 2015 12 W/m2; 750-1000 LUX 

RVO, 2017 8 W/m2 

ASHRAE, 2017 500 LUX 

Guerra-Santin and Silvester, 2017 300-500 LUX 

Proposed in this project 6 W/m2 

Appliance Heat 

Gain 

NTA 8800, 2019 3 W/m2 

Proposed in this project Appendix C.4 

Ventilation Rate 

CIBSE, 2015 10 L/s/person 

EN 15251, 2007 2 ACH (before occupation) 

Clark, 2015 1.5-5 L/sm2 

ASHRAE, 2013 0.3 L/sm2 

NTA 8800, 2019 4 L/s/person 

ISSO, 2011 0.5-2.4 L/sm2 

Occupants Heat 

Gain 

NTA 8800, 2019 3 W/m2 

CIBSE, 2015 16 W/m2 sens; 12 W/m2 lat. or 142 W/person 

ASHRAE, 2017 145 W (75 Sensible, 70 W Latent) 
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D Appendix D – Shop 

D.1 Building Design 

 

The design of the shop building was based on RVO (2017) and has two equivalent floors. This building 

was assumed to have manual shading devices, which lower if the incident irradiance is more than 250 

W/m2 and retract if is less than 100 W/m2. This capture better the tendency that manual systems have 

that once the system is lowered, it seldom is retracted on the same day. 

  
Figure D.1 – Shop building. Design obtained from (RVO, 2017). 

 

Table D.1 - Different insulation levels adopted for the shop buildings. High insulation values according 
to RVO (2017) and current values according to RVO (2019f). 

Construction 
Rc value [m2.K/W] U value [W/m2.K] 

High Insul. Current BENG High Insul. 

Shops 

Floor 6 3.5 0.1397 0.2734 

Walls 6 4.5 0.1622 0.2144 

Internal Ceiling 1.01 1.01 0.1905 0.1905 

Roof 8 6 0.1226 0.1624 

Windows/Door 1.1422 0.743 0.9 1.3 

 

D.2 Temperature Set Point 
 

 

Figure D.2 - Temperature set point profiles for shops. Profile based on NTA 8800 (2019). 
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D.3 Occupancy Profile 

 

Similar to supermarkets, studies related to occupancy in shops are not common in the literature. 

Therefore, a modulating profile from a shop in Brandevoort I, in Helmond, was used as a base for the 

shop in this project (Google, n.d.-b). 

        

        

          

Figure D.3 - Occupancy profile for the shop building. Profile based on Google (n.d.-b). 
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D.4 Internal Heat Gain 

 

Efficient lights are assumed for the shop buildings with an internal heat gain of 7 W/m2.  For appliances, 

NTA 8800 (2019) and ISO (2008) are used to assume an internal heat gain of 3 W/m2 in working hours, 

and 10% of this value for non-working hours, representing the standby mode.  

  
Figure D.4 - Lighting and appliances heat gain profiles for shop buildings. 

 

D.5 Hot Water Demand 

 

Shoppers do not commonly use hot water and the demand is associated mostly with cleaning. In 

addition, the hot water demand strongly varies with the type of business associated with the shop. As 

it is possible to imagine, a butcher shop uses more hot water than a clothing store. 

Due to the difficulty in finding correlations and benchmark values for hot water demand, similar 

assumptions as the supermarket were adopted for the shop. 

 
Figure D.5 - Hot water demand profiles for shop buildings. 
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D.6 Summary of Inputs Found in the Literature 

 

Table D.2 - Summary of inputs for occupancy behavior found in the literature for shops buildings. 

Aspect Reference Value 

Hot Water 

Demand 

Proposed in this project 7L/day/person 

NTA 8800, 2019 0.065 L/m2/day 

Hot Water Profile Proposed on this project (Annex D.5) 

Heating Set Point 

CIBSE, 2014; CIBSE, 2015 19-21 °C 

NTA 8800, 2019 21°C (occup); 16°C (non-occup) 

ISSO, 2011 17.5-20.5°C 

Cooling Set Point 

CIBSE, 2015  21-23 °C 

NTA 8800, 2019 24 °C (occup); 26 (non-occup) 

ISSO, 2011 22-24°C 

Occupancy Profile Proposed on this project based on Google (n.d.-b) – Appendix D.3 

Occupancy Density 

CIBSE, 2015 5 m2/person 

ASHRAE, 2013 0.15 person/m2 

NTA 8800, 2019 0.088 person/m2 (useful area) 

Infiltration 

RVO, 2017 0.4 L/sm2 

CIBSE, 2014 0.5 ACH 

Proposed  in this project 0.2 L/sm2 

Lighting Internal 

Gain 

CIBSE, 2015 11-25 W/m2; 500 LUX 

RVO, 2017 6-9 W/m2 

EN 15251, 2007 300 LUX 

Proposed in this project 7 W/m2 

Appliance Heat 

Gain 

CIBSE, 2015 5 W/m2 

NTA 8800, 2019 3 W/m2 

ISO, 2008 10 W/m2 (operation); 3 W/m2 (average) 

Ventilation Rate 

CIBSE, 2015 10 L/s/person 

EN 15251, 2007 2 ACH (before occupation) 

EN 15251, 2007 7 L/s/person* 

ASHRAE, 2013 0.6 L/sm2 

NTA 8800, 2019 4 L/s/person 

ISSO, 2011 0.5-2.4 L/sm2 

Occupants Heat 

Gain 

NTA 8800, 2019 3 W/m2 

CIBSE, 2015 16 W/m2 sens; 12 W/m2 lat. or 142 W/person 

ASHRAE, 2017 145 W (75 Sensible, 70 W Latent) 

* Correction factors may apply. Check the respective reference. 
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E Appendix E – Restaurant/Café 

E.1 Building Design 

The design of the restaurant/café building was based on RVO (2017), and considers the ground floor 

as an eating area and the second floor as a kitchen space. This building was assumed to have manual 

shading devices, which lower if the incident irradiance is more than 250 W/m2 and retract if is less than 

100 W/m2. This capture better the tendency that manual systems have that once the system is 

lowered, it seldom is retracted on the same day. 

  
Figure E.1 – Restaurant/café. Design obtained from (RVO, 2017). 

 

Table E.1 - Different insulation levels adopted for the office buildings. High insulation values according 
to RVO (2017) and current values according to RVO (2019f). 

Construction 
Rc value [m2.K/W] U value [W/m2.K] 

High Insul. Current BENG High Insul. 

Restaurant/ 

Café 

Floor 6 3.5 0.1397 0.2734 

Walls 6 4.5 0.1622 0.2144 

Internal Ceiling 1.01 1.01 0.1905 0.1905 

Roof 8 6 0.1226 0.1624 

Windows/Door 1.1422 0.743 0.9 1.3 

 

E.2 Temperature Set Point 

   

Figure E.2 - Temperature set point profiles for restaurant/cafés. Profile based on NTA 8800 (2017) 
and CIBSE (2014; 2015). 
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E.3 Occupancy Profile 

Similar to other non-residential buildings, there was a lack of data in the literature for studies related 

to restaurant/cafés. Therefore, a modulating profile from a restaurant in Brandevoort I, in Helmond, 

was used as a base for the restaurant/café in this project (Google, n.d.-c). A profile was also assumed 

for the kitchen area, which considered twice the number of employees after 17:00. 

 

 

 

         
Figure E.3 - Occupancy profiles for the restaurant/café building. Profile based on Google (n.d.-c) 
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E.4 Internal Heat Gain 

 

Lighting requirements for the dining area of restaurants are not common in the literature, since the 

prime purpose of the lighting in restaurants is often to produce a particular atmosphere while ensuring 

that the food is not difficult to see. However, CIBSE (2015) defined the minimum requirements for 

dining area, which was assumed to be met with efficient lighting, resulting in an internal heat gain of 

1.5 W/m2. Kitchens had similar requirements as offices and sales areas of supermarkets (CIBSE, 2015).  

For appliances, NTA 8800 (2019) gives suggestions for internal heat gain for the dining area, and ISO 

(2008) for the kitchen.  

 

Figure E.4 - Lighting and appliances heat gain profiles for restaurant/cafés. 

 

E.5 Hot Water Demand 

 

Commercial kitchens have a high hot water demand, making the restaurant/café the building 

presented in this project with the highest demand in that group. Unlike the other non-residential 

buildings, the difficulties in the assumptions for hot water demand for restaurant/café did not lie in 

the lack of data available in the literature, but in the complexities associated with the high demand of 

kitchens. Many references found only accounted for total water consumption or used massive 

restaurants as a case study, which resulted in a hot water demand not consistent with a 

restaurant/café for BSD. 

SenterNovem (2007) gives a value of 20 liters per person for total water consumption. However, since 

this reference does not distinct between hot and cold water, it was assumed that only 10% of the total 

water demand was for hot water, resulting in a value of 2 L/person.  

In addition, an extra 10 liters of hot water was assumed in the last hour of the working schedule to 

account for the cleaning of the kitchen. This assumption was necessary to have a peak demand at the 

end of the day, as it is typical in restaurants/cafés (Marakawa et al., 2004). 



 
 

122 
 

  

  

 
Figure E.5 - Hot water demand profiles for restaurant/cafés. 
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E.6 Summary of Inputs Found in the Literature 

Table E.2 - Summary of inputs for occupancy behavior found in the literature for restaurant/café. 

Aspect Reference Value 

Hot Water 

Demand 

Adapted from SenterNovem, 2007 2 L/person/day +10 L (last hour) 

Fisher, 2019 7949.4 L/day 

Fisher and Pietrucha, 2008 1703.4 L/day 

NREL, 2019 9.1 L/person/day 

SenterNovem, 2007 20 L/person/day 

NTA 8800, 2019 0.131 L/m2/day 

Hot Water Profile Proposed on this project (Appendix E.5) 

Heating Set Point 

CIBSE, 2015 21-23°C (dining); 15-18 °C - kitchen 

Proposed in this project 18°C (occup); 16°C (non-occup) - kitchen 

CIBSE, 2014 22-24 °C - dining 

EN 15251, 2007 20-24°C 

NTA 8800, 2019 21°C (occup); 26°C (non-occup) - dining 

Cooling Set Point 

CIBSE, 2015 24-25°C (dining); 18-21 °C - kitchen 

EN 15251, 2007 23-26 °C 

NTA 8800, 2019 24 °C (occup); 26 °C (non-occup) - dining 

Proposed in this project 21°C (occup); 26°C (non-occup) - kitchen 

Occupancy Profile Proposed on this project based on Google (n.d.-c) - Appendix E.3 

Occupancy Density 
RVO, 2017 0.535 person/m2 (useful area) – dining* 

CIBSE, 2014 0.2  person/m2 – kitchen* 

Infiltration 

RVO, 2017 0.4 L/sm2 

CIBSE, 2014 1 ACH 

Proposed  in this project 0.2 L/sm2 

Lighting Internal 

Gain 

CIBSE, 2015 150-300 LUX (dining); 500 LUX - kitchen 

EN 15251, 2007 No minimum requirement - dining 

ISO, 2008 500 LUX - dining 

Proposed in this project 6 W/m2 (kitchen); 1.5 W/m2 - dining 

Appliance Heat 

Gain 

NTA 8800, 2019 1 W/m2 - dining 

Proposed in this project Appendix E.4 - kitchen 

CIBSE, 2015 5 W/m2 

ISO, 2008 10 W/m2 (operation); 3W/m2 (average) 

Ventilation Rate 

NTA 8800, 2019 2.14 L/sm2 – dining* 

EN 15251, 2007 2 ACH (before occupation) 

Proposed in this project 1.6 L/sm2 – kitchen 

CIBSE, 2015 10 L/s/person – dining 

EN 15251, 2007 4.9 L/sm2* 

CIBSE, 2014 0.6 L/sm2 – kitchen 

ASHRAE, 2013 5.1 L/s/pers – dining; 7 L/s/pers- kitchen 

Occupants Heat 

Gain 

NTA 8800, 2019 10 W/m2 - dining 

CIBSE, 2015; ASHRAE, 2017 160 W (80 W sensible + 80 W latent) 

*Correction factor may apply. Check the respective reference. 
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F Appendix F – Multifunctional Building 

F.1 Building Design 

 

The design of the multifunctional building was based on RVO (2017) and consists of two constructions. 

The main building was assumed to have the two top floors as office space and the ground floor as a 

shopping mall. The smaller construction was assumed to be a parking garage. An automatic shading 

system (Louvres) is assumed for the main building, which lowers if the incident irradiance is more than 

200 W/m2 and retracts if is less than 175 W/m2. 

 

 
Figure F.1 – Multifunctional building. Design obtained from (RVO, 2017). 

 

 

Table F.1 - Different insulation levels adopted for the multifunctional buildings. BENG values according 
to RVO (2017) and Current values according to RVO (2019f). 

Construction 
Rc value [m2.K/W] U value [W/m2.K] 

High Insul. Current BENG High Insul. 

Multifunctional 

Building 

 

Floor 5 3.5 0.1939 0.2734 

Walls 6 4.5 0.1622 0.2144 

Internal Ceiling 1.5 1.5 0.5761 0.5761 

Internal Partition 6 4.5 0.16 0.2105 

Roof 7 6 0.1397 0.1624 

Windows 1.03 0.743 1 1.3 

Door 0.5493 0.743 1.4 1.3 

Window-Roof 0.7624 0.743 1.4 1.3 
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F.2 Temperature Set Point 

 

The temperature set point for the shopping mall was based on CIBSE (2015). For the office space, the 

same assumptions as the office building were adopted. It was assumed that the garage do not have 

heating or a cooling system. 

    

Figure F.2 - Temperature set point for multifunctional building. Profile based on CIBSE (2015) and 
NTA 8800 (2019). 

 

F.3 Occupancy Profile 

 

Due to the lack of literature data and multifunctional buildings in Brandevoort I, the occupancy profile 

for the shop building was assumed for the shopping space of the multifunctional building (Appendix 

D.3). The only difference between the cases was the occupancy density assumed for shopping mall, 

which was 30% higher than the shop buildings (NTA 8800, 2019). 

For the office space, the occupancy profiles from the Office Buildings was used (Appendix B.3). 
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F.4 Internal Heat Gain 

 

The lighting heat gains were based on the requirements presented on CIBSE (2015) and the use of 

efficient lighting. In addition, auxiliary lights with an intensity of 20% were assumed from 7-9 and one 

hour after the shops close. These lights were assumed since the shopping floor might be used as an 

access point from the people working in the offices or be used for the cleaning employees before and 

after the shops open. For appliances, CIBSE (2015) was also used as a base.  

For the office space, the profiles from Appendix B.4 were used. 

   

Figure F.3 - Lighting and appliances heat gain profiles for the shopping space of the multifunctional 
building. 

 

F.5 Hot Water Demand 

 

The hot water demand assumptions for the shopping space of multifunctional buildings were based 

on the shop building.  However, a bigger peak at the end of the day was assumed for cleaning of 

hallways and toilets. 

For the office space, the same profile presented in Appendix B.5 was assumed. 

 
Figure F.4 - Hot water demand for the shopping space of the multifunctional building. 
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F.6 Summary of Inputs Found in the Literature 

 

Table F.2 - Summary of inputs for occupancy behavior found in the literature for multifunctional 
building. 

Aspect Reference Value 

Hot Water Demand NREL, 2019 4.16 L/person/day 

Hot Water Profile Proposed on this project (Appendix F.5) 

Heating Set Point 

NTA 8800, 2019 21°C (occup); 16 °C (non-occup) - Office 

CIBSE, 2015 12-19 °C – shopping 

Proposed in this project 20°C (occup); 16 °C (non-occup) - Shopping 

Cooling Set Point 

CIBSE, 2015 21-23°C Shopping 

NTA 8800, 2019 24 °C (occup); 26 °C (non-occup) - Office 

Proposed in this project 24°C (occup); 26°C (non-occup) - Shopping 

Occupancy Profile 
Proposed on this project based on Google (n.d.-b) – Appendix B.3 - Shopping 

Rozendaal, 2019 Appendix B.3 - Office 

Occupancy Density 

RVO, 2017 0.088 person/m2 (useful area) – Shopping* 

Proposed in this project 8.75 m2/person – Shopping 

RVO, 2017 0.213 person/m2 (useful area) – Office* 

CIBSE, 2015 2-5 m2/person - Shopping 

Infiltration 

RVO, 2017 0.4 L/sm2 

CIBSE, 2014  1 ACH – Office; 0.5 ACH - Shopping 

Proposed  in this project 0.2 L/sm2 

Lighting Internal 

Gain 

CIBSE, 2015 50-300 LUX; 6 W/m2 - Shopping 

EN 15251, 2007 500 LUX – Office 

RVO, 2017 6 W/m2 – Office 

Proposed in this project Appendix F.4 

Appliance Heat Gain 

Proposed in this project 1 W/m2 – Shopping 

Proposed in this project Appendix F.4 - Office 

NTA 8800, 2019 4 W/m2 – Office; 3 W/m2 – Shopping 

ISO, 2008 15 W/m2 (operation); 1.5 W/m2 (average) 

CIBSE, 2015 0 W/m2 

Ventilation Rate 

NTA 8800, 2019 1.38 L/sm2 – office* 

EN 15251, 2007 2 ACH (before occupation) 

Proposed in this project 1 L/sm2 – shopping 

CIBSE, 2015 10 L/s/person – Shopping 

EN 15251, 2007 7 L/s/person* 

ISSO, 2011 10 L/s/person - Office 

Occupants Heat 

Gain 

ASHRAE, 2017 130 W (75 W sensible + 55 W latent) - Office 

ASHRAE, 2017 140 W (75 W sensible + 60 W latent) - Shopping 

*Correction factor may apply. Check the respective reference. 
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G Appendix G – Initial Performance of the Heating Systems 

The following figures show the performance results of the different heating systems in the initial 

comparison. Six different scenarios were considered, which include different insulation levels for the 

buildings and different occupancy behavior assumptions.  

 
Figure G.1 - Investment cost of the different heating systems considering in the initial comparison. 

 

 
Figure G.2 - Running cost of the different heating systems considering in the initial comparison. 
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Figure G.3 – CO2 emission of the different heating systems considering in the initial comparison. 

 

 
Figure G.4 – Primary energy demand of the different heating systems considering in the initial 

comparison. 
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H Appendix H – Comparison between the Simulated Results for 

Building’s Energy Demand and Literature Data 

In this section, some of the assumptions and results of this project are compared with data found in 

the literature. Since the results of this project cannot be validate by measurements, it is possible to 

have more confidence in the heating demand results obtained if some assumptions made during the 

project and some partial results are compared with real data. 

H.1 Residential Buildings 
 

At a first glance, the electrical demand of buildings might seem unimportant for the scope of this 

project. However, the electrical demand have a direct influence on the heating demand of the 

buildings, since the electricity consumed by the building results in internal heating gain of either light 

or appliances. For the residential buildings, the electrical demand is not a function of the building’s 

insulation levels since no cooling system was assumed. Therefore, both high insulated and current 

buildings were expected to have the same electrical demand, which was only a function of the 

occupants’ behavior.  It is possible to cross check the simulations’ results against data found in the 

literature. However, most data found in the literature refers to the whole Netherlands, which might 

be misleading.  

For example, for terrace houses, the Dutch average electrical consumption is 3060 kWh per year (CBS, 

2019c). However, in Helmond the same type of building has an average of 3210 kWh per year, and in 

Brandevoort, this consumption is 3790 kWh per year (CBS, 2017). Many factors can influence the 

electrical demand of the houses, such as average age from the inhabitants, household size and income 

levels. Given the assumptions made in this project, data from Helmond and Brandevoort offer a better 

source of comparison than the Netherlands.   

Table H.1 shows the simulated electrical demand and the literature data of the different residential 

buildings considered in this project. The electricity consumption for residences found in the literature 

is divided between residence type (CBS, 2017) and household size (Milieucentraal, 2019). 

Table H.1 - Comparison between data found in the literature and the electrical demand calculated for 
the residential buildings in BSD. 

Construction 

Simulated 

Results 

[kWh/year] 

Literature Data [kWh/year] 

By house type (CBS, 2017) By household size 

(Milieucentraal, 2019) Brandevoort Helmond 

Terrace House 3640 3790 3210 3430 

Corner House 3700 3970 3340 3430 

Semi-Detached  3907 4840 4000 3830 

Detached  4740 5480 4990 3885 

Apartment 2595 2420 2110 3070 

Total 3780 4080  3170 3490 

 

From Table H.1 is possible to see a good proximity between the simulated results and the Brandevoort 

data for the apartments, terrace and corner houses. For the semi-detached and detached cases, the 

simulated results underestimated the electrical demand when compared with measured data from 
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Brandevoort. This difference might indicate the presence of electrical heating systems or mechanical 

cooling, since the houses in this neighborhood are more modern and might be natural gas free, 

differently from other houses in Helmond, which the proximity of the results is higher. Alternatively, 

the difference between the results might be due to a wrong estimation of the household size and 

surface area of the residences. In any case, it was not possible to have more details in the houses 

considered by CBS (2017). 

For the heating demand of residential buildings, the same factors that affected the electrical demand 

are also important, such as household size, income and age of the occupants. In addition, insulation 

levels now have a key influence in the demand of the buildings. These factors make the heating 

demand for the houses in Helmond be smaller than the Dutch average (CBS, 2017).  

However, since the data from the literature refers to gas consumption and not heating demand, extra 

considerations needed to be made. According to CBS (2017), the average residential building in 

Helmond has a smaller gas consumption than in Brandevoort. This data might seems confusing at first 

glance, since the buildings in Brandevoort are more modern and probably have better insulation levels 

than the rest of Helmond. However, almost 16% of the residential buildings in Helmond make use of 

district heating (CBS, 2017), reducing the average gas consumption of the city.  

With this in mind, Table H.2 shows a comparison between the simulations results and the data found 

in the literature for Brandevoort. Since the original data from CBS (2017) is gas consumption, the 

heating demand was calculated assuming the HHV of natural gas as 35.17 MJ/m3, an efficiency for the 

boilers of 90% and 5% of the gas consumption is used for cooking (Eurostat, 2017; Nibud, 2009). 

Table H.2 - Comparison between data found in the literature and the heating demand calculated for 
the residential buildings in BSD. 

Construction 
Simulated Results [kWh/year] Brandevoort Data 

[kWh/year] (CBS, 2017) High insulat Current Current+ 

Terrace House 6019 7388 9447 10190 

Corner House 6318 8038 10182 11276 

Semi-Detached  7415 9530 11986 14701 

Detached  8226 11217 14110 19295 

Apartment 4506 5650 7245 6014 

Total 6275 8019 10179 11694 

 

It is possible to notice that the heating demand for the residential buildings of Brandevoort are higher 

than the ones simulated, even for the most conservative scenario (current building stock insulation 

level and occupancy behavior assumptions that maximizes the heating demand – Current+). The 

buildings assumed in this project for the current scenario were modern, with efficient systems and 

good amount of insulation, which might not be the case for the buildings in Brandevoort. Even though 

this neighborhood is relatively modern, residential buildings built before 2015 were not required to 

follow the current energy building code (EPC 0.4) (RVO, 2019a). Instead, building built before 2015 had 

a required EPC of 0.6, and before 2011, EPC of 0.8 (Nuiten et al., 2013), which represents an increase 

in energy demand of approximately 50% and 100% from today’s standards.  

However, even if most of the residences present in Brandevoort have a smaller insulation level than 

considered in the calculations, the difference from the literature data and the simulated results for the 
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detached house still stands out from the other residences. The big under prediction of heating demand 

and electrical demand for this residence type showed in Table H.1 and Table H.2 might point to a 

problem in the assumption of the building surface area, household size and influence of the occupants. 

H.2 Office Buildings 
 

According to ECN (2017b), office buildings with energy label A and built between 1994-2016 have an 

average natural gas consumption of approximately 7.5 m3/m2. However, the time period considered 

includes several different energy building regulations, which might influence the average. Office 

buildings that follow the current energy regulation are required to have an EPC of 0.8, but the average 

presented by ECN (2017b) considers office buildings with EPC of 1.1 (2011-2014), 1.5 (2006-2010) or 

even higher. With this in mind, natural gas consumption of approximately 6 m3/m2 was considered for 

the offices, which is the minimum value presented by ECN (2017b). 

Differently from the residences considered in this project, the total electrical consumption of office 

buildings is affected by the insulation level of the construction due to the presence of mechanical 

cooling. However, this influence is not strong. Due to the assumptions made in this project (heat 

recovery, efficient system and low infiltration), the appliances and lighting are responsible for most of 

the electricity consumption of office buildings.  

Considering the average measured electrical consumption presented by ECN (2017b), A label office 

buildings built between 1994 and 2016 have an electrical demand of approximately 80 kWh/m2. De 

Bont et al. (2016) considers more modern buildings that might be more in line with the office buildings 

considered in this project. The authors present a list of 15 sustainable buildings, where their average 

electrical demand is approximately 205 MJ/m2 and heating demand is 165 MJ/m2. However, the 

demands presented are related only to building services and exclude appliances.  

Table H.3 shows a comparison between the calculated values in this project and the values found in 

the literature for electricity consumption and heating demand in office buildings. 

Table H.3 - Comparison between data found in the literature and the calculated demands for office 
buildings in BSD. 

Office building case Heating Demand [MWh] Electrical Consumption [MWh] 

High Insulation  76.376 296.840 

Current 153.172 289.831 

Current+ 217.848 251.522 

Literature (ECN, 2017b) 251.82 402 

Literature (de Bont et al., 2016) 230 285* 

* Excluding appliances 

It is possible to see in Table H.3 that the electrical consumption calculated are smaller than the ones 

found in the literature. This might indicate an under prediction in the appliances and lighting 

assumptions or might be due to differences in the insulation levels, shading system or other aspects of 

the building that affect its cooling demand.  

Also in Table H.3, it is possible to see that the most conservator scenario for heating demand (Current+) 

has a good agreement with the sustainable office buildings presented by de Bont et al. (2016). 

However, considering the other calculated scenarios, their heating demands were expected to be 

lower than the values found in the literature since, just like the residence buildings, the insulation 
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levels, infiltration and heat recovery efficiency considered in this project are much different than the 

Dutch average.  

H.3 Other Non-Residential Buildings 
 

The same comparison for the other non-residential buildings in BSD is shown in Table H.4. However, 

there were very few data in the literature for supermarkets, restaurants/cafés and shops, especially 

data for recent constructions. Therefore, ECN (2016) was used as the literature source of data, which 

presented a benchmark tool based on current data from CBS and processed by ECN that tries to reflect 

a Dutch average for every building in the Netherlands that fits on each category.   

Table H.4 - Comparison between data found in the literature and the calculated demands for different 
non-residential buildings in BSD.   

Case 

Supermarket Restaurant/Café Shop 

Heating 

[MWh] 

Electrical 

[MWh] 

Heating 

[MWh] 

Electrical 

[MWh] 

Electrical 

[MWh] 

Heating 

[MWh] 

High Insulation  6.45 166.60 9.61 8.16 6.48 8.80 

Current 28.07 159.05 13.74 7.99 11.98 8.59 

Current+ 42.80 140.27 17.52 6.75 15.33 6.82 

Literature (ECN, 2016) 91.14 225.64 49.55 40.70 29.24 23.95 

 

Notice that all the data calculated are smaller than the ones found in the literature. This is expected, 

since the data used from ECN (2016) considers many older buildings that do not follow the current 

building code. Supermarket and shop have a heating demand of approximately half the value found in 

the literature, which is similar to the difference between the current energy regulation and the 

regulation in force in 2006-2010 (ECN, 2017b). However, restaurant/café have a heating demand 

almost three times smaller than the value from ECN (2016), which might point to an underestimation 

of the assumptions for this building, especially regarding the hot water demand. 

H.4 Closing Remarks 
 

A lack of current data was noticed in the literature for modern and sustainable buildings. In order to 

have a better comparison between the calculated energy demand of the buildings considered in this 

project and real life data, more comprehensive studies about modern and sustainable buildings are 

necessary.  

In addition, the buildings considered in this project are just an assumption of the designs and insulation 

levels expected for the buildings in BSD. For the purpose of this project, the detail levels and the 

assumptions made for the buildings are sufficient and do not have major effects in the end result. 

Especially since residential buildings are responsible for most of the energy demand of the district and 

are the building type with more information available in the literature. A different approach, with 

different complexity level and details for the buildings characteristics, might be needed depending on 

the goal of the simulations and the required details of the results.  

Lastly, no studies related to shopping malls were found in the literature. Therefore, only the office 

space from the multifunctional building could be compare with data from the literature. For such, 

Table H.3 already serves this purpose.



 
 

134 
 

I Appendix I – Energy Demand Results of the Simulated Buildings 

The following figures show the energy division of the different non-residential buildings simulated in 

this project. The results presented were extracted from IES-VE and refer to high insulated buildings 

scenario, with the best guess assumption for the occupancy behavior. In addition, the standard climate 

scenario was considered in the simulations.   

        
Figure I.1 - Energy demand division of a) office buildings and b) apartment buildings. 

  

               
Figure I.2 – Energy demand division of a) terrace, b) corner, c) semi-detached and d) detached house. 
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Figure I.3 - Energy demand division of a) multifunctional building and b) supermarket. 

 

              

Figure I.4 - Energy demand division of a) restaurant/cafe and b) shop. 
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J Appendix J – Literature Review Data for the Heating Systems 

 

As it was possible to see in Chapter 3, the heating systems considered in this project have a wide range 

of properties. These ranges add uncertainties in the comparisons made in this project. Table J.1 shows 

the different properties values found in the literature for the fuels considered in this project. These 

properties were essential to calculate different KPIs of the heating systems, such as total cost of heat 

delivered, CO2 emission and primary energy demand. Table J.2 present different properties values 

found in the literature for the heating systems considered in this project. These properties were also 

essential to calculate the different KPIs considered in this project.  

Differently from the other two properties from Table J.2, the heat delivered cost is presented in 

different formats depending on the author. Heat delivered costs are divided in fix and variable. Fix 

costs are presented as a percentage of the initial investment cost, since it has a unit of €/MWth. Most 

variable costs do not include fuel costs and are presented in €/MWhth. However, some references 

include the fuel costs the fix costs in a single benchmark values. These references are differentiated in 

Table J.2 with a "(tot)" and have a unit of €/MWhth. 

 

Table J.1 – Summary table of the fuel properties found in the literature. 

Fuel 
CO2 EF [ton/MWhth] PEF [MWh/MWh] Price [€/MWhth] 

Reference Value Reference Value Reference Value 

Electricity 

Koffi et al., 2017 0.429-0.716 ECN, 2018 1.38-1.45 

CBS, 2019a 70-190 
ECN, 2018 0.340 

Esser and Sensfuss, 2016 1.59-2.5 

IINAS, 2015 2.67 

Natural Gas RVO, 2018 0.203 
Esser and Sensfuss, 2016 1-1.45 

CBS, 2019a 40-130 
IINAS, 2015 1.34 

Biomass 

RVO, 2018 0.395 Esser and Sensfuss, 2016 1.05 
Kwant, 2017 15-50 

ECN, 2017a 7-33 

Koffi et al., 2017 0.175-0.36 IINAS, 2015 1.30 
Danfoss, 2014 34 

IEA, 2010d 15-25 

Coal 
RVO, 2018 0.324-0.392 Esser and Sensfuss, 2016 1.07 Back and Kofoed-Wiuff, 

2017 
32 

Koffi et al., 2017 0.341-0.38 IINAS, 2015 1.79 

Geothermal 

Yildirim et al., 2010 0.1 
Esser and Sensfuss, 2016 1-2 

Garcia et al., 2016 0 
IEA, 2012 0 

Danfoss, 2014 0 
IINAS, 2015 1.02 

Koffi et al., 2017 0.05 

Solar 

Koffi et al., 2017 0-0.04 
Esser and Sensfuss, 2016 1 

Gudmundsson et al., 2013 0 

Garcia et al., 2012 0 
Europ. Comm., 2016a 0 

IINAS, 2015 1.25 Garcia et al., 2012 0 

Waste 

(Municipal) 

RVO, 2018 0.38 
IINAS, 2015 3-5.5 

Danfoss, 2014 39 

Koffi et al., 2017 0.106-0.522 GIZ, 2017 16-32 

Waste-Heat Gudmundsson et al., 2013 0 - 1 Gudmundsson et al., 2013 14* 

Heat (from 

DH) 
- - - - 

ACM (2018) 102.5 

ACM (2018) €319 (fix) 

* Depends on the electricity prices. 
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Table J.2 – Summary table of the heating systems properties found in the literature. 

Heating 

System 

Thermal Efficiency (Total) [%] 
Heat Delivered Cost [€/MWhth; % 

of investment cost] 
Investment Cost [M€/MWth] 

Reference Value Reference Value Reference Value 

Solar 

Thermal 
Not applicable 

Pöyry Energy, 2009 1% Pöyry Energy, 2009 1.5 

Croxford and Scott, 2006 30-65 (tot) Croxford and Scott, 2006 0.5-1.4 

GREBE, 2017 37-73 (tot) GREBE, 2017 0.7-1.44 

PVT Not applicable 

Elswijk et al., 2004 14-18 (tot) Elswijk et al., 2004 1.9 

Herrando & Markides, 2016 32-71 (tot) Herrando & Markides, 2016 1-2.1 

Matuska, 2014 40-55 (tot) Matuska, 2014 0.7-1.4 

Boiler – NG 

Pöyry Energy, 2009 87 Pöyry Energy, 2009 3-5% Pöyry Energy, 2009 0.3-0.5 

Santamaria et al., 

2016 
80-96 

Makkonen, 2017 0.54 €/MWhth Heat4U, 2013 0.2-0.3 

NERA, 2009 5-7% Makkonen, 2017 0.09 

van der Wilt, 2019 107 
Heat4U, 2013 1% NERA, 2009 0.1-0.2 

Santamaria et al., 2016 5% Santamaria et al., 2016 0.2-0.3 

Boiler – 

Electrical 

Sandvall et al., 2017 100 
Pöyry Energy, 2009 5-10% Pöyry Energy, 2009 0.18-0.22 

Sandvall et al., 2017 1.6-15% Sandvall et al., 2017 0.7-0.8 

Yilmaz et al., 2017 96-100 
Santamaria et al., 2016 1% Santamaria et al., 2016 0.15-0.2 

Yilmaz et al., 2017 0.10% Yilmaz et al., 2017 0.2-0.8 

Pöyry Energy, 2009 100 
Makkonen, 2017 0.5 €/MWhth NERA, 2009 0.18-0.22 

NERA, 2009 3% Pöyry Energy, 2009 0.18-0.22 

Boiler – 

Biomass 

Pöyry Energy, 2009 90 Pöyry Energy, 2009 3-5% Pöyry Energy, 2009 0.4-0.6 

Sandvall et al., 2017 80-85 
Makkonen, 2017 10% Makkonen, 2017 0.15-0.3 

Sandvall et al., 2017 0.2-3% Sandvall et al., 2017 0.2-0.63 

Santamaria et al., 

2016 
80-85 

Sandvall et al., 2017 36 €/MWhth 
Santamaria et al., 2016 0.9-1 

Santamaria et al., 2016 2.5% 

Micro CHP 
US DOE, 2015 36-47 (65-72) Simader et al., 2006 3-100 (tot) US DOE, 2015 2.3-3 

Simader et al., 2006 40-60 (65-90) US DOE, 2015 8-16 €/MWhth Simader et al., 2006 0.9-3 

GSHP 

Pöyry Energy, 2009 240-320 NERA, 2009 0.5-1% Pöyry Energy, 2009 1-1.2 

Sandvall et al., 2017 330 
Sandvall et al., 2017 2-20% 

Sandvall et al., 2017 1.8-4 

Garcia et al., 2012 280-500 Garcia et al., 2012 1.25-2 

Santamaria et al., 

2016 
380 

Santamaria et al., 

2016 
0.7% 

NERA, 2009 0.8-1.5 

Santamaria et al., 2016 1.2 

ASHP 

Pöyry Energy, 2009 190-250 NERA, 2009 0.5-1% 
Pöyry Energy, 2009 0.6 

Makkonen, 2017 0.65 

Garcia et al., 2012 250-440 Makkonen, 2017 0.8% 
Garcia et al., 2012 0.6-1.3 

NERA, 2009 0.6-1.4 

Absorption 

HP 

Heat4U, 2013 130 Makkonen, 2017 0.80% Makkonen, 2017 0.45 

Gerrabrant et al., 2016 136-165 Santamaria et al., 2016 0.6% Heat4U, 2013 0.7-1.5 

Santamaria et al., 2016 135 Heat4U, 2013 25-72 (tot) Santamaria et al., 2016 0.8 

DH – Waste 

Heat 
Not applicable Nimbalkar , 2015 11-20 €/MWhth Nimbalkar , 2015 0.6-2.5 
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Table J.2 (continuation)  

Heating 

System 

Thermal Efficiency (Total) [%] 
Heat Delivered Cost [€/MWhth; % 

of investment cost] 
Investment Cost [M€/MWth] 

Reference Value Reference Value Reference Value 

DH – WtE 

Danfoss, 2014 98 Makkonen, 2017 5% Makkonen, 2017 1.1 

Garcia et al., 2012 100 
Makkonen, 2017 5.3 €/MWhth Danfoss, 2014 1.1 

Garcia et al., 2012 8% Garcia et al., 2012 1.1 

Santamaria et al., 2016 81 Santamaria et al., 2016 1% Santamaria et al., 2016 0.70 

DH – NG 

Boiler 

Pöyry Energy, 2009 85 Pöyry Energy, 2009 5% Pöyry Energy, 2009 0.06 

Soysal et al., 2016 97 Soysal et al., 2016 0.07 €/MWhth Soysal et al., 2016 0.07-0.13 

Sandvall et al., 2017 97 Sandvall et al., 2017 0.05-2% Sandvall et al., 2017 0.06-0.13 

Garcia et al., 2012 95-105 Danfoss, 2014 2-5% IEA, 2013; Danfoss, 2014 0.06-0.12 

IEA, 2013 97-105 
IEA, 2013 3.50% NERA, 2009 0.03-0.07 

Makkonen, 2017 0.54 €/MWhth Makkonen, 2017 0.09 

DH - HP 

Sandvall et al., 2017 370 Sandvall et al., 2017 0.70% Sandvall et al., 2017 0.5-1.1 

Garcia et al., 2012 280-450 
IEA, 2013 0.7-0.9% 

IEA, 2013 0.5-0.8 

Yilmaz et al., 2017 200-350 Makkonen, 2017 0.65 

Rezaie and Rosen, 

2012 
400 Makkonen, 2017 0.80% 

Garcia et al., 2012 0.45-0.85 

Yilmaz et al., 2017 0.6 

DH - 

Geothermal 

Esser and Sensfuss, 

2016 
50 

Makkonen, 2017 2.50% Makkonen, 2017 1.8 

IEA, 2013 6.6-8% IEA, 2013 1.7-1.9 

IEA, 2013 
Not 

applicable 

IEA, 2013 32-60 (tot) IEA, 2010a 0.8-2.5 

IEA, 2010a 18-65 (tot) IEA, 2012 0.5-1.4 

IEA, 2010a 
Not 

applicable 

IEA, 2010a 3.5%  Gudmundsson et al., 

2013 
1.7-1.9 

IEA, 2012 40-80 (tot) 

Gudmundsson et al., 

2013 
100% 

Danfoss, 2014 10-28 €/MWhth 
Garcia et al., 2012 1.6 

Gudmundsson et al., 2013 2.5% 

DH – 

Electrical 

Boiler 

Soysal et al., 2016 99 Soysal et al., 2016 0.5 €/MWhth Soysal et al., 2016 0.06-0.09 

Garcia et al., 2012 99 Makkonen, 2017 1%; 0.5 €/MWhth Makkonen, 2017 0.06-0.1 

Yilmaz et al., 2017 99-100 Yilmaz et al., 2017 1-2% Yilmaz et al., 2017 0.05-0.23 

DH – Bio 

Boiler 

Pöyry Energy, 2009 87 Pöyry Energy, 2009 2.50% Pöyry Energy, 2009 0.615 

Soysal et al., 2016 108 Soysal et al., 2016 2.2 €/MWhth Soysal et al., 2016 0.5-1.1 

Sandvall et al., 2017 108 Sandvall et al., 2017 6.7% Sandvall et al., 2017 0.35-1.3 

IEA, 2013 108 Sandvall et al., 2017 5.4 €/MWhth Danfoss, 2014 0.3-0.7 

Danfoss, 2014 108 IEA, 2013 2.5-4% IEA, 2013 0.3-0.7 

Santamaria et al., 

2016 
81 

Garcia et al., 2012 5% Garcia et al., 2012 0.3-0.7 

Danfoss, 2014 1.8-3% Santamaria et al., 2016 0.7 

Gudmundsson et al., 

2013 
108 

Santamaria et al., 2016 1.2% Gudmundsson et al., 

2013 
0.3-0.7 

Gudmundsson et al., 2013 1.8-3% 

DH – Solar Not applicable 

Sandvall et al., 2017 0.57 €/MWhth Sandvall et al., 2017 0.3-0.4 

Valančius et al., 2015 20-35 (tot) GREBE, 2017 0.4-0.5 

UNEP, 2015 18-63 (tot) UNEP, 2015 0.3-0.94 

GREBE, 2017 40-50 (tot) Valančius et al., 2015 0.9-1.1 

Santamaria et al., 

2016 
2% 

Garcia et al., 2012 0.35-0.7 

Santamaria et al., 2016 0.85 
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Table J.2 (continuation)  

Heating 

System 

Thermal Efficiency (Total) [%] 
Heat Delivered Cost [€/MWhth; % 

of investment cost] 
Investment Cost [M€/MWth] 

Reference Value Reference Value Reference Value 

DH – CSP Not applicable 
Dale, 2013 40-100 (tot) Dale, 2013 2.0-2.5 

Petrakopoulou, 2015 33-91 (tot) Petrakopoulou, 2015 2.4-3.6 

CHP - 

Biomass 

Pöyry Energy, 2009 50-60 (80) Pöyry Energy, 2009 2.5-4.5% Pöyry Energy, 2009 0.9-2 

Soysal et al., 2016 30 (60) Soysal et al., 2016 2 €/MWhth Soysal et al., 2016 1.2 

Sandvall et al., 2017 60-80 (103) Makkonen, 2017 3-30(tot); 1-5% Makkonen, 2017 1.5-3 

IEA, 2010d 25-50 (85) 
Sandvall et al., 2017; 

IEA, 2013 

0.7-3%; 3.2 

€/MWhth 

Sandvall et al., 2017 0.6-3.5 

IEA, 2013 1.3-1.9 

Santamaria et al., 2016 50 (90) 
IEA, 2010d 50-65 (tot) IEA, 2010d 1.5-3 

Santamaria et al., 2016 1.5% Santamaria et al., 2016 1.4 

CHP – 

Geothermal 
Not applicable 

IEA, 2010a 48-120 (tot) IEA, 2012 1-3 

IEA, 2012 30-60 (tot) IEA, 2010a 1-2.7 

CHP – WtE 

Pöyry Energy, 2009 50 (80) 
Pöyry Energy, 2009 6% Pöyry Energy, 2009 5.3 

Makkonen, 2017 22 €/MWhth Makkonen, 2017 4 

Sandvall et al., 2017 70 (97) 
IEA, 2013 1.7-2% 

IEA, 2013 1.75-2.5 
Makkonen, 2017 2% 

IEA, 2013 80 (100) 
IEA, 2013 20-24 €/MWhth 

Santamaria et al., 2016 1.40 
Santamaria et al., 2016 1.5% 

CHP – Coal 
Back & Kofoed-Wiuff, 2017 45 (90) Back & Kofoed-Wiuff, 2017 1.5-4% Back & Kofoed-Wiuff, 2017 1.9 (avg) 

Valančius et al., 2015 30-55 (90) Back & Kofoed-Wiuff, 2017 2-3.5 €/MWhth Back & Kofoed-Wiuff, 2017 1.6-2.7 

CHP – NG 

Pöyry Energy, 2009 35-52 (80) Pöyry Energy, 2009 4-10% Pöyry Energy, 2009 0.6-1.6 

Soysal et al., 2016 41 (82) 
Soysal et al., 2016 1 €/MWhth Soysal et al., 2016 1.1-1.6 

Makkonen, 2017 1.1-2.5% Makkonen, 2017 0.6-1.7 

Sandvall et al., 2017 40 (80-100) 
Makkonen, 2017 2-9 €/MWhth Sandvall et al., 2017 0.5-1.3 

Sandvall et al., 2017 1.8-5.6 €/MWhth IEA, 2010c 0.9-2 

Santamaria et al., 2016 40-50 (90) 
IEA, 2010c 30-200 (tot) 

Santamaria et al., 2016 1.2 
Santamaria et al., 2016 1.50% 

DH Network 

Blackwell, 2013 10-20 W/m loss 

IEA, 2013 
5-10 

kWhe/MWhth 

Gudmundsson et al., 

2013 

1.4-2.7 

k€ per 

house 

Djørup et al., 2019 <70% 

Masatin et al., 2016 >90% 

Gudmundsson et al., 2013 75-95% 
IEA, 2013 1% 

IEA, 2013 Formula 

Danfoss, n.d. 70-97% Persson and Werner, 2011 Formula 

Green Energy 

Association, 2018 
64-91.5% Gudmundsson et al., 

2013 

50-60 

€/MWhth 
Pöyry Energy, 2009 

1.6-5.4 

k€ per 

dwelling IEA, 2013 90-95% 

DH 

Substation 

Gudmundsson et al., 

2013 
98% 

Gudmundsson et al., 

2013 

150 €/year 

(O&M fix) 

Gudmundsson et al., 2013 €2500 p/ 

dwelling  Pöyry Energy, 2009 

TNO (2019) €2000 
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