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Executive Summary 

The transition to a low carbon energy system will change the characteristics of our 

energy demand and supply tremendously. In the built environment, ambitious 

measures are necessary to meet long term greenhouse gas reduction goals. Existing 

building stocks need to undergo a complete renovation, new buildings need to be built 

as nearly zero energy buildings and low carbon fuels for transport are required, along 

with a major change of the energy infrastructure. Clear strategies and planning are 

required to ensure that related actions taken, are optimal for the longer term. For 

this, we considered the following question: What are the system costs of several 

pathways for decarbonizing the urban energy consumption? A specific focus was 

given to urban electrification and its role in a low carbon energy system.  

Scenarios 

In order to answer this question, we explored potential pathways in the development of a low carbon 

energy system of a virtual city. A comparison is made of the impact and possibilities of the pathways 

that have a rising degree of electrification (Table 1). The focus of the study is on the energy demand 

for heating for residential buildings and for private transport. Each of the scenarios is assessed on the 

basis of system costs, which means taxes and subsidies are excluded from the analysis.  

Table 1. Scenarios. 

Scenario Description 

Biofuel 
In the Biofuel scenario, biogas and biofuels are the most important energy carriers for 
heating of residences and for private transport. 

Mix 
In the Mix scenario, the energy system is built on various energy carriers for heating and 
transport, including biogas and biofuels, and also heat for district heating and (bio)gas and 
electricity for (hybrid) heat pumps.  

Heat pumps 
In the Heat pumps scenario, heat is provided with (hybrid) heat pumps and district heating. 
Electric cars are dominant in private transport.  

All-electric 
In the All-electric scenario, heat is solely provided with all-electric heat pumps. Electric cars 
are dominant in private transport. Only a small part of the private cars is running on 
biofuels. 

 

Energy and emissions 

As a key prerequisite of the future energy system and to ensure comparability, each scenario results 

in an 85% CO2 emission reduction in 2050. To achieve this high decarbonisation target in the urban 

energy system, each of the scenarios requires deep renovation and replacement of residential 

buildings, and decarbonisation of the private transport.  
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The deep renovation of the building envelope of residential buildings results in an overall heat 

demand reduction for space heating and domestic hot water of the residential sector until 2050 of 

about 50% compared to 2015, including effects of new buildings adding to the stock and demolition 

of existing buildings.1 Besides the overall heat demand reductions, deep renovation also reduces the 

variability in the heat demand profile, avoiding an increase in peak demand. A low peak demand is 

necessary to enable a renewable and low cost supply of heat by various (novel) technologies, such as 

biogas-fired boilers, heat pumps and district heating.  

The heat demand reduction, together with efficiency improvement through electrification of the heat 

and transport demand, results in final energy demand reductions of up to 80% (Figure 1, left). 

Whether the final energy demand (=delivered energy) is covered by fossil energy sources or 

renewable energy sources depends on the required emission reduction. For example, a lower energy 

demand in the All-electric scenario means that a lower share of renewable energy supply is needed to 

achieve the same decarbonisation targets.  

 

Figure 1. Final energy demand developments, annual CO2 emissions and annual system costs in the four 
key scenarios.  

Emission reduction in the urban energy system is achieved by energy demand reductions and 

decarbonisation of the energy supply (Figure 1, middle). As a higher energy demand remains in the 

scenarios with relatively low electrification, stronger decarbonisation of the energy supply is required. 

The increased efficiency through electrification that results in further demand reduction will therefore 

enhance the likeliness of reaching ambitious emission reduction targets.  

                                                

1 The heat demand for buildings results from demand for space heating, as well from demand for domestic hot water. Space 

heating demand reductions through renovation at individual building level can be up to 70%. However, domestic hot water 

demand will remain more or less constant, resulting in an overall heat demand reduction of about 50%.  
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Renewable energy sources face both technical and economical boundaries. For example, the biomass 

availability for biogas and biofuel production depends heavily on agro-food policies globally, there are 

spatial boundaries for solar and wind production and the variability of renewable electricity production 

needs to be taken into account. Reducing energy demand and matching demand and supply are 

therefore both necessary to deploy low carbon energy sources.  

System costs 

Achieving strong emission reduction requires substantial investments in buildings, transport, 

distribution infrastructure and power generation (Figure 1, right). The economic effects of the 

scenarios are described from a system perspective and thus provide a holistic view. The system costs 

include the annual costs (annualised investment costs plus operational cost)2, but exclude all 

subsidies and taxes.  

Results show that the annual costs for the whole city increase from around € 200 million in the 

reference situation in 2015, to € 280–310 million in the various scenarios. Average annual costs per 

household increase from approximately € 2850 to € 4000–4400 per household. Most of the annual 

cost increase relates to thermal insulation and high performance windows, which amounts to up to 

capital costs of € 1000 per household per year. The benefits linked to these costs are significant 

energy cost savings. Electrification of the heat supply requires higher investments in technologies 

compared to currently used technologies, corresponding to up to € 450 per household per year. 

Higher electricity demand and peaks in electricity production from solar panels require additional 

investments for infrastructure, corresponding up to € 50 per household per year. Strong demand 

reduction results in a decrease in energy costs up to € 600 per household per year. 

While the comparison with the 2015 situation gives an impression of the relative change of costs, it 

should be noted that a direct comparison with the 2015 situation is not possible. This is because the 

2015 costs do not include the yearly maintenance costs that are linked to the building stock, which 

are included in the costs of the measures to improve the energy performance. This means that in the 

2050 situation there are co-benefits that are not included in the 2015. Also, the 2015 situation does 

not reflect changes in energy prices towards the future that are included in the 2050 scenarios. This 

means that 2015 costs cannot be transferred to 2050.  

The system costs do not show the distribution of the costs between the many actors in the system. 

This distribution should however be carefully considered for the required changes to be implemented 

in an efficient manner. Market models and taxes should be designed in such a way that decision 

making by individual actors matches the needs of the overall system. Optimisation of the energy 

system should take into account the perspective of the end-user, the grid operator, the energy 

supplier and the local and national governments. 

                                                

2 In this study we assume an interest rate of 5%. See also section 3.4.See also section 3.4. 
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The strong energy demand reduction through deep renovation and electrification impacts the revenue 

streams of key stakeholders (Table 2). Compared to the current situation, increasing investments in 

insulation, windows, heat pumps and solar PV panels result in an increase in revenues for producers 

and installers of these technologies. Strong reduction in energy demand, combined with a shift from 

fossil fuels to bioenergy result in diminishing revenue streams for the oil and gas industry. Also 

government income through energy taxation will decrease. As result of energy demand reduction, 

grid operators will need to reconsider volume based tariffs (focus on price per kWh delivered) to 

ensure they cover their capacity based expenses (costs per connection and costs per kW).  

Table 2. Impact of scenarios on revenue streams of key stakeholders. 

 

Discussion 

The scenarios describe multiple pathways toward the decarbonisation of the urban energy demand. 

Which pathway cities will follow is dependent on technical developments and both societal and policy 

choices. In this study we focus on the impact of technical developments and costs improvements. The 

influences of societal and policy choices are not addressed. Other important drivers that might favour 

specific scenarios include the availability and affordability of biomass, the costs for the renovation of 

buildings and new heating technologies and the costs related to the integration of renewable energy 

on a large scale.  

In all scenarios we assume deep renovation. Deep renovation results in strong energy demand cuts, 

requiring less strong decarbonisation of energy supply. However, it should be noted that deep 

renovation for the entire building stock is an ambitious assumption. It is likely that in reality there will 

be a bandwidth of ambitions and solutions in renovation, depending on the specific circumstances 

and starting points of the individual buildings. Nevertheless, deep renovation of buildings is key in 

decarbonizing the urban environment. Less ambitious renovation results in even larger challenges for 

the energy supply, both on the volume that has to be delivered and the decarbonisation that is 

needed. Furthermore, electrification of heat supply in combination with less ambitious renovation will 

result in high peak requirements on very cold days. Deep renovation is therefore required to limit the 

demand for back-up generation of low carbon energy sources and to avoid huge costs for a higher 

capacity of the distribution infrastructure in case of electrification.  
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Across the chosen scenarios the overall system costs are not very different. Within the uncertainty of 

the assumptions that are the basis for the results, it is likely that relatively small changes will change 

the order of the scenarios. For this reason, the more relevant distinction between the scenarios is 

likely to be made based on the levels of certainty of the outcome. Important drivers for the various 

scenarios include the availability and affordability of bioenergy, the costs for thermal insulation, high 

performance windows and heating technologies and the costs of deploying renewable energy on a 

large scale. The sensitivity analysis shows that results are most sensitive towards the assumed 

interest rate and the cost developments of specific technologies.  

Besides the benefits of strong CO2 emission reductions, the deep renovation and decarbonisation 

comes with several other benefits. There will be an improvement of air quality, as result of reduced 

combustion of fuels. There will also be an increase in investments in the local economy, as result of a 

shift from expenditure on commodities towards investments in deep renovation.  

Key messages 

Based on the findings of this study we identify the following key messages and recommendations: 

 Any path for decarbonisation will involve additional investments for demand reduction 

through deep renovation, for the transformation of the energy distribution system, and for the 

decarbonisation of the energy supply. The total system costs are similar for the different options. 

This means that based on expected system costs no choice will lead to regrets. 

 Strategic infrastructural choices must be made at the appropriate level. Differences in 

local circumstances can make a certain scenario more attractive than the others. Optimal 

solutions can differ from area to area, even within a single city. For this reason, it seems that the 

appropriate level to make choices for technologies is the city level, to ensure the lowest possible 

societal costs. Also, the system costs depicted assume that infrastructure choices are made at a 

local, not an individual level. This means that, per area, clear collective choices must be made for 

the infrastructure (mix) to be used, binding all consumers in that area. Guidance on more general 

requirements for sustainability should still be given from higher levels of government. Such 

national level guidance at and processes to be implemented at local level can be elements under 

the reporting requirements for the Energy Efficiency Directive and Renewable Energy Directive, in 

respective national energy efficiency action plans (NEEAPs) or national renewable energy actions 

plans (NREAPs), as well as in national energy and climate plans under the EU’s 2030 framework 

for climate and energy. 

 The choice between scenarios should also be driven by avoiding risks. With the scenario’s 

being relatively close in estimated costs, the certainty of the outcome is an important factor. The 

sensitivity analysis shows that the system costs are especially sensitive toward the costs of 

energy. As in the Biofuel and Mix scenarios the energy demand is relatively high, it results in a 

relative high sensitivity towards energy prices. The costs of bioenergy are very uncertain due to 

issues related to sustainable sourcing and competition with other sectors, like aviation and high 

temperature industrial processes. This is a consideration to choose for the electrification scenario, 

as options for renewable electricity are more diversified. The diversification of supply also holds 

for district heating, which can make use of multiple sources (excess heat, renewable/recoverable 

heat) dependent on local circumstances. Risks in the electrification scenarios are the exposure to 

capital costs (high level of investment required) and the costs of infrastructure. 
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 The current tariff structure will need to change. With a shift from operational expenditure 

on energy to one of capital expenditure for infrastructure, the current system of mostly volume 

based tariffs will have to be reconsidered for tariffs to be more reflective of the capacity driven 

costs. At the same time, the unit costs of energy should still reflect the true marginal costs of 

producing that unit, to stimulate energy efficiency and demand side reduction at times of low 

production of intermittent electricity sources.  

 Energy efficiency must be supported for its combined effect on bringing down both the 

required volume of energy and the peak capacity in the grid and generation infrastructure. 

 Decarbonisation scenarios will impact the local economies positively. Expenditure will shift 

from commodities to investments in deep renovation, fostering local employment. 
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1 Introduction 

The Roadmap for moving to a competitive low carbon economy in 2050 from the European 

Commission envisages strong reductions in greenhouse gas (GHG) emissions.3 To achieve these 

targets, the energy system will have to change tremendously. To ensure the reliability and 

affordability of the future system, the transition requires a clear strategy and long term planning. 

Electrification of the energy infrastructure with supply of green electricity is one of the options to 

achieve a renewable, low carbon energy supply for residential buildings and private transport. With 

the expected urbanisation in the coming decades, an ever increasing part of the energy system will 

thereby be in urban areas.  

 

The European Copper Institute commissioned Ecofys to study potential trajectories in the development 

of the energy infrastructure of cities to fuel the debate on strategic choices in this area. This report 

explores the development of the energy infrastructure of cities with a specific view to possibilities and 

impact of a decarbonisation of the energy system through electrification. Several scenarios are 

developed and assessed for a Virtual City. The report provides clear insight in the mechanisms and 

impacts related to urban electrification within different infrastructure options for the heating and 

transport sector. 

 

In Section 2 we will introduce the concept of the Virtual City, together with the various scenarios that 

are evaluated for this city. In Section 3 we will elaborate on the methodology of this analysis. The 

consequences of the scenarios are described in a section on Energy and emissions and a section on 

System costs in Section 4 and 5. The consequences are further discussed in Section 6. The findings of 

the study will be brought together in Section 7 were we provide conclusions and give an outlook. In-

depth methodological descriptions and input data are provided in the annexes. 

Table 3. Overview of envisioned results. 

Energy and emissions System costs 

 Total demand 

 Peak demand 

 Emissions 

 Total system costs 

 Costs for buildings 

 Costs for transport 

 Costs for distribution infrastructure 

 Costs for energy 

                                                

3 European Commission, 2011. Roadmap for moving to a competitive low carbon economy in 2050. Available at: http://eur-

lex.europa.eu/legal-content/EN/ALL/?uri=CELEX:52011DC0112. Emission reduction targets amount to 88-91% for the residential 

sector, 54-67% for the transport sector and 93-99% for the power sector. 

http://eur-lex.europa.eu/legal-content/EN/ALL/?uri=CELEX:52011DC0112
http://eur-lex.europa.eu/legal-content/EN/ALL/?uri=CELEX:52011DC0112
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2 The Virtual City 

The aim of this project is to explore potential trajectories in the development of energy infrastructure 

of cities with a specific view to possibilities and impact of a decarbonisation of the energy system 

through electrification. To do this, we use the concept of a Virtual City. The study aims to quantify the 

effects of electrification in urban areas and by modelling a Virtual City, the study is relevant for actors 

on international, national and city level. 

The key characteristics of the Virtual City are depicted in Figure 2. The city consists of two types of 

areas, representing a high density city centre (45,000 inhabitants) and surrounding less dense areas 

(105,000 inhabitants). 

 

Figure 2. Concept of the Virtual City. 

 

The focus of the study is to investigate the impact of electrification of heat supply and transport on 

energy demand, system costs and end-use costs. In order to quantify the effects on energy 

consumption and cost, we evaluated several scenarios.  

In each of the scenarios strong functional heat demand reduction needs to be achieved through deep 

renovation of the building envelope. On top of the deep renovation, the scenarios give assumptions 

about: 

 Heating technologies, i.e. the gas-fired boiler, biogas-fired boiler, air source heat pump, ground 

source heat pump, hybrid heat pump, district heating; 

 Add-on technologies, i.e. solar domestic hot water, solar PV, home automation and storage; 

 Transport technologies, i.e. cars running on conventional fuels, on electricity and on biofuels. 

Virtual City

150,000 inhabitants 

living in 70,000 

residences

Deep renovations to 

limit energy demand

City center

45,000 inhabitants

dense area

Suburbs

105,000 inhabitants

less dense area
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A total of eight scenarios are assessed. These are a mix of four space heating and domestic hot water 

scenarios (Section 2.1) and two transport scenarios (Section 2.2), which will be compared to the 2015 

situation. A detailed quantification of the scenarios can be found in Annex 1. 

 

All scenarios will result in roughly 85% CO2 emissions reduction compared to 2015. This is in line with 

the European Commission’s Roadmap for moving to a competitive low carbon economy in 2050.4 The 

CO2 emissions reduction will be achieved by ambitious levels of insulation, decarbonisation of the heat 

supply and decarbonisation of the energy supply (electricity, gas and district heat).  

2.1 Space heating and domestic hot water scenarios 

The space heating and domestic hot water scenarios describe the potential pathways for heat supply 

in the future. Currently, it is regionally dependent what kind of fuel is used for space heating. In 

north-western Europe, the largest part of space heating is supplied by gas-fired boilers, but district 

heating, direct electric heating and fuel oil based heating are used as well. For clear comparison with 

the future scenarios, we used a city using gas-fired boilers for their heat supply as reference situation. 

The scenarios describe pathways that are characterised by an increasing use of electricity. Drivers that 

favour specific scenarios include whether there are favourable regional conditions (biogas availability, 

suitability for district heating), how technology costs and energy costs will develop and whether 

municipalities aim for an emission free environment. These location specific drivers are not 

investigated in detail in this study. In the most far reaching scenario there is only an electricity grid, 

without district heating or a gas grid. In each of the scenarios the majority of the building stock will be 

renovated to high insulation grades. The scenarios differ in the heating technologies that are used to 

supply the functional energy demand. Figure 3 illustrates the market shares of various heating 

technologies in the heating scenarios studied. 

In the first scenario (H1) heat is supplied by biogas-fired boilers. An increasing share of district 

heating is assumed as well. The second scenario (H2) has a mix of technologies, such as biogas-fired 

boilers, heat pumps and district heating. The third scenario (H3) describes an increasing level of 

electrification. Instead of biogas-fired heaters, the majority of heat supply is provided by electric heat 

pumps. A substantial part of the heat pumps are hybrid heat pumps. This means a gas grid is still 

required. The fourth scenario (H4) describes an all-electric heat supply, only using heat pumps. These 

are air source heat pumps and ground source heat pumps. 

 

                                                

4 European Commission, 2011. A Roadmap for moving to a competitive low carbon economy in 2050. Available at: http://eur-

lex.europa.eu/legal-content/EN/ALL/?uri=celex:52011DC0112. The roadmap states 88-91% GHG reduction for the residential 

sector and 93-99% GHG reduction for the power sector, compared to 1990. 

http://eur-lex.europa.eu/legal-content/EN/ALL/?uri=celex:52011DC0112
http://eur-lex.europa.eu/legal-content/EN/ALL/?uri=celex:52011DC0112
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Figure 3. Heating technology shares in the four space heating and domestic hot water scenarios. 

2.2 Transport scenarios 

The transport scenarios describe the potential pathways for the private transport in the future. The 

scenarios are characterized by an increasing use of electricity. Currently, cars are mainly running on 

conventional fuels, such as petrol and diesel. In Europe, multiple governments have suggested to take 

measures that limit the sale of cars that run on conventional fuels.5 Therefore, it can be expected that 

in the future alternative energy sources are used for private transport. In this study, we define two 

transport scenarios, one of which is dominated by cars running on biofuels and one by electric cars. 

Figure 4 illustrates the market shares of various transport technologies in the transport scenarios. 

In the first scenario (T1) the CO2 emissions are reduced by the low emission factor of biofuels 

compared to the emission factor of conventional fuels. In this scenario, limited investments are 

needed to change the infrastructure because it is similar to the infrastructure of conventional fuels. 

Biofuels in our scenarios only concern sustainable biofuels, i.e. with limited impacts on local 

environment, a good greenhouse gas emission reduction score, no indirect impacts and possibly even 

enhancing food production. However, it is clear that biofuels are not automatically sustainable, so this 

must be backed by policy measures.  

In the second scenario (T2) also major reductions in CO2 emissions can be achieved if the electricity 

for these cars is generated in a sustainable manner. Since the generation mix of electricity must be 

aligned with the target to reduce CO2 emission by 85%, mostly renewable electricity will have to be 

used. The increasing demand for electricity for transport results in a higher pressure on the electricity 

grid and on the generating capacity for electricity.  

                                                

5 For example, in the Netherlands the Parliament asks government to pursue 100% zero-emission car sales by 2025 

(http://www.nrc.nl/nieuws/2016/03/29/tweede-kamer-neemt-omstreden-motie-over-elektrische-autos-aan); Draft National 

Transport Plan for Norway aims for only zero-emission vehicles (electric or hydrogen) to be sold from 2025 

(http://www.ntp.dep.no/Nasjonale+transportplaner/2018-

2029/Plangrunnlag/_attachment/1215451/binary/1098566?_ts=1539ec27368). 
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http://www.nrc.nl/nieuws/2016/03/29/tweede-kamer-neemt-omstreden-motie-over-elektrische-autos-aan
http://www.nrc.nl/nieuws/2016/03/29/tweede-kamer-neemt-omstreden-motie-over-elektrische-autos-aan
http://www.ntp.dep.no/Nasjonale+transportplaner/2018-2029/Plangrunnlag/_attachment/1215451/binary/1098566?_ts=1539ec27368
http://www.ntp.dep.no/Nasjonale+transportplaner/2018-2029/Plangrunnlag/_attachment/1215451/binary/1098566?_ts=1539ec27368
http://www.ntp.dep.no/Nasjonale+transportplaner/2018-2029/Plangrunnlag/_attachment/1215451/binary/1098566?_ts=1539ec27368
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Figure 4. Transport fuel mix in the two transport scenarios. 

2.3 Other scenario assumptions 

Besides the heating and transport technologies, the following technologies are taken into account as 

well: 

 Solar thermal panels can provide a significant share (50%) of domestic hot water demand. This 

results in a lower energy demand. As solar domestic hot water production is very low on cold (and 

cloudy) days, no reduction of the absolute peak demand for heat can be achieved. Solar thermal 

systems are usually not used in combination with heat pumps. The combined penetration rate of 

heat pumps and solar thermal is therefore capped at 110%. This means that if for example 100% 

of houses have heat pumps, 10% of houses have solar thermal.  

 Solar photovoltaic panels (PV) can be applied for the local production of electricity. Across the 

scenarios, solar PV is applied to the same extent, i.e. 3 kWp per household on average.  

 Building automation supports demand side management. This means electricity demand of heat 

pumps can be moved forward or backward in time. This results in optimised demand patterns. 

Also, it helps efficiency and reduces the overall demand for electricity.6 The role of demand side 

management is further explained in Section 3.3.3. 

 Decentral electricity storage makes it possible to store electricity at times of oversupply to be 

used at times of undersupply. Storage can provide electricity at peak moments, reducing the need 

for back-up capacity and the required grid capacity. Decentral storage can be provided by in-

house batteries or batteries from electric vehicles, depending on the level of electric vehicles 

available in a specific scenario. The role of decentral electricity storage is further explained in 

Section 3.3.4. Central (electricity) storage is applied on a system level and is required to be able 

to match supply and demand for renewable energy. Especially in the All-electric scenario, central 

(electricity) storage might be required to ensure that sufficient electricity is available in the system 

in every (seasonal) circumstance. This study does not describe the details of this type of storage. 

                                                

6 We did not include the influence of building automation on the increasing efficiency of installations through better temperature 

regulation in the system. 

Transport technology shares

40%

20%

0%

10%

30%

50%

70%

90%

100%

80%

60%

T2T1R

Electricity

Biofuels

Conventional fuels



 

UENDE16370 6 

2.4 Aggregation 

To share insights without overburdening the reader with information, four out of eight scenarios will 

be presented and described in detail in the core of the report. The results for the other four scenarios 

will be presented in Annex 1 as well. Based on our findings we selected the following heating and 

transport scenario combinations to present in the report. 

Table 4. Selection of scenario combinations that will be analysed in detail. 

Scenario 
Heating 
scenario 

Transport 
scenario 

Description 

Biofuel H1 T1 
In the Biofuel scenario, biogas and biofuels are the 
most important energy carriers for heating of 
residences and for private transport. 

Mix H2 T1 

In the Mix scenario, the energy system is built on 
various energy carriers for heating and transport, 
including biogas and biofuels, and also heat for district 
heating and (bio)gas and electricity for (hybrid) heat 
pumps.  

Heat pumps H3 T2 
In the Heat pumps scenario, heat is provided with 
(hybrid) heat pumps and district heating. Electric cars 
are dominant in private transport.  

All-electric H4 T2 

In the All-electric scenario, heat is solely provided with 
all-electric heat pumps.7 Electric cars are dominant in 
private transport. Only a small part of the private cars 
is running on biofuels.  

                                                

7 Combined heat and power (CHP) is the most efficient technology for fuel based power production. However, in the All-electric 

scenario, with large amounts of intermittent renewable energy, the power plants will mainly act as backup generation. It is 

therefore expected that these plants will be cheaper "power only" plants. 



 

UENDE16370 7 

3 Methodology 

Figure 5 provides a simplified overview of the calculation model that was used for the scenario 

analysis. The calculation model (“System integration model”) has been developed by Ecofys. It has 

previously been used to calculate the system costs of the residential heat supply.8 To analyse the 

scenarios for this study, the model is expanded with a transport module and an energy generation 

module. The Transport module is used to include the energy consumption from private cars in the 

model. The energy generation module is used to calculate the renewable generation and production 

capacity that is necessary to achieve the required emission reduction target. This is necessary to 

calculate the energy costs. A detailed overview of the model and further insights in the methodology 

are provided in Annex 2. 

 

Figure 5. Overview of the System integration model. 

 

The parameters used in the model consist of scenario specific parameters and basic assumptions that 

will be described in the sections below. Together with demand profiles, these assumptions lead to the 

required model outputs (Figure 6). 

                                                

8 Ecofys, 2015. Systeemkosten van warmte voor woningen (Dutch). Available at: www.ecofys.com/files/files/ecofys-2015-

systeemkosten-van-warmte-voor-woningen_02.pdf. 

Electricity, gas 
and district heat 
demand profiles

Total costs

Peak demand Total demand Emissions

Heat demand profiles Transport demand profiles Other demand profiles

Building costs
Distribution and 

transmission costs
Energy costsTransport costs

Functional demand 

profiles

Energy demand profiles

Energy and emissions

System costs

Scenario parameters

http://www.ecofys.com/files/files/ecofys-2015-systeemkosten-van-warmte-voor-woningen_02.pdf
http://www.ecofys.com/files/files/ecofys-2015-systeemkosten-van-warmte-voor-woningen_02.pdf
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Figure 6. Methodology outline. 

3.1 Scenario specific assumptions 

The scenarios differ in their assumptions on the applied technologies for heating and transport. Also 

the extent to which demand side management and storage is applied is tailored to these scenarios. 

The general rationale behind the selection of the scenarios is described in Section 2. The detailed 

assumptions per scenario are given in Annex 1. 

3.2 Basic assumptions 

In addition to the scenario specific assumptions, we made various assumptions that are valid for all 

scenarios. These assumptions include amongst others: the ambition level, the development of the 

building stock, costs, and emission factors. 

 All scenarios were evaluated for 2050. All scenarios result in 85% CO2 emission reduction 

compared to 2015. 

 The current building stock consists of 70,000 buildings, half of which currently have a low 

insulation grade and half have a medium insulation grade. In the reference situation buildings are 

heated by gas-fired boilers. The distribution of buildings over area types: 30% high density city 

centre and 70% less dense areas. The number of buildings and the distribution of buildings across 

area types remains constant over time. The demolishing rate amounts to 0.5% per year, 

corresponding to 350 residences per year. Since the total buildings stock remains constant, 

demolished residences will be replaced by new buildings. Renovation is based on a 40-year cycle 

and amounts to 2.5% per year, corresponding to 1,750 residences per year. Both new buildings 

and renovated buildings will have high insulation grades. 

 The electricity demand for non-heating purposes remains constant. This means improvements in 

energy efficiency are offset by increasing use of electric appliances.  

 There are 50,000 cars in the city. The distribution of cars across the city is based on the building 

types that are located in the different areas of the city. The driving distance 13,300 km per year 

per car. The lifetime of the cars is 15 years, equal to a mileage of about 200,000 km.  

Results (Section 4 and 5)
Energy and emissions System costs

Cost calculation (Section 3.4)
Buildings Transport Distribution infrastructure Energy

Demand profiles (Section 3.3)
Functional demand profiles Energy demand profiles

Basic assumptions (Section 3.2)
Ambition level Building stock Insulation grade Transport demand

Scenario specific assumption (Section 2 and 3.1) 
Technologies for heating Technologies for transport
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 The costs for buildings and infrastructure are obtained from the System integration study. Costs 

for electricity, gas and heat are calculated with the energy generation module. The costs for 

transport are analysed with the transport module. Costs assumptions and descriptions of the 

modules are described in detail in Annex 2. 

 Emission factors for electricity, gas and heat are calculated using the Energy generation module.  

3.3 Demand profiles 

For each scenario, energy demand profiles will be developed that describe the hourly demand for 

electricity, gas and district heating. These energy demand profiles are used to determine the annual 

energy demand (in kWh) and the peak demand (in kW). The basis for these final demand profiles are 

functional demand profiles that describe the demand for space heating and hot water, and transport. 

The final demand profiles are an aggregation of profiles for heating technologies, charging profiles for 

electric vehicles and profiles for the other electricity demand (appliances) in the residential sector.  

In Section 3.3.1 we describe the profiles related to space heating and hot water. In Section 3.3.2 the 

demand profiles for transport are discussed. In Section 3.3.3 and 3.3.4 the effect of demand side 

management and energy storage are considered. 

3.3.1 Space heating and hot water 

The demand profiles for heating of buildings are part of the System integration model and include 

demand profiles for five residence types, three insulation levels and five technologies (gas-fired boiler, 

air source heat pump, ground source heat pump, hybrid heat pump and district heating). Demand 

profiles for biogas-fired boilers are identical to those for gas-fired boilers. The energy demand for 

space heating and hot water is related to the residence type, the insulation grade and the heating 

technology.  

Heat demand profiles were calculated for five building types using a heat loss calculation, based on 

the characteristics of the buildings and climatic circumstances.9 The peak heat demand in detached 

houses is approximately twice the peak demand in apartments (Figure 7, left). High insulation grades 

and constant indoor temperatures result in flat demand profiles compared to lower insulation grades 

(Figure 7, right).  

Based on the heat demand profile, an electricity, gas or district heat demand profile was created using 

technology specific parameters. As an example, the energy demand and peak demand for the gas-

fired boiler, biogas-fired boiler, air sourced heat pump, ground source heat pump, hybrid heat pump 

and district heating for terraced houses are described in Table 5 and Table 6. In the reference 

situation in 2015 approximately half of the buildings have insulation grade low and half have insulation 

grade mid. In the scenarios studies, all buildings will be renovated to insulation grade high.  

                                                

9 Ecofys, 2015. Systeemkosten van warmte voor woningen (Dutch). Available at: www.ecofys.com/files/files/ecofys-2015-

systeemkosten-van-warmte-voor-woningen_02.pdf.  

http://www.ecofys.com/files/files/ecofys-2015-systeemkosten-van-warmte-voor-woningen_02.pdf
http://www.ecofys.com/files/files/ecofys-2015-systeemkosten-van-warmte-voor-woningen_02.pdf


 

UENDE16370 10 

 

Figure 7. Demand profiles per residence type (left) and insulation grade (right). 

Table 5. Example of energy demand (kWh) for a terraced house per technology and insulation grade. 

Technology Insulation grade 

 Low Mid High 

Gas-fired boiler 20,247 kWh gas 14,991 kWh gas 8,510 kWh gas 

Biogas-fired boiler 20,247 kWh gas 14,991 kWh gas 8,510 kWh gas 

District heating 17,894 kWh heat 13,755 kWh heat 7,598 kWh heat 

Air source heat pump - 5,647 kWh electricity 3,151 kWh electricity 

Ground source heat pump - - 2,269 kWh electricity 

Hybrid heat pump - 
10,048 kWh gas 
1,257 kWh electricity 

5,213 kWh gas 
755 kWh electricity 

Table 6. Example of peak demand (kW) for a terraced house per technology and insulation grade. The 
peak demand is given for a very cold year. 

Technology Insulation grade 

 Low Mid High 

Gas-fired boiler 16.8 kWgas 15.2 kWgas 4.2 kWgas 

Biogas-fired boiler 16.8 kWgas 15.2 kWgas 4.2 kWgas 

District heating 15.1 kWth 14.3 kWth 3.8 kWth 

Air source heat pump - 12.6 kWe 2.3 kWe 

Ground source heat pump - - 1.0 kWe 

Hybrid heat pump - 
15.2 kWgas 
0.8 kWe 

4.1 kWgas 
0.5 kWe 
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3.3.2 Transport 

In order to model the impact of electrification of private transport, the System integration model is 

extended with a transport module. Detailed assumptions on efficiencies and costs are given in Annex 

2. To calculate the energy demand profiles per household, the demand profile for charging electric 

cars was added to the model. The energy demand for cars running on conventional- or biofuels are 

not considered in this section of demand profiles, since these cars do not consume electricity, gas or 

heat and therefore have no impact on the demand profiles that are considered. 

In Figure 8 the demand profile for regular and smart charging is given.10 Smart charging shifts the 

charging to hours with less electricity demand and thus decreases the electricity demand during peak 

load and lowers the pressure on the electricity system. It can be expected that smart charging will 

become the standard in the future. Based on the smart charging profile, the required additional 

investments in the electricity grid and the available generating capacity are calculated. The potential 

for smart charging is high due to the flexibility of the load, the new possibilities to control flexible 

loads as a result of technological developments and the pressure on the energy system as a result of 

the integration of renewable energy sources. The profile visualised in Figure 8 shows a possible 

outcome of smart charging. In the calculations, the charging characteristics will be optimized towards 

the concurrent availability of renewable energy and grid capacity. 

Based on the share of electric vehicles per building type, the additional demand for electricity is 

determined. The demand profile for charging is added to the other electricity demand profiles. 

                                                

10 Demand profiles for regular charging and smart charging are obtained from Verzijlbergh, 2013. The Power of Electric Vehicles – 

Exploring the value of flexible electricity demand in a multi-actor context. Available at: 

http://repository.tudelft.nl/assets/uuid:47c8faa7-94de-40fe-8be7-fccec6ee07bb/PhDthesisRemcoVerzijlbergh.pdf.  

http://repository.tudelft.nl/assets/uuid:47c8faa7-94de-40fe-8be7-fccec6ee07bb/PhDthesisRemcoVerzijlbergh.pdf
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Figure 8. Charging profiles for electric cars.  

3.3.3 Demand side management 

Demand side management refers to the process of controlling electricity demand with the objective of 

optimizing the energy system. An example is to shift the electricity demand during peak hours to off-

peak hours. As a result, less grid capacity and/or installed generation capacity are required. The shift 

of electricity demand can be realized by dynamic tariffs.  

There are three main drivers for introducing demand side management in residential buildings and 

private cars. Firstly, the traditional approach of energy supply following energy demand will become 

more challenging as a result of the introduction of a large share of intermittent energy sources like 

wind and solar. This increases the value of demand side flexibility. Secondly, developments in the ICT 

sector have made new solutions possible. More accurate measurement of power flows can be 

achieved, information exchange can be realized more efficiently and control or automation of 

appliances becomes possible. This reduces the costs of implementing demand side flexibility. Finally, 

new technologies are used by households, considering electric vehicles and heat pumps. These new 

technologies are more flexible in their energy demand compared to the traditional technologies that 

were used by households. 

The peak of the demand profiles for heat pumps can be reduced because the energy that is required 

for heat demand in houses can be shifted in time. The structural mass and air inside a house can act 

as a heat buffer. In well-insulated houses this can be done without losing much heat and therefore 

keeping the desired room temperature.  
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Charging electric cars can also result in high demand peaks. However, in most cases it is not 

necessary to charge electric cars immediately upon arrival. Research shows that cars are parked for 

23 hours per day on average.11 This means the time at which an electric vehicle can be charged is 

often flexible. Furthermore, because a rising trend is seen in the amount of people that work from 

home, the flexibility in charging electric cars increases even more.12 

Both demand side management related to heat pumps and charging of electric cars are included in 

this study. In addition, we assume that home automation will result in a decrease in overall energy 

demand of 10%,13 which is a result of the awareness of the energy use and smarter use of appliances. 

Home automation includes energy management systems that give people insights in their energy use. 

Furthermore, the automation of appliances, such as washing machines, dryers and refrigerators is 

included.  

3.3.4 Storage 

Storage can be used to shift demand for energy in time. This helps to enable the large-scale 

integration of renewable energy sources and optimize the use of available energy sources. Different 

types of storage are already available today. However, applying electricity storage on a large scale is 

currently not financially feasible. The installed storage capacity is expected to increase as a result of 

the need for flexibility in the system in combination with the expected cost reductions of storage. In 

this study, the implementation of storage is used in combination with demand side management.  

In this study storage of both heat and electricity are taken into account. The storage of heat takes 

place in the mass of the building and hot water storage attached to heat pumps. The effects are taken 

into account in the profile of heat pumps, which are explained in Section 3.3.1. Furthermore, storage 

of electricity is amongst other applied to reduce a negative peak load that occurs as a result of the 

generation of PV panels. The installed capacity of storage depends on the share of electric vehicles, 

considering households will either have an electric vehicle or a battery installed in their home. The 

installed capacity of storage is assumed to be 5 kWh per household. 

3.4 Cost calculation 

The system costs are described as costs for buildings, costs for transport, costs for distribution 

infrastructure and costs for energy. All costs are presented as annual costs. The annual costs are 

calculated based on the investment costs and an annuity factor that corresponds to the economic life 

of the investment and the discount rate, and the operational costs14, 

𝐴𝑛𝑛𝑢𝑎𝑙 𝑐𝑜𝑠𝑡𝑠 = 𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 𝑐𝑜𝑠𝑡𝑠 ∙ 𝐴𝑛𝑛𝑢𝑖𝑡𝑦 𝑓𝑎𝑐𝑡𝑜𝑟 + 𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑐𝑜𝑠𝑡 

                                                

11 Enexis, 2015. Smart charging – Overview. Available at: http://www.smartcharging.nl/wp-content/uploads/2015/11/Smart-

Charging-Overview-engels.pdf  

12 The Guardian. Proportion of employed working from home reaches record high. Available at: 

http://www.theguardian.com/news/datablog/2014/jun/04/proportion-of-employed-working-from-home-reaches-record-high  

13 ACEEE, 2010. Advanced Metering Initiatives and Residential Feedback Programs: A Meta-Review for Household Electricity-Saving 

Opportunities. Available at: http://aceee.org/research-report/e105  

14 Operational costs include mainly costs for energy. Maintenance costs for installations in buildings are not included. 

http://www.smartcharging.nl/wp-content/uploads/2015/11/Smart-Charging-Overview-engels.pdf
http://www.smartcharging.nl/wp-content/uploads/2015/11/Smart-Charging-Overview-engels.pdf
http://www.theguardian.com/news/datablog/2014/jun/04/proportion-of-employed-working-from-home-reaches-record-high
http://aceee.org/research-report/e105
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The annuity factor is defined as 
𝑟

1−(1+𝑟)−𝑛
, with 𝑟 as discount rate and 𝑛 as economic life in years. The 

discount rate is assumed to be 5%. The economic life and corresponding annuity factor is given in 

Table 7. 

Table 7. Economic life and annuity factor of investments. 

Investment Economic life (y) Annuity factor (-) 

Insulation 40 0.06 

Heating installations 15  0.10 

PV panels 20  0.08 

Home batteries 10 0.13 

Cars 15 0.10 

Charging infrastructure 10 0.13 

Distribution infrastructure 40  0.06 

 

Detailed assumptions on unit costs for insulation, heating installations, PV panels, cars, distribution 

infrastructure and energy are included in Annex 2. The data on investment costs have been used from 

a study by Ecofys on the system costs of the residential heat supply15 and roughly reflect a Western 

European price level. Actual cost and prices will differ between countries and regions depending on 

national and local conditions. We assume general costs reductions, but no scenario specific learning 

rates. The sensitivity towards the discount rate, investment costs for heating technologies and costs 

for energy are further investigated in Annex 3.  

                                                

15 Ecofys, 2015. Systeemkosten van warmte voor woningen (Dutch). Available at: www.ecofys.com/files/files/ecofys-2015-

systeemkosten-van-warmte-voor-woningen_02.pdf. 

http://www.ecofys.com/files/files/ecofys-2015-systeemkosten-van-warmte-voor-woningen_02.pdf
http://www.ecofys.com/files/files/ecofys-2015-systeemkosten-van-warmte-voor-woningen_02.pdf
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4 Energy and emissions  

The consequences of the scenarios with respect to energy demand are described in Section 4.1. The 

role of demand side management and storage will be discussed in Sections 4.2. The decarbonisation 

of the energy supply and the resulting emission reduction will be presented in Section 4.3. 

4.1 Energy demand 

In Figure 9 shows the annual final energy demand for electricity, gas, heat and fuels in the four key 

scenarios. It gives the total final energy demand and the final energy demand per household. Whether 

the demand for electricity, gas, heat and fuels is covered by fossil energy sources or renewable energy 

sources depends on the required emission reduction. In the reference situation in 2015, the annual 

energy demand amounts to over 1200 MWh, the largest part of which is natural gas (>60%). In the 

various scenarios for 2050, the energy demand decreases with at least 50%. The energy demand is 

decreased by efficient new buildings, deep renovation of the building envelope of existing buildings.16 

Further electrification of the heat supply and transport sector reduces the energy demand further, up 

to 80% reduction in the All-electric scenario. 

 

Figure 9. Final energy demand developments in the four key scenarios. The demand for electricity, gas, 
heat and fuels describe the final energy demand and include both fossil and renewable energy. 

                                                

16 Efficient new buildings and renovated existing buildings have higher U values for roofs, walls, floors and windows (Annex 2). 

1,500

1,000

500

0

E
n

er
g

y 
d

em
an

d
 (

G
W

h
)

Reference

-80%

All-
electric

Heat 
pumps

MixBiofuel

Annual final energy demand

0

5,000

10,000

15,000

20,000

25,000

-80%

All-
electric

Heat 
pumps

MixBiofuelReference

E
n

er
g

y 
d

em
an

d
 p

er
 h

o
u

se
h

o
ld

 (
kW

h
)

Fuel

HeatElectricity

Gas



 

UENDE16370 16 

The energy demand developments in Figure 9 describe the final energy demand. For electricity the 

final energy demand is determined by a combination of functional demand reductions through 

improvements of the building envelope, deployment of other and more efficient technologies as well 

as generation of electricity with solar panels. In Figure 10 the breakdown of electricity demand is 

shown. The electricity demand for space heating and hot water as well as the electricity demand for 

transport are increasing compared to the reference scenario. Electricity demand for other purposes 

(like appliances) remains constant in each of the scenarios. However, solar PV production more than 

offsets this part of the energy consumption. 

 

Figure 10. Breakdown of electricity demand in the various scenarios. 

Reference

000

400.000

300.000

200.000

100.000

0

185.117185.117

400.000

300.000

200.000

100.000

0
14.425

189.00416.1602.152185.117

400.000

300.000

200.000

100.000

0

59.738

189.00416.16047.465
185.117

E
le

ct
ri

ci
ty

 d
em

an
d

 (M
W

h
)

400.000

300.000

200.000

100.000

0

131.294

189.00437.706
97.475

185.117

200.000

300.000

100.000

400.000

0
Final electricity 

demand

203.418

Electricity 
generation 

by PV

189.004

Electricity 
demand for 

transport

37.706

Electricity 
demand 

for heating

169.599

Electricity 
demand for 

other purposes

185.117

Biofuel

All electric

Mix

Heat pumps

Breakdown of annual electricity demand



 

UENDE16370 17 

As result of the strong reduction of energy demand, also the peak demand reduces (Figure 11). 

Especially the peak demand for gas drops strongly from 450 MW to 143 MW in the Biofuels scenario 

and to 0 MW in the All-electric scenario. Peak demand for electricity and district heat increases as 

results of increasing shares of electricity and district heat in the energy mix. In the scenarios with high 

shares of heat pumps, the electricity peak demand grows strongly, from almost 40 MW in the 

reference situation to over 130 MW in the All-electric scenario. 

 

Figure 11. Peak demand for electricity, gas and heat. The peak demand for electricity, gas, heat and 
fuels describe the final energy demand and include both fossil and renewable energy. 

The energy demand results for the Virtual City are composed of the contributions of the various 

houses in the city, with specific heating technologies applied. Section 3.3.1 shows that different 

building types, insulation grades and technologies result in different contributions to the energy (peak) 

demand developments. In the scenarios all buildings have a high insulation grade. Larger buildings 

(such as detached houses and semidetached houses) have a larger impact on energy (peak) demand 

developments than smaller buildings (such as apartments and terraced houses). The demand of 

specific building is also strongly related to the technology applied, whether gas, heat or electricity is 

used, and more specifically, whether air source heat pumps, ground source heat pumps or hybrid heat 

pumps are used. In the various scenarios we see the following distribution for the average peak 

demand for electricity for the various building types: 

Table 8. Average electricity demand (kWh) per building type in the various scenarios. 
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Heat 
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Terraced house (end) 3,060 101 820 1,914 3,031 

Apartment 1,980 401 951 1,877 2,795 

Semi-detached house 3,465 -415 355 1,500 2,666 
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Table 9. Range in electricity demand (kW) per building type in the various scenarios. 

Residence type Scenario 

 Reference Biofuel Mix 
Heat 

pumps 
All-electric 

Terraced house  0.2 – 0.8 -2.0 – 0.8 -2.0 – 1.2 -1.9 – 1.6 -1.9 – 2.5 

Terraced house (end) 0.2 – 0.8 -2.4 – 0.8 -2.3 – 1.3 -2.3 – 1.7 -2.3 – 2.7 

Apartment 0.1 – 0.5 -1.3 – 0.5 -1.3 – 0.9 -1.3 – 1.2 -1.2 – 1.9 

Semi-detached house 0.2 – 0.9 -3.1 – 0.9 -3.1 – 1.4 -3.0 – 1.9 -3.0 – 2.8 

Detached house 0.2 – 1.1 -4.2 – 1.1 -4.2 – 1.7 -4.1 – 2.3 -4.1 – 3.6 

 

There are also differences in the results for different areas within the Virtual City. These results are 

given in detail in Annex 1. Generally, we see that energy demand is slightly lower in the denser areas, 

because the share of smaller houses (like apartments) is higher compared to the less dense areas. 

4.2 Demand side management and storage 

Section 3.3.3 describes demand side management as the process of changing the electricity demand 

with the objective of optimizing the energy system. Demand side management has impact on the load 

profile of heat pumps and the charging profile of electric vehicles. Impact of demand side 

management of other appliances than heat pumps on peak reduction is not further considered in the 

model. Research shows that other electric appliances, such as washing machines, dryers and 

refrigerators have the potential of shifting energy demand as well.17 However, effects of demand side 

management with these appliances is limited due to their limited energy use and low 

simultaneousness. 

If houses are well insulated, they can act as a heat buffer and thus offer flexibilities. When demand is 

expected to result in network congestion, it is possible to pre-heat a house with the heat pump and 

then switch off active heating for a certain period of time without losing thermal comfort. In addition 

to the storage in the heat mass of the building, additional storage of heat using hot water can be used 

as well. If heat storage is used, the electricity demand from heat pumps during peak load is reduced. 

Thermal storage can also provide additional flexibility in matching supply and demand. On very cold 

days, there is also a potential for peak load reduction with demand side management, but since a heat 

pump has to run on high capacity for a large part of the day, the peak reduction is limited. Note that 

this accounts for a similar level of comfort. If prices become very high people might accept a lower 

level of comfort which reduces the peak load. It should be noted that the flexibility is much higher on 

days that are less cold. This flexibility will not result in less distribution and transmission capacity 

requirements, but can provide additional flexibility in matching supply and demand in the overall 

system. 

                                                

17 Smart-A, 2009. Smart Domestic Appliances Supporting The System Integration of Renewable Energy. Available at: 

https://ec.europa.eu/energy/intelligent/projects/sites/iee-projects/files/projects/documents/e-track_ii_final_brochure.pdf  

 

https://ec.europa.eu/energy/intelligent/projects/sites/iee-projects/files/projects/documents/e-track_ii_final_brochure.pdf
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On average, electric vehicles are used only one hour per day.18 It is therefore often possible to charge 

electric vehicles in periods that are optimal for the energy system. In contrast to smart charging, 

regular charging would increase the peak load significantly which brings higher costs for the energy 

system. The peak load of regular demand is on average around 6 pm. Considering most people come 

home around that time and would thus immediately start charging their electric vehicle, this would 

more than double the already existing peak, depending on the charging capacity. With smart charging 

the peak is reduced by shifting the charging time to a more favourable time.19 With the right 

incentives people might also change their behaviour even more, e.g. consider working at home on or 

after a day with very high electricity prices. 

In this study we investigate the reduction in peak capacity requirements if a thermal storage of 

10 kWh is used to avoid peak load and smart charging is applied for vehicles.20 In Figure 12 the 

electricity demand profile for one household is shown. The green curve is the electricity demand 

without demand side management. The red curve shows the electricity demand curve when heat 

buffering and smart charging are applied. From the figure it can be seen that demand side 

management results in a peak load reduction of over 25%.  

  

Figure 12. Effect of demand side management on peak demand. 

                                                

18 Enexis, 2015. Smart charging – Overview. Available at: http://www.smartcharging.nl/wp-content/uploads/2015/11/Smart-

Charging-Overview-engels.pdf.  

19 Industrial demand response can also act as a source of flexibility for system services. In many cases this can be more efficient as 

individual loads are larger. Local demand response however has the advantage of avoiding local distribution grid investments as 

well.  

20 To calculate the impact of demand side management and storage on demand profiles, we made use of the ETMoses application 

(https://moses.energytransitionmodel.com/). The ETMoses application is a module part of the Energy Transition Model and can be 

used to analyse demand profiles and the effect of various demand side management options with a 15 minute resolution.  
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Storage of electric energy in combination with demand side management is also used to match 

demand and supply, thereby reducing operational costs and peak load. This way, storage can play an 

important role in the integration of renewable energy sources. With storage, less curtailment21 is 

required since the surplus of the intermittent generation of renewable energy sources can be stored. 

The stored electricity can be used at times of low supply of intermittent resources and high demand. 

This means less installed back-up capacity is required. 

Furthermore, storage is used to reduce the peak load that can occur because of electricity production 

from solar PV. This can occur on a summer day when households have a low demand of electricity and 

are at the same time generating electricity from their installed PV panels. The surplus of electricity 

that is generated, can be stored in batteries. When demand of electricity increases the batteries are 

discharged. This reduces the local peak load and thereby saves costs in the distribution grids. 

In Figure 13 the effect of storage is visualized for one household. The green curve is the electricity 

demand without any demand side management. The red curve shows the electricity demand curve 

when surplus electricity from solar PV is stored in batteries. This figure shows that by matching 

demand and supply in an optimal way, the negative peak load is reduced by 67%. The positive area 

between the red and the green curve is equal to the negative area between the red and the green 

curve. 

 

Figure 13. Effect of demand electricity storage on peak supply by solar panels. 

                                                

21 Curtailment is the reduction in the output of a generator from what it could otherwise produce given available resources. See also 

NREL, 2014. Wind and Solar Energy Curtailment: Experience and Practices in the United States. Available at: 

http://www.nrel.gov/docs/fy14osti/60983.pdf  
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Demand side management and electricity storage can reduce the peak demand on cold days by 

almost 30% (Figure 14). Reducing peak demand results in lower peak requirements for the 

distribution grid and installed backup capacities. In addition to the reduction in peak capacity, home 

automation will decrease the overall energy consumption by 10%. 

 

Figure 14. Effect of demand side management and energy storage on peak demand. 

4.3 Energy Supply 

As described in the previous sections, deep renovation results in strong final energy demand 

reductions. As result of using more efficient technologies, electrification of the heat supply and 
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For each of the scenarios the target is set to achieve 85% CO2 emission reduction compared to the 

reference situation in 2015 (Figure 15). To achieve this target, emission reduction as a result of 
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Figure 15. For each scenario the target is set to achieve 85% CO2 reduction compared to the reference 
situation in 2015. 

In Figure 11 in Section 4.1 we presented the peak energy demand developments in the four key 

scenarios. Deep renovation results in a strong decrease in the peak demand, but further electrification 

of the heat supply and transport increases the required capacity for electricity. This higher peak 

demand results in additional requirements for the electricity distribution network and the electricity 

generation park. 

For gas we see a strong reduction of the required network capacity in all scenarios. Full electrification 

results in the removal of the gas grid completely. In the other scenarios, the existing gas grid is 

sufficient to cover the peak demand. 
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5 Economic effects 

5.1 System costs 

The economic effects of the scenarios are described from a system perspective. The system costs 

describe the annual costs for buildings (including thermal insulation, high performance windows, 

heating technologies, solar PV panels, storage), costs for transport (including cars, charging 

infrastructure), costs for distribution infrastructure and costs energy. The system costs results for the 

key scenarios are visualized in Figure 16. Detailed system costs results for all combinations of heating 

scenarios and transport scenarios are given in Annex 1. In general, we see a slight increase in system 

costs with increasing electrification of heat, but a reduction in system costs with increasing 

electrification in transport. The details of each component are discussed in the next sections.  

 

Figure 16. Development of system costs in the four key scenarios. System costs are based on the costs 
for buildings (thermal insulation, high performance windows, heating technologies), transport (fuel, 
cars, infrastructure), infrastructure (distribution) and energy (electricity, gas and district heat). 

In each of the scenarios additional investments are required to achieve the required level of 

decarbonisation. The annual costs for the whole city increase from around € 200 million in the 

reference situation in 2015, to € 280–310 million in the various scenarios. Average annual costs per 

household increase from approximately € 2850 to € 4000–4400 per household. Most of the annual 

cost increase relates to thermal insulation and high performance windows, which amounts to up to 

capital costs of € 1000 per household per year. The benefits linked to these costs are significant 

energy cost savings. Electrification of the heat supply requires higher investments in technologies 

compared to currently used technologies, corresponding to up to € 450 per household per year. 

Higher electricity demand and peaks in electricity production from solar panels require additional 

investments for infrastructure, corresponding up to € 50 per household per year. Strong demand 

reduction results in a decrease in energy costs up to € 600 per household per year. 
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While the comparison with the 2015 situation gives an impression of the relative change of costs, it 

should be noted that a direct comparison with the 2015 situation is not possible. This is because the 

2015 costs do not include the yearly maintenance costs that are linked to the building stock, which are 

included in the costs of the measures to improve the energy performance. This means that in the 

2050 situation there are co-benefits that are not included in the 2015. Also, the 2015 situation does 

not reflect changes in energy prices towards the future that are included in the 2050 scenarios. This 

means that 2015 costs cannot be transferred to 2050.  

The system costs do not show the distribution of the costs between the many actors in the system. 

This distribution should however be carefully considered for the required changes to be implemented 

in an efficient manner. Market models and taxes should be designed in such a way that decision 

making by individual actors matches the needs of the overall system. Optimisation of the energy 

system should take into account the perspective of the end-user, the grid operator, the energy 

supplier and the local and national governments. 

The annual system costs in each scenario are very close together, but as result of higher costs for 

heating technologies in the Heat pump and All-electric scenario, costs are slightly higher compared to 

the costs in the Biofuel scenario. Nevertheless, costs are very sensitive toward the future costs of 

heating technologies (heat pumps) as well to the future costs of gas from renewable sources (biogas 

or power-to-gas). This can be seen from the sensitivity analysis (see Annex 3).  

In Section 4.1 we showed that there are differences in the impact for various building types and 

applied technologies. This also holds for the system costs. Larger buildings result in higher total costs 

for deep renovation as well as for the heating technologies, which especially holds for heat pumps, 

which are capital intensive. Costs for buildings are therefore slightly lower in the city centre area, 

where the share of smaller houses is higher. In addition, the costs for energy infrastructure is 

dependent on the density of the neighbourhood. Differences are large between urban areas and rural 

areas, but we see also differences in dense and less dense populated urban areas. Nevertheless, 

infrastructure costs can be sensitive towards location specific circumstances. The construction of 

energy grids might be more expensive as result of specific constraints in historical city centres (e.g. as 

limited space for energy grids, specific requirements towards the accessibility of the area during 

construction). Detailed results are provided in Annex 1. 

5.2 Buildings 

The costs for buildings consists of costs for insulation, heating technologies and other costs, like solar 

PV and connection costs (Figure 17). The costs for buildings are largely dominated by the costs for 

thermal insulation and high performance windows to enable the strong energy demand reductions that 

are realized in all scenarios. Investments in heating technologies also result in additional costs, 

especially in the scenarios with large shares of all-electric heat pumps. The sensitivity of the results 

towards cost for technologies and annuity factors are investigated in Annex 3. 
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Figure 17. Development of system costs for buildings in the four key scenarios. Costs for buildings are 

based on the costs for thermal insulation and high performance windows, heating technologies and 
other technologies, such as solar-PV systems. 

5.3 Transport 

The costs for transport are dominated by the required investments in cars (Figure 18). Since electric 

cars are more expensive than cars running on conventional fuels or biofuels, costs for cars increase in 

the scenarios with large shares of electric cars (Heat pumps and All-electric). Costs for charging 

infrastructure are included as well. Costs for fuels and electricity are included in the costs for energy 

section.  

 

Figure 18. Development of system costs for transport in the four key scenarios. Costs for transport are 
based on the costs fuel, costs for cars and costs for infrastructure. 
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5.4 Distribution infrastructure 

Deep renovation and electrification result in a reduction of costs for the gas and district heating grid 

(Figure 19). However, as a result of the steep increase of the capacity requirement of the electricity 

grid and the related required investments, the overall costs for the distribution increases with 20% in 

the All-electric scenario. Costs for transport of gas on a regional and national level and electricity 

transmission are not included in this study.  

 

Figure 19. Development of system costs for energy distribution in the four key scenarios. Costs for 
energy distribution are based on the costs for the electricity grid, the gas grid and the district heating 
grid. 

5.5 Energy 

The chosen scenarios result in an energy demand reduction of 50–80%, resulting in decreasing 

expenses for energy (Figure 20). This energy demand reduction is realised by investments in deep 

renovation and in PV panels (included in costs for buildings). In the reference situation in 2015, the 

largest part of the costs is related to natural gas for heating homes and fuel consumption for 

transport. In all scenarios for 2050, the costs are more distributed over the various energy carriers, 

but costs for fuels remain a large part of the total energy costs. In the scenarios with transport largely 

dependent on biofuels (Biofuel and Mix), costs for fuels are the major cost category. In the scenarios 

with transport largely dependent on electricity (Heat pumps and All-electric), costs for electricity is the 

major cost category. 

Future energy costs comes with high uncertainty. Especially the costs for biogas and biofuels are 

dependent on how the market will develop. The sensitivity of the results toward energy costs in 

general and biofuel costs specifically is investigated in Annex 3. 
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Figure 20. Development of system costs for energy in the four key scenarios. Costs for energy are 

based on the costs for electricity, gas, district heat and fuels. 

5.6 Revenue streams 

Strong energy demand reduction through deep renovation and electrification impacts the revenue 

streams of key stakeholders (Figure 21). Increasing investments in insulation, windows, heat pumps 

and solar PV panels result in an increase in revenues for producers and installers of these 

technologies. Strong reduction in energy demand, combined with a shift from fossil fuels to bioenergy 

result in diminishing revenue streams for the oil and gas industry. As result of energy demand 

reduction, grid operators will need to reconsider volume based tariffs (focus on price per kWh 

delivered) to ensure they cover their capacity based expenses (costs per connection and costs per 

kW). Also government income through energy taxation will decrease, even if some of this decrease 

will be offset in the simultaneous decrease in the requirements for renewable electricity subsidies as 

well as subsidies for fossil fuels. Effects for grid operators and governments are illustrated in the 

sections below. 
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Figure 21. Impact of scenarios on revenue streams of key stakeholders. 

5.6.1 Tariffs 

As result of energy demand reduction, grid operators will need to reconsider volume based tariffs 

(focus on price per kWh delivered) to ensure they cover their capacity based expenses (costs per 

connection / costs per kW). In Table 10 an illustration is given of the effects on the income from tariffs 

for the electricity grid if a volume based tariff is maintained. In the reference situation we assume that 

all distribution costs are covered by the income from the tariffs (assumed to be 0.054 €/kWh). For the 

scenarios is calculated what additional costs are required for the electricity grid (based on Section 

5.4). Subsequently is calculated what the income would be if the tariffs would remain the same (based 

on the final energy demand, assuming net metering) and what the required tariff would be if all costs 

need to covered by the tariff.  

From the results in Table 10 and Figure 22 it can be seen that tariffs should increase in all scenarios, 

but especially in those scenarios where largest part of the current electricity demand, is covered by 

generation from PV (Biofuel and Mix scenario). While the costs for distribution remains largely the 

same in these scenarios, there is a big risk of cross-subsidizing prosumers by a limited group of 

consumers. 
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Table 10. Required volume based tariffs if all distribution costs would need to be covered by income 
from tariffs. 

Parameter Unit Reference Biofuel Mix 
Heat 

pumps 

All-

electric 

Electricity demand MWh 185,117 14,425 59,738 131,294 203,418 

Income from tariffs M€ 10.0 0.8 3.2 7.1 11.0 

Distribution costs M€ 5.2 5.3 8.2 11.3 17.6 

Total distribution costs M€ 10.0 10.1 13.0 16.1 22.4 

Required tariff €/kWh 0.054 0.702 0.217 0.122 0.110 

 

 

Figure 22. Required volume based tariffs if all distribution costs would need to be covered by income 
from tariffs. 

5.6.2 Taxes 

Reduction in energy consumption will also result in a reduction of tax income by the government. In 

Figure 23 the income from energy taxes on electricity (assumed to be 0.075 €/kWh), gas (assumed to 

be 0.03 €/kWh) and fuel (assumed to be 0.05 €/kWh) are visualised. If energy taxes remain similar to 

the level of today, income from energy taxes will drop with over 50%. However, income from VAT is 

expected to increase because of investments in deep renovation and technologies. While the reduction 

in income from energy taxes is distributed over time, VAT incomes from investments are expected 

earlier. Furthermore, investments in deep renovation and technologies will have job effects and results 

in a relief of the social system. 
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Figure 23. Income from energy taxes for electricity, gas and fuels in the various scenarios. 
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6 Discussion 

In this study we investigated the impact of deep renovation and electrification of the urban energy 

consumptions on the energy demand, CO2 emissions and related system costs. In this section we 

provide a discussion on the scenarios (Section 6.1), on the results on energy and emissions 

(Section 6.2) and on the results on system costs (Section 6.3).  

6.1 Scenarios 

The scenarios describe multiple pathways toward the decarbonisation of the urban energy demand. 

Which pathway cities will follow is dependent on technical developments and both societal and policy 

choices. In this study we focus on the impact of technical developments and costs improvements. The 

influences of societal and policy choices are not addressed. Other important drivers that might favour 

specific scenarios include the availability and affordability of biomass, the costs for the renovation of 

buildings and new heating technologies and the costs related to the integration of renewable energy 

on a large scale.  

There are many forms of biofuels that can be based on a wide variety of biomass sources. Biofuels are 

sometimes categorised in terms of generations, or by labelling conventional versus advanced. The 

definitions can depend on the type of feedstock (traditional agricultural crops or new energy crops), 

the conversion process (simple or complex), or the environmental performance. In this report only 

sustainable biofuels are considered. Sustainable biofuels are defined as biofuels from raw materials 

that have limited environment impact (biodiversity, indirect land-use change, soil quality) or socio-

economic impacts (food security, labour circumstances), such as defined in commonly used 

sustainability certification schemes around the world. These sustainable biofuels can have many 

different sources. Biofuels produced from wastes or residues or highly productive perennial crops are 

often more sustainable. For the future of these biofuels, cost depend on various parameters including 

technology developments, agricultural product prices and global biofuel policy. Therefore, the 

assumptions made for future biofuel cost are uncertain and should be viewed as indicative. 

In this study we investigated electrification through efficient heat pumps and electric transport. As 

result of the strong functional heat demand reductions and a larger share of renewable electricity, also 

less efficient technologies might gain market share, such as direct electric heating or heating with IR 

panels. This will further increase the required distribution capacity and generation capacity 

requirements and will put more pressure on the decarbonisation of the electricity supply. The optimal 

choice of technologies is also dependent on the availability of renewable energy and how supply and 

demand are efficiently matched. With an increasing role of demand side management and storage, 

deployment of intermittent renewables will be enhanced. When aiming at an overall mix of 

technologies, regional considerations are very relevant. Having three high performance energy grids in 

the same area, with associated cost, should be avoided. 

The results show that electrification by the use of (hybrid) heat pumps, accompanied by district heat, 

offers a wide array of potential renewable energy sources. This means even the quite far-reaching All-
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electric scenario is feasible as result of multiple options for generating renewable electricity, further 

cost reductions for heat pumps and limited and relatively certain costs for distribution infrastructure.  

6.2 Energy and emissions 

In all scenarios we assume deep renovation. Deep renovation results in strong energy demand cuts, 

requiring less strong decarbonisation of energy supply. However, it should be noted that deep 

renovation for the entire building stock is an ambitious assumption. It is likely that in reality there will 

be a bandwidth of ambitions and solutions in renovation, depending on the specific circumstances and 

starting points of the individual buildings. Nevertheless, deep renovation of buildings is key in 

decarbonizing the urban environment. Less ambitious renovation results in even larger challenges for 

the energy supply, both on the volume that has to be delivered and the decarbonisation that is 

needed. Furthermore, electrification of heat supply in combination with less ambitious renovation will 

result in high peak requirements on very cold days. Deep renovation is therefore required to limit the 

demand for back-up generation of low carbon energy sources and to avoid huge costs for a higher 

capacity of the distribution infrastructure in case of electrification.  

Heat demand can be covered by biogas-fired boilers, but since biogas availability is limited in urban 

areas and biogas could be used more effectively for providing back-up capacity when other renewable 

sources are not available, electrification of the heating technologies is key in reaching drastic 

greenhouse gas reductions. Low carbon electricity can be provided locally and centrally from multiple 

sources, like solar, wind, hydro and biogas. 

Currently, during the production of bioenergy fossil fuels are used for the agricultural work, transport 

and the processing of the crops into the required material. In the future it will become possible to 

reduce these emissions to zero and it might even be possible to reduce the emissions further to a 

negative emission factor because parts of the crop (having bound CO2) that are not used can be 

stored underground. How the emission factor of bioenergy will develop in the future depends mostly 

on the targets that are set by policymakers. In this report it is assumed that policymakers aim for 

decarbonisation. To enable the strong emission reduction, the emission factor of bioenergy should be 

very low, especially in the biofuel and mix scenario, and is therefore set to zero.  

The transition to a low carbon society will have additional societal benefits as well. An important co-

benefit is the improvement of air quality in urban areas by the electrification of vehicles. Other effects 

are increased employment and subsequent relief of social system from labour intensive work 

(specifically building renovation) or the strongly reduced dependency from fossil fuel imports. These 

effects have not been taken into account in the results of this study. 

6.3 System costs 

Achieving strong emission reduction through deep renovation together with the deployment of low 

carbon heating technologies, requires substantial investments in buildings, transport, distribution 

infrastructure and power generation Across the chosen scenarios the overall system costs are not very 

different. Within the uncertainty of the assumptions that are the basis for the results, it is likely that 

relatively small changes will change the order of the scenarios. For this reason, the more relevant 

distinction between the scenarios is likely to be made based on the levels of certainty of the outcome. 
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Important drivers for the various scenarios include the availability and affordability of bioenergy, the 

costs for thermal insulation, high performance windows and heating technologies and the costs of 

deploying renewable energy on a large scale.  

The sensitivity analysis shows that results are most sensitive towards the assumed interest rate and 

the cost developments of specific technologies.  

The system costs do not show the distribution of the costs between the many actors in the system. 

This distribution should however be carefully considered for certain scenarios to be implemented, in an 

efficient manner. Market models and taxes should be designed in such a way that decision making by 

individual actors matches the needs of the overall system. Optimisation of the energy system should 

take into account the perspective of the end-user, district, city, regional and national scale. 

Furthermore, the decarbonisation scenario will impact local economies. Currently, the energy market 

is based on prices for the commodity energy. However, with the integration of sustainable energy and 

especially sustainable electricity, the price for the commodity energy is zero. Still, investments are 

needed to enable this system.  
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7 Conclusion 

The project "Urban electrification: Impact of electrification of urban infrastructure on costs and carbon 

footprint" explored potential trajectories in the development of the energy infrastructure for a Virtual 

City of 150,000 residents. To investigate the system costs of several pathways for decarbonizing the 

urban energy consumption, multiple scenarios for the domestic heat supply and private transport were 

developed and assessed with respect to effects on Energy and Emissions and System costs. The 

scenarios defined were characterised by an increasing role of electricity as energy carrier. 

To achieve strong decarbonisation of the urban energy system, in each of the scenarios, deep 

renovation of and replacement of residential buildings is required. The deep renovation of the building 

envelope and replacement of residential buildings results in an overall heat demand reduction of about 

50%. Besides demand reductions, deep renovation also reduces the variability in the energy demand 

of buildings and thus avoids peaks, which is necessary to enable a renewable and low cost supply of 

heat by various (novel) technologies, such as biogas-fired boilers, heat pumps and district heating. 

Functional heat demand reduction, together with efficiency improvement and electrification in heat 

supply and transport result in final energy demand reductions up to 80%. Whether the demand for 

electricity, gas, heat and fuels is covered by fossil energy sources or renewable energy sources is 

dependent on the required emission reduction. Electrification of urban energy demand results in an 

increase of the distribution capacity and generation capacity requirements for electricity from 40 MW 

to 130 MW. Energy demand reduction and phase out of gas results in a steep reduction of the capacity 

requirements for gas. In order to meet the emission reduction target of 85%, the emission intensity of 

the energy mix has to decrease with up to 70%. 

Achieving strong emission reduction through deep renovation together with the deployment of low 

carbon heating technologies requires substantial investments in buildings, transport, distribution 

infrastructure and power generation. The economic effects of the scenarios are described from a 

system perspective. The system costs describe the annual costs excluding all subsidies and taxes. 

Results show that the annual costs for the whole city increase from around € 200 million in the 

reference situation in 2015, to € 280–310 million in the various scenarios. Average annual costs per 

household increase from approximately € 2850 to € 4000–4400 per household. Most of the annual 

cost increase relates to thermal insulation and high performance windows, which amounts to up to 

capital costs of € 1000 per household per year. The benefits linked to these costs are significant 

energy cost savings. Electrification of the heat supply requires higher investments in technologies 

compared to currently used technologies, corresponding to up to € 450 per household per year. 

Higher electricity demand and peaks in electricity production from solar panels require additional 

investments for infrastructure, corresponding up to € 50 per household per year. Strong demand 

reduction results in a decrease in energy costs up to € 600 per household per year. 
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While the comparison with the 2015 situation gives an impression of the relative change of costs, it 

should be noted that a direct comparison with the 2015 situation is not possible. This is because the 

2015 costs do not include the yearly maintenance costs that are linked to the building stock, which are 

included in the costs of the measures to improve the energy performance. This means that in 2050 

there are co-benefits that are not included in 2015. Also, the 2015 situation does not reflect changes 

in energy prices towards the future that are included in the 2050 scenarios. This means that 2015 

costs cannot be transferred to 2050.  

The system costs in each of the scenarios are pretty close together and are dominated by the costs for 

buildings and the costs for transport. In the sensitivity analysis the impact of key parameters is 

investigated. As result of the large share of investment costs in the annual system costs, results are 

sensitive towards the assumed interest rate and the cost developments of specific technologies. In the 

various scenarios we see a trade-off between higher investment costs and lower expenses on energy. 

The sensitivity in energy costs is therefore relevant as well. Increasing energy prices and steep 

reductions of heating technology costs will favour the deployment of efficient heating, as we see in the 

Heat pumps and All-electric scenario. If sufficient and affordable bioenergy will be available, this 

favour the deployment of cheaper heating technologies, as we see in the Biofuel and Mix scenarios.  

Based on the findings of this study we identify the following key messages and recommendations: 

 Any path for decarbonisation will involve additional investments for demand reduction 

through deep renovation, for the transformation of the energy distribution system, and for the 

decarbonisation of the energy supply. The total system costs are similar for the different options. 

This means that based on expected system costs no choice will lead to regrets. 

 Strategic infrastructural choices must be made at the appropriate level. Differences in 

local circumstances can make a certain scenario more attractive than the others. Optimal solutions 

can differ from area to area, even within a single city. For this reason, it seems that the 

appropriate level to make choices for technologies is the city level, to ensure the lowest possible 

societal costs. Also, the system costs depicted assume that infrastructure choices are made at a 

local, not an individual level. This means that, per area, clear collective choices must be made for 

the infrastructure (mix) to be used, binding all consumers in that area. Guidance on more general 

requirements for sustainability should still be given from higher levels of government. Such 

national level guidance at and processes to be implemented at local level can be elements under 

the reporting requirements for the Energy Efficiency Directive and Renewable Energy Directive, in 

respective national energy efficiency action plans (NEEAPs) or national renewable energy actions 

plans (NREAPs), as well as in national energy and climate plans under the EU’s 2030 framework 

for climate and energy. 
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 The choice between scenarios should also be driven by avoiding risks. With the scenario’s 

being relatively close in estimated costs, the certainty of the outcome is an important factor. The 

sensitivity analysis shows that the system costs are especially sensitive toward the costs of 

energy. As in the Biofuel and Mix scenarios the energy demand is relatively high, it results in a 

relative high sensitivity towards energy prices. The costs of bioenergy are very uncertain due to 

issues related to sustainable sourcing and competition with other sectors, like aviation and high 

temperature industrial processes. This is a consideration to choose for the electrification scenario, 

as options for renewable electricity are more diversified. The diversification of supply also holds for 

district heating, which can make use of multiple sources (excess heat, renewable/recoverable 

heat) dependent on local circumstances. Risks in the electrification scenarios are the exposure to 

capital costs (high level of investment required) and the costs of infrastructure. 

 The current tariff structure will need to change. With a shift from operational expenditure on 

energy to one of capital expenditure for infrastructure, the current system of mostly volume based 

tariffs will have to be reconsidered for tariffs to be more reflective of the capacity driven costs. At 

the same time, the unit costs of energy should still reflect the true marginal costs of producing 

that unit, to stimulate energy efficiency and demand side reduction at times of low production of 

intermittent electricity sources.  

 Energy efficiency must be supported for its combined effect on bringing down both the 

required volume of energy and the peak capacity in the grid and generation infrastructure. 

 Decarbonisation scenarios will impact the local economies positively. Expenditure will shift 

from commodities to investments in deep renovation, fostering local employment.  
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Annex 1.  Scenarios 

Scenario definitions 

Table 11. Space heating and domestic hot water scenarios. 

Parameter HR H1 H2 H3 H4 

Year 2015 2050 2050 2050 2050 

CO2 emissions reduction 
target 

- -85% -85% -85% -85% 

Heating technology      

Gas-fired boiler 100% 0% 0% 0% 0% 

Biogas-fired boiler 0% 80% 40% 0% 0% 

Air source heat pump 0% 0% 20% 40% 80% 

Ground source heat pump 0% 0% 5% 10% 20% 

Hybrid heat pump 0% 0% 15% 30% 0% 

District heating 0% 20% 20% 20% 0% 

Add-on technologies*      

Solar domestic hot water 0% 80% 70% 30% 10% 

PV 0 kWp 3 kWp 3 kWp 3 kWp 3 kWp 

Building automation Low Low Moderate High High 

Decentral storage Low Low Moderate High High 

* Add-on technologies will be combined with other heating technologies. Percentages provide the market penetration of these 

technologies. If solar domestic hot water is applied, 50% of the domestic hot water demand will be provided.  

Table 12. Transport scenarios. 

Parameter TR T1 T2 

Year 2015 2050 2050 

CO2 emissions reduction 
target 

- -85% -85% 

Transport fuel mix    

Conventional fuels 100% 0% 0% 

Biofuels 0% 70% 30% 

Electricity 0% 30% 70% 

Decentral storage    

Storage medium - 
In-house 
batteries 
and EV 

In-house 
batteries 
and EV 
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Scenario results 

City level 

Table 13. Detailed scenario results on energy and emissions on city level. 

Parameter   Unit HR&TR H1&T1 H1&T2 H2&T1 H2&T2 H3&T1 H3&T2 H4&T1 H4&T2 

Final energy 

demand 

  

  

  

Electricity MWh 185,117 14,425 35,971 59,738 81,284 109,747 131,294 181,872 203,418 

Gas MWh 918,291 336,698 336,698 208,155 208,155 82,840 82,840 0 0 

Heat MWh 0 79,245 79,245 80,213 80,213 84,086 84,086 0 0 

Fuel MWh 328,991 191,119 81,908 191,119 81,908 191,119 81,908 191,119 81,908 

Peak 

demand 

  

  

Electricity MW 39 40 41 62 63 85 85 129 133 

Gas MW 447 143 143 98 98 53 53 0 0 

Heat MW 0 33 33 33 33 33 33 0 0 

CO2 

emissions 

  
  

  

  

Electricity ktCO2 71 3 8 15 18 28 30 47 47 

Gas ktCO2 157 35 32 23 21 9 8 0 0 

Heat ktCO2 0 8 7 9 8 10 9 0 0 

Fuel ktCO2 85 0 0 0 0 0 0 0 0 

Total ktCO2 313 47 47 47 47 47 47 47 47 

Emission 

factor 

  

  

  

Electricity kgCO2/kWh 0.381 0.233 0.211 0.248 0.223 0.254 0.227 0.258 0.231 

Gas kgCO2/kWh 0.171 0.105 0.095 0.111 0.100 0.114 0.102 - - 

Heat kgCO2/kWh - 0.105 0.095 0.111 0.100 0.114 0.102 - - 

Fuel kgCO2/kWh 0.258 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
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Table 14. Detailed scenario results on system costs on city level. 

+   Unit HR&TR H1&T1 H1&T2 H2&T1 H2&T2 H3&T1 H3&T2 H4&T1 H4&T2 

Total system 
costs 

  M€ 200 285 276 295 287 306 298 318 310 

Costs for 
buildings 

Total M€ 9 120 111 130 122 141 133 153 144 

Insulation M€ 0 71 71 71 71 71 71 71 71 

Heating 
technologies 

M€ 7 8 8 18 18 28 28 39 39 

Other 
technologies 

M€ 2 40 31 41 33 43 34 42 33 

Costs for 
transport 

Total M€ 110 116 125 116 125 116 125 116 125 

Cars M€ 110 111 113 111 113 111 113 111 113 

Charging 
infrastructure 

M€ 0 5 12 5 12 5 12 5 12 

Costs for 
infrastructure 

Total M€ 14 15 15 16 16 16 16 17 18 

Electricity grid M€ 5 5 5 8 8 11 11 17 18 

Gas grid M€ 9 7 7 5 5 3 3 0 0 

Heat grid M€ 0 2 2 2 2 2 2 0 0 

Costs for 
energy 

Total M€ 66 34 25 33 24 32 24 32 23 

Electricity M€ 11 1 3 4 6 8 10 13 16 

Gas M€ 29 12 12 7 7 3 3 0 0 

Heat M€ 0 3 3 3 3 3 3 0 0 

Fuel M€ 26 18 8 18 8 18 8 18 8 

Electricity €/kWh 0.062 0.077 0.079 0.075 0.078 0.075 0.077 0.074 0.077 

Gas €/kWh 0.032 0.035 0.035 0.034 0.035 0.034 0.035 -  - 

Heat €/kWh - 0.036 0.037 0.036 0.037 0.036 0.037 - - 

Fuel €/kWh 0.079 0.095 0.095 0.095 0.095 0.095 0.095 0.095 0.095 
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Household level 

Table 15. Detailed scenario results on energy and emissions on household level for whole city. 

Parameter   Unit HR&TR H1&T1 H1&T2 H2&T1 H2&T2 H3&T1 H3&T2 H4&T1 H4&T2 

Final energy 
demand 
  
  
  

Electricity kWh 2,645 206 514 853 1,161 1,568 1,876 2,598 2,906 

Gas kWh 13,118 4,810 4,810 2,974 2,974 1,183 1,183 0 0 

Heat kWh 0 1,132 1,132 1,146 1,146 1,201 1,201 0 0 

Fuel kWh 4,700 2,730 1,170 2,730 1,170 2,730 1,170 2,730 1,170 

Peak 
demand 
  
  

Electricity kW 0.6 0.6 0.6 0.9 0.9 1.2 1.2 1.8 1.9 

Gas kW 6.4 2.0 2.0 1.4 1.4 0.8 0.8 0.0 0.0 

Heat kW 0.0 0.5 0.5 0.5 0.5 0.5 0.5 0.0 0.0 

CO2 
emissions 
  
  
  
  

Electricity tCO2 1.0 0.0 0.1 0.2 0.3 0.4 0.4 0.7 0.7 

Gas tCO2 2.2 0.5 0.5 0.3 0.3 0.1 0.1 0.0 0.0 

Heat tCO2 0.0 0.1 0.1 0.1 0.1 0.1 0.1 0.0 0.0 

Fuel tCO2 1.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Total tCO2 4.5 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 

 

Table 16. Detailed scenario results on energy and emissions on household level for city centre area. 

Parameter   Unit HR&TR H1&T1 H1&T2 H2&T1 H2&T2 H3&T1 H3&T2 H4&T1 H4&T2 

Final energy 
demand 

  
  
  

Electricity kWh 2,402 287 595 897 1,205 1,575 1,883 2,563 2,871 

Gas kWh 12,052 4,490 4,490 2,784 2,784 1,125 1,125 0 0 

Heat kWh 0 1,056 1,056 1,070 1,070 1,125 1,125 0 0 

Fuel kWh 4,549 2,730 1,170 2,730 1,170 2,730 1,170 2,730 1,170 

Peak 
demand 
  
  

Electricity kW 0.5 0.5 0.5 0.8 0.8 1.1 1.1 1.7 1.8 

Gas kW 5.9 1.9 1.9 1.3 1.3 0.7 0.7 0.0 0.0 

Heat kW 0.0 0.4 0.4 0.4 0.4 0.4 0.4 0.0 0.0 

CO2 
emissions 
  
  
  
  

Electricity tCO2 0.9 0.1 0.1 0.2 0.3 0.4 0.4 0.7 0.7 

Gas tCO2 2.1 0.5 0.4 0.3 0.3 0.1 0.1 0.0 0.0 

Heat tCO2 0.0 0.1 0.1 0.1 0.1 0.1 0.1 0.0 0.0 

Fuel tCO2 1.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Total tCO2 4.2 0.6 0.6 0.7 0.7 0.7 0.7 0.7 0.7 
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Table 17. Detailed scenario results on energy and emissions on household level for suburban area. 

Parameter   Unit HR&TR H1&T1 H1&T2 H2&T1 H2&T2 H3&T1 H3&T2 H4&T1 H4&T2 

Final energy 
demand 
  
  
  

Electricity kWh 2,748 171 479 835 1,142 1,565 1,873 2,613 2,921 

Gas kWh 13,575 4,947 4,947 3,055 3,055 1,208 1,208 0 0 

Heat kWh 0 1,165 1,165 1,178 1,178 1,234 1,234 0 0 

Fuel kWh 4,764 2,730 1,170 2,730 1,170 2,730 1,170 2,730 1,170 

Peak 
demand 
  
  

Electricity kW 0.6 0.6 0.6 0.9 0.9 1.3 1.3 1.9 2.0 

Gas kW 6.6 2.1 2.1 1.4 1.4 0.8 0.8 0.0 0.0 

Heat kW 0.0 0.5 0.5 0.5 0.5 0.5 0.5 0.0 0.0 

CO2 
emissions 
  
  
  
  

Electricity tCO2 1.0 0.0 0.1 0.2 0.3 0.4 0.4 0.7 0.7 

Gas tCO2 2.3 0.5 0.5 0.3 0.3 0.1 0.1 0.0 0.0 

Heat tCO2 0.0 0.1 0.1 0.1 0.1 0.1 0.1 0.0 0.0 

Fuel tCO2 1.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Total tCO2 4.6 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 

Table 18. Detailed scenario results on system costs on household level for whole city. 

Parameter   Unit HR&TR H1&T1 H1&T2 H2&T1 H2&T2 H3&T1 H3&T2 H4&T1 H4&T2 

Total system 
costs 

  € 2,855 4,068 3,945 4,216 4,093 4,374 4,253 4,540 4,427 

Costs for 
buildings 

Total € 129 1,707 1,583 1,863 1,739 2,020 1,895 2,183 2,059 

Insulation € 0 1,017 1,017 1,017 1,017 1,017 1,017 1,017 1,017 

Heating 
technologies 

€ 102 118 118 257 257 395 395 564 564 

Other 
technologies 

€ 27 572 448 590 465 607 483 602 478 

Costs for 
transport 

Total € 1,572 1,662 1,782 1,662 1,782 1,662 1,782 1,662 1,782 

Cars € 1,572 1,588 1,609 1,588 1,609 1,588 1,609 1,588 1,609 

Charging 
infrastructure 

€ 0 74 173 74 173 74 173 74 173 

Costs for 
infrastructure 

Total € 206 215 217 223 224 233 234 244 251 

Electricity grid € 74 76 77 117 118 160 161 244 251 

Gas grid € 132 106 106 73 73 40 40 0 0 

Heat grid € 0 34 34 34 34 34 34 0 0 

Costs for 
energy 

Total € 948 484 363 467 348 460 341 452 335 

Electricity € 164 16 41 64 90 117 145 193 224 

Gas € 414 167 170 103 104 41 41 0 0 

Heat € 0 41 42 41 42 43 44 0 0 

Fuel € 371 259 111 259 111 259 111 259 111 
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Table 19. Detailed scenario results on system costs on household level for city centre area. 

Parameter   Unit 
HR&T

R 
H1&T

1 
H1&T

2 
H2&T

1 
H2&T

2 
H3&T

1 
H3&T

2 
H4&T

1 
H4&T

2 

Total system 
costs 

  € 2,787 3,921 3,798 4,050 3,928 4,190 4,068 4,335 4,220 

Costs for 
buildings 

Total € 147 1,600 1,475 1,749 1,625 1,899 1,774 2,061 1,937 

Insulation € 0 910 910 910 910 910 910 910 910 

Heating 
technologies 

€ 117 130 130 263 263 396 396 564 564 

Other 
technologies 

€ 31 560 436 577 452 593 468 588 463 

Costs for 
transport 

Total € 1,571 1,662 1,782 1,662 1,782 1,662 1,782 1,662 1,782 

Cars € 1,571 1,587 1,609 1,587 1,609 1,587 1,609 1,587 1,609 

Charging 
infrastructure 

€ 0 74 173 74 173 74 173 74 173 

Costs for 
infrastructur
e 

Total € 181 184 185 178 179 174 175 163 170 

Electricity grid € 49 50 51 78 78 106 107 163 170 

Gas grid € 132 106 106 73 73 40 40 0 0 

Heat grid € 0 28 28 28 28 28 28 0 0 

Costs for 
energy 

Total € 887 476 356 461 342 455 337 449 332 

Electricity € 149 22 47 67 94 117 145 190 221 

Gas € 380 156 159 96 98 39 39 0 0 

Heat € 0 38 39 38 39 40 41 0 0 

Fuel € 359 259 111 259 111 259 111 259 111 

Table 20. Detailed scenario results on system costs on household level for suburban area. 

Parameter   Unit 
HR&T

R 
H1&T

1 
H1&T

2 
H2&T

1 
H2&T

2 
H3&T

1 
H3&T

2 
H4&T

1 
H4&T

2 

Total system 
costs 

  € 2,884 4,131 4,008 4,286 4,164 4,453 4,332 4,628 4,515 

Costs for 
buildings 
 
 
 

Total € 122 1,753 1,629 1,913 1,788 2,072 1,947 2,235 2,111 

Insulation € 0 1,063 1,063 1,063 1,063 1,063 1,063 1,063 1,063 

Heating 
technologies 

€ 96 113 113 254 254 395 395 564 564 

Other 
technologies 

€ 25 577 452 595 471 613 489 608 484 

Costs for 
transport 
 
 

Total € 1,572 1,662 1,782 1,662 1,782 1,662 1,782 1,662 1,782 

Cars € 1,572 1,588 1,609 1,588 1,609 1,588 1,609 1,588 1,609 

Charging 
infrastructure 

€ 0 74 173 74 173 74 173 74 173 

Costs for 
infrastructur
e 
 
 
 

Total € 217 229 230 243 244 258 259 278 286 

Electricity grid € 85 87 89 134 135 182 184 278 286 

Gas grid € 132 106 106 73 73 40 40 0 0 

Heat grid € 0 36 36 36 36 36 36 0 0 

Costs for 
energy 
 
 
 

Total € 974 487 367 470 350 461 343 453 336 

Electricity € 170 13 38 63 89 117 145 194 225 

Gas € 428 172 175 105 107 42 42 0 0 

Heat € 0 42 43 42 43 44 45 0 0 

Fuel € 376 259 111 259 111 259 111 259 111 



 

UENDE16370 43 

Annex 2. Methodology 

The System integration model has been developed by Ecofys. It has previously been used to calculate 

the system costs of the residential heat supply.22 To analyse the scenarios for this study, the model is 

expanded with a transport module and an energy generation module. Figure 24 provides an overview 

of the calculation model. In the next sections, the calculation modules and assumptions will be 

discussed in detail. 

 

 
 

Figure 24. Detailed overview of the System integration model.  

 

                                                

22 Ecofys (2015) Systeemkosten van warmte voor woningen (Dutch). Available at: www.ecofys.com/files/files/ecofys-2015-

systeemkosten-van-warmte-voor-woningen_02.pdf. 
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http://www.ecofys.com/files/files/ecofys-2015-systeemkosten-van-warmte-voor-woningen_02.pdf
http://www.ecofys.com/files/files/ecofys-2015-systeemkosten-van-warmte-voor-woningen_02.pdf
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Heat demand profiles 

The basis of the model are functional heat demand profiles. The heat demand profiles are calculated 

using a heat loss calculation based on the characteristics of the residences (residence type, insulation 

grade) and climate characteristics in a study by Ecofys on the system costs of the residential heat 

supply the study.23 In order to evaluate peak demand requirements, the climate characteristics are 

based on a year that includes a very cold day. Also on this very cold day, the system should be able to 

deliver heat to customers. The coldest day is defined as a day with an average temperature of –17 

°C.24 In the calculation of the heat demand profiles we distinguish three insulation grades, from which 

the low and mid-grade are used for the reference situation in 2015 and the high grade for the 

scenarios in 2050 (Table 21): 

 Insulation grade low means that no insulation of the roof, floor and façade is provided in the 

building. 

 Insulation grade medium means that a building is insulated to U = 0.8 W/m2∙K for the cavity 

wall, to U = 0.4 W/m2∙K for the roof and floor. From 1992, all newly build houses were built with 

this insulation level. Furthermore, this is the most common insulation level of the extra insulation 

that is provided.  

 Insulation grade high means that a very good insulation is applied. The building is insulated to 

at least U = 0.2 W/m2∙K for the whole building envelop. Insulation grade high is the insulation 

grade in zero energy houses.  

 

The heat demand for buildings results from demand for space heating, as well from demand for 

domestic hot water. Space heating demand reductions through deep renovation toward insulation 

grade high can be up to 70%. For example, the specific energy requirements for space heating in a 

terraced building is on average approximately 150 kWhth/m2a in the reference situation in 2015, and 

improves to 50 kWhth/m2a as result of high insulation grades.25 Since domestic hot water demand will 

remain more or less constant, the overall heat demand reduction will be about 50%.  

Table 21. Characteristics of insulation grades. 

Insulation grade 
U roof  
[W/m2 ∙K] 

U façade  
[W/m2 ∙K] 

U floor  
[W/m2 ∙K] 

U windows 
[W/m2 ∙K] 

Low 1.2 2.3 5.9 
Single glazing: 5.2 
Double glazing: 2.9 

Mid 0.4 0.8 0.4 HR++ glazing: 1.8 

High 0.2 0.2 0.2 Triple glazing: 0.5 

                                                

23 Ecofys, 2015. Systeemkosten van warmte voor woningen (Dutch). Available at: www.ecofys.com/files/files/ecofys-2015-

systeemkosten-van-warmte-voor-woningen_02.pdf. 

24 The cold day is defined as a day with an average temperature of –17 °C because this reflects the legal requirements for the 

Dutch grid operators. 

25 This value represents the development of the average building. Demand reduction in individual residences depend on their 

characteristics and specific renovation level.  

http://www.ecofys.com/files/files/ecofys-2015-systeemkosten-van-warmte-voor-woningen_02.pdf
http://www.ecofys.com/files/files/ecofys-2015-systeemkosten-van-warmte-voor-woningen_02.pdf
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Energy demand profiles 

The functional heat demand profiles describe the heat that need to be provided by the heating 

technologies. Depending on the applied technologies, that results in an energy demand profile for 

electricity (heat pumps), gas (gas-fired boilers) or district heat. The technical parameters used for this 

calculation are described in Table 22. 

Table 22. Technical parameters of heating technologies. 

Technologies Characteristics 

Gas-fired boiler 
The gas-fired boiler has a high efficiency with ηspaceheating = 90–95% and ηtapwaterheating = 54–
62%. The efficiency for tap water is lower than for space heating as a result of losses due 
to downtime. 

Biogas-fired boiler 
The biogas-fired boiler has a high efficiency with ηspaceheating = 90–95% and ηtapwaterheating = 
54–62%. The efficiency for tap water is lower than for space heating as a result of losses 
due to downtime. 

District heating Direct heat delivery, η = 100% 

Air source heat 
pump 

The coefficient of performance of air source heat pumps depend on the temperature. 
Besides, for warm tap water both the losses due to downtime are taken into account 
(factor 62%) and losses from the boiler are assumed to be 1.5 kWh/day. 

Ground source heat 
pump 

Ground source heat pumps with a closed source and a vertical ground heat exchanger. 
The coefficient of performance depends on the temperature. Besides, for warm tap water 
both the losses due to downtime are taken into account (factor 62%) and losses from the 
boiler are assumed to be 1.5 kWh/day. 

Hybrid heat pump 

Bivalent system of air source heat pumps and gas-fired boilers. 

For a heat pump. the coefficient of performance depends on the temperature. And the 
gas-fired boiler is used for peak demand. Tap water is provided with the gas-fired boiler 
and for space heating a control strategy that optimizes the cost is included 

 

The energy demand profiles as result of the heat demand are combined with the demand profiles for 

charging of electric cars, the demand profiles for the other electricity consumption and the production 

profiles for PV to create the total energy demand profiles per building. 

Building stock analysis 

In the building stock analysis, the composition of the building stock is defined based on the 

characteristics of the Virtual City. In the Virtual City, part of the city is considered as central urban 

and part of the city is considered as suburban area. The type of the buildings in these parts also differ 

(Table 23). In the central urban area, the share of terraced houses and apartments is high. In 

suburban areas, we see an increasing share of semi-detached and detached houses. 
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Table 23. Composition of building stock in various area types. 

Area type Building type 

 
Terraced 
house 

Terraced 
house (end) 

Apartment Semidetache
d house 

Detached 
house 

Total 

Central Urban 4,051 1,619 13,285 1,619 427 21,000 

Suburban 7,498 2,845 10,944 2,845 369 24,500 

Leafy 
Suburban 

8,861 3,535 6,123 3,535 2,445 24,500 

Total 20,411 7,999 30,353 7,999 3,241 70,000 

Peak demand and total demand calculation 

Based on the total energy demand profiles per building and composition of the building stock, the 

peak demand and total demand per area type is calculated. This peak demand is subsequently used 

for the distribution costs calculations and the total demand is used for the energy costs calculation. 

Costs for buildings 

The costs for buildings consist of costs for the insulation of the building (Table 24 and Table 25), costs 

for heating technologies (Table 26), costs for the connection to the grid (Table 27) and costs for PV 

panels (Table 28). For insulation, heating technologies and the cost for PV panels we see strong cost 

reductions towards 2050. We do not assume any scenario specific learning effects. 

The data on investment costs have been used from a study by Ecofys on the system costs of the 

residential heat supply26 and roughly reflect a Western European price level. Actual cost and prices will 

differ between countries and regions depending on national and local conditions. 

Table 24. Insulation costs for existing buildings in euros (excluding VAT). 

Residence type Insulation grade Costs (€/residence) 

  2015 2020 2030 2050 

Terraced house Low -> High 30,000 20,000 18,000 15,000 

Terraced house Mid -> High 24,000 16,000 14,400 12,000 

Terraced house (end) Low -> High 40,000 26,000 24,000 20,000 

Terraced house (end) Mid -> High 32,000 20,800 19,200 16,000 

Apartment Low -> High 22,000 15,000 13,500 9,500 

Apartment Mid -> High 17,600 12,000 10,800 9,600 

Semi-detached house Low -> High 40,000 31,000 28,000 24,000 

Semi-detached house Mid -> High 32,000 24,800 22,400 19,200 

Detached house Low -> High 66,000 44,000 40,000 34,000 

Detached house Mid -> High 52,800 35,200 32,000 27,200 

                                                

26 Ecofys, 2015. Systeemkosten van warmte voor woningen (Dutch). Available at: www.ecofys.com/files/files/ecofys-2015-

systeemkosten-van-warmte-voor-woningen_02.pdf. 

http://www.ecofys.com/files/files/ecofys-2015-systeemkosten-van-warmte-voor-woningen_02.pdf
http://www.ecofys.com/files/files/ecofys-2015-systeemkosten-van-warmte-voor-woningen_02.pdf
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Table 25. Insulation costs for new buildings in euros (excluding VAT). 

Residence type Insulation grade Costs (€/residence) 

  2015 2020 2030 2050 

Terraced house  High 13,000 12,000 11,000 9,000 

Terraced house (end) High 20,000 18,000 16,000 14,000 

Apartment High 10,000 9,000 8,000 7,000 

Semi-detached house High 21,500 19,000 17,000 15,000 

Detached house High 29,000 26,000 23,000 20,000 

Table 26. Technology costs for existing and new buildings in euros (excluding VAT). 

Technology  Costs (€/residence) 

  2015 2020 2030 2050 

Gas-fired boiler  1,500 1,350 1,250 1,150 

Air sourced heat pump  10,000 7,600 6,400 5,100 

Ground sourced heat pump  15,000 7,600 11,175 9,300 

Hybrid heat pump  5,000 3,800 3,200 2,550 

District heating  2,000 2,000 2,000 2,000 

Biogas-fired boiler  1,500 1,350 1,250 1,150 

Table 27. Connection costs in euros (excluding VAT). 

Energy carrier  Costs (€/residence) 

  2015 2020 2030 2050 

Electricity  975 975 975 975 

Gas  650 650 650 650 

District heat*  450 450 450 450 

* Connection cost for district heat only includes cost for the heat metering. Costs for connecting to the grid are 

included in the costs for infrastructure. 

Table 28. Costs for other technologies panels. 

Technology  Costs (€/kWp) 

  2015 2020 2030 2050 

PV panels  1,500 1,250 750 500 

Batteries  1000 950 900 800 

Costs for transport 

The costs for private transport are calculated with the Transport module which is developed for this 

study. Hydrogen as an energy carrier is not included in this study. Costs for private transport are 

divided into costs for energy production and infrastructure, such as costs for fuels, charging 

infrastructures, and costs for cars. In Table 29, the approach to calculate these cost is presented per 

energy carrier. 
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Table 29. Approaches for Transport module per energy carrier. 

Energy carrier Cost category Approach 

Conventional Energy production 

and infrastructure 

costs 

Assumption that consumer price excluding national taxes 

represents cost for production (oil extraction, refining, transport) 

and infrastructure (petrol station). 

Car costs Expert assumption of costs for conventional cars. 

Biofuels Energy production 

and infrastructure 

costs 

Prices for biofuels are quite volatile, as they often depend on 

volatile prices of agricultural commodities, and on the local policy 

context. Some types of biofuels are valued higher by policies and 

consequently have higher prices. This makes it difficult to cite a 

single price for biofuels today. Furthermore, there is even more 

uncertainty on how the market for biofuels will develop. The 

assumptions that are made for the prices of biofuels are based on 

expert opinions. No additional cost for extra infrastructure is 

assumed.  

Car costs No additional costs are expected compared to conventional cars. 

Electricity Energy production 

costs 

The cost for energy production are determined based on the 

Energy generation module. 

Infrastructure costs Cost for charging infrastructure include extra grid capacity and the 

charging stations. Prices are estimated based on current prices for 

charging stations (excl. taxes); the cost for the additional 

distribution infrastructure is included in the overall distribution 

infrastructure calculations. 

Car costs Based on the decreasing prices for electric cars, as can be seen by 

the price for the new Tesla Model 3, a steep decrease in the price 

for electric cars is assumed.  

 

In Table 30 the key parameters for the transport module are presented. These numbers are based on 

both literature as on the assumptions of experts. Due to the long-term forecast that has to be made, 

the numbers are subject to a degree of uncertainty. Per parameter the source is given and if needed 

an explanation of the number is given in the discussion underneath the table. 

For cars running on conventional fuels the parameters are only provided for 2015, since these cars are 

available in 2050 anymore. For cars running on biofuels and electricity an assumption is made for 

2050 which is based on the information today. 
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Table 30. Key parameters for Transport module. 

Parameter  Unit 2015 2050 Source 

General      

Number of vehicles Car # 50,000 50,000 1 

Driving distance Car km/year 13,300 13,300 2 

Lifetime Car km 200,000 200,000 E 

Conventional      

Fuel price 
Petrol €/L 0.70 - 3 

Diesel €/L 0.76 -  3 

Efficiency 
Petrol L/100 km 7.0 4.5  4,5 

Diesel L/100 km 5.8 3.7 4,5 

Investment costs Car  €/car 12,000 - E 

Maintenance costs Car  €/car/year 1,044 - 6 

Energy content 
Petrol kWh/L 8.9 - 7 

Diesel kWh/L 10 - 7 

Usage 

Petrol 
% 
conventiona
l cars 

60% - 
E 
 

Diesel 
% 
conventiona
l cars 

40% - E 

Biofuel      

Fuel price 

Bioethanol 
€/L 
 

0.62 0.62 8 

Biodiesel 
€/L 
 

0.77 0.77 8 

Efficiency 
Bioethanol L/100 km  10.8 8.4 E1,4,5 

Biodiesel L/100 km 6.4  5.1 E1,4,5 

Investment costs Car  
€/car 

 
12,000 12,000 E 

Maintenance costs Car  €/car 1,044 1,044 5 

Energy content 
Bioethanol kWh/L 5.8 5.8 7 

Biodiesel kWh/L 9.2 9.2 7 

Usage 

Bioethanol 
% biofuel 
cars 

- 60% E 

Biodiesel 
% biofuel 
cars 

- 40% E 

Electricity      

Efficiency Electricity kWh/km 0.14 0.9 E2 

Investment costs Car  €/car 30,000 20,000 E3 

Maintenance costs Car  €/car 348 348 9 

Charging stations 

Public  € 3,000 3,000 10 

Private  € 1,500 1,500 10 

Public €/year 44 44 11 

Private €/year 44 44 11 

Lifetime years 10 10 12 

Public %/car 25 25 E 

Private %/car 75 75 E 
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(E)  Expert estimate 

E1: The efficiency of biofuels is based on the efficiency of conventional fuels. The difference in energy content is used to determine the 

efficiency of biofuels.  

E2: The efficiency of electric vehicles is assumed to decrease due to better performance of the car. 

E3: The cost of the electric vehicles is based on the new Tesla Model 3 and an expected steep decrease in the cost for electric vehicles. 

(1) https://www.cbs.nl/nl-nl/nieuws/2014/34/nederland-op-weg-naar-8-miljoen-auto-s 

In Urban Environment there ae 300-400 cars per 1000 inhabitants.  

(2) https://www.cbs.nl/nl-nl/nieuws/2012/10/personenauto-s-rijden-gemiddeld-37-kilometer-per-dag 

(3) https://www.rijksoverheid.nl/binaries/rijksoverheid/documenten/rapporten/2011/11/1/de-werking-van-de-benzinemarkt-en-de-
opbouw-van-de-brandstofprijs/11149103-bijlage.pdf (page 38, prices without taxes) 

(4) https://www.gov.uk/government/statistical-data-sets/env01-fuel-consumption 

Average of efficiency data in document ENV0103 

(5) http://www.iea.org/publications/fueleconomy_2012_final_web.pdf  

Used to calculate efficiency of cars on conventional fuels and biofuels in 2050, on page 5 of the report “By 2030 a 30-50% improvement 

compared to 2005 fuel economy levels is possible”. 

(6) https://www.nibud.nl/consumenten/wat-kost-een-auto/  

Similar for both cars running on biofuels as cars running on conventional fuels.  

(7) Directive 2009/28/EC of the European Parliament and the Council of 23 April 2009 on the promotion of the use of energy from 

renewable sources and amending and subsequently repealing Directives 2001/77/EC and 2003/30/EC 

(8) SCB Commodity Brokers in Biofuels International January 2016 

(9) For electric cars it is assumed the maintenance cost will be about one third of the maintenance cost of cars running on conventional 
fuels because there are less moving parts. 

(10) https://www.rvo.nl/sites/default/files/Elektrisch%20vervoer%20in%2020%20vragen%20-

%20startgids%20voor%20bedrijven%202013_2.pdf 

(11) http://www.afdc.energy.gov/pdfs/51227.pdf 

(12) http://www.fhwa.dot.gov/environment/climate_change/mitigation/publications/ev_deployment/fhwahep15021.pdf (page 24) 

 

Costs for distribution infrastructure 

The costs for distribution infrastructure are calculated based on the capacity requirements (for 

electricity and district heat) or based on whether the existing grid needs to be maintained (gas). In 

the reference situation, there is an electricity grid and a gas grid available in the city. Additional future 

costs relate to the costs for the transformation of the electricity grid, the cost for maintaining the 

existing gas grid (including future reinvestments) and the greenfield costs for a district heating grid. 

We assume no future cost reductions for distribution infrastructure. We do not assume any unit cost 

reductions of distribution infrastructure investments towards 2050. 

In Table 31 the costs of electricity distribution are given in € per kW for the various area types 

considered in this study. Costs of electricity transmission are not included in this study. Based on the 

previous study the costs for transmission are relatively small.  

Table 31. Costs for electricity distribution. 

Area type Costs (€/kW) 

 2015 2020 2030 2050 

Central Urban 1,600 1,600 1,600 1,600 

Suburban 2,500 2,500 2,500 2,500 

Leafy Suburban 2,500 2,500 2,500 2,500 

 

https://www.rijksoverheid.nl/binaries/rijksoverheid/documenten/rapporten/2011/11/1/de-werking-van-de-benzinemarkt-en-de-opbouw-van-de-brandstofprijs/11149103-bijlage.pdf
https://www.rijksoverheid.nl/binaries/rijksoverheid/documenten/rapporten/2011/11/1/de-werking-van-de-benzinemarkt-en-de-opbouw-van-de-brandstofprijs/11149103-bijlage.pdf
https://www.gov.uk/government/statistical-data-sets/env01-fuel-consumption
http://www.iea.org/publications/fueleconomy_2012_final_web.pdf
https://www.nibud.nl/consumenten/wat-kost-een-auto/


 

UENDE16370 51 

In Table 32 the costs for gas distribution are given. These are based on the costs for maintaining of 

and reinvesting in the existing grid. Costs of gas transmission are not included in this study. Based on 

the previous study the costs for gas transmission are negligible. 

Table 32. Costs for gas distribution. 

Reinvestment and O&M gas grids 

€ 132 per connection per year 

 

In Table 33 the costs of district heating networks are given in € per kW for the various area types 

considered in this study.  

Table 33. Costs for district heating grids. 

Living 

environment 
Costs (€/kW) 

 2015 2020 2030 2050 

Central Urban 1,096 1,096 1,096 1,096 

Suburban 1,149 1,149 1,149 1,149 

Leafy Suburban 1,366 1,366 1,366 1,366 

 

Costs for energy 

The purpose of the energy production module is to determine the energy mix (and therefore the cost 

level) that is required to meet the total energy demand, while achieving the target emissions. The 

energy production module consists of the following steps: 

1. Based on the energy demand in the reference situation in 2015 and actual emission factors, the 

emissions for 2015 are calculated. 

2. Based on the emission reduction ambition, the emissions in 2050 are determined.  

3. Based on the energy demand in the various scenarios, together with the maximum emissions in 

2050, the required reduction in emission factor is calculated. 

4. Based on the required reduction in the emission factor, the amount of non-renewable and 

renewable energy is determined. Based on the costs for non-renewable and renewable energy, the 

average energy cost is calculated. 

A schematic overview of this calculation is given in Figure 25. Key assumptions in the energy 

production module for electricity, gas and heat are given in Table 34.  
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Figure 25. Outline of energy production module for electricity 

Similar to the assumptions made for biofuels, the cost for biogas and the emission factor of biogas are 

subject to a variety of uncertain factors such technology developments, agricultural product prices and 

global policy for biomass. The cost for biogas depends highly on the targets set by policy makers. 

Currently, the targets that are set by policy makers mainly focus on the use of biogas for industry. As 

a result, it can be expected that biogas will not be used for heating purposes and for the generation of 

electricity. However, if the targets of policy makers change this could drastically change the situation 

for biofuels.  

The emission factor of biogas also depends on the targets set by policymakers. It is possible to 

produce biogas with a negative emission factor. However, currently biogas still has an emission factor 

of about 20% of natural gas. In this report it is assumed that biogas will be produced in a sustainable 

manner. Therefore, the emission factor of biogas is 0 kgCO2/kWh. 
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Table 34. Key assumptions in the energy production module. 

Parameter Value Unit Remarks 

 2050   

Electricity    

Emission factor fossil 
electricity 

0.50 kgCO2/kWh 
Electricity mix largely based on natural gas fired 
power plants 

Emission factor renewable 
electricity 

0.00 kgCO2/kWh  

Energy costs fossil 
electricity 

0.05 €/kWh Expert assumption based on current electricity prices  

Energy costs renewable 
electricity 

0.10 €/kWh 

Expert assumption based on levelized costs of 
electricity from Fraunhofer study27, assuming mix of 
wind (50% at 0.05-0.11 €/kWh), solar (25% at 0.05-
0.10 €/kWh) and biogas (25% at 0.14-0.22 €/kWh) 

Gas    

Emission factor natural 
gas 

0.20 kgCO2/kWh  

Emission factor biogas 0  kgCO2/kWh 
Dependent on source of biogas, Expert assumption 
based on http://co2emissiefactoren.nl/lijst-
emissiefactoren/#brandstoffen_energieopwekking  

Energy costs natural gas 0.03 €/kWh Based in projection in NEV 201528 

Energy costs biogas 0.04 €/kWh 

Based on biogas costs in Fraunhofer study27, which 
shows biogas costs for power plants between 0.025 
€/kWh and 0.04 €/kWh. Biogas costs are highly 
uncertain and vary considerably depending on the 
substrates used for methane production. 

District heat    

Emission factor fossil heat 0.20 kgCO2/kWh Assumed to be similar to natural gas 

Emission factor renewable 
heat 

0.05 kgCO2/kWh 
Expert assumption based on mix of geothermal and 
gas/biogas fired back-up 

Energy costs fossil heat 0.03 €/kWh Assumed to be similar to natural gas 

Energy costs renewable 
heat 

0.04 €/kWh Assumed to be similar to biogas 

 

                                                

27 Fraunhofer ISE (2013) Levelized cost of electricity renewable energy technologies. Available at: 

https://www.ise.fraunhofer.de/en/publications/veroeffentlichungen-pdf-dateien-en/studien-und-konzeptpapiere/study-levelized-

cost-of-electricity-renewable-energies.pdf 

 

28 ECN (2015) Nationale Energieverkenning 2015 (Dutch). Available at: https://www.ecn.nl/nl/energieverkenning/.  

http://co2emissiefactoren.nl/lijst-emissiefactoren/#brandstoffen_energieopwekking
http://co2emissiefactoren.nl/lijst-emissiefactoren/#brandstoffen_energieopwekking
https://www.ise.fraunhofer.de/en/publications/veroeffentlichungen-pdf-dateien-en/studien-und-konzeptpapiere/study-levelized-cost-of-electricity-renewable-energies.pdf
https://www.ise.fraunhofer.de/en/publications/veroeffentlichungen-pdf-dateien-en/studien-und-konzeptpapiere/study-levelized-cost-of-electricity-renewable-energies.pdf
https://www.ecn.nl/nl/energieverkenning/
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Annex 3. Sensitivity analyses 

In Section 5 we presented the system costs for the four key scenarios. The system costs in each of 

these scenarios are close together and are dominated by the costs for buildings and the costs for 

transport. To evaluate the robustness of the results and we performed sensitivity analyses for major 

assumptions in this study, such as the interest rate, investment costs for technologies, investment 

costs for the distribution network and energy costs. 

Interest rate 

The system costs in this study are presented as annual costs. Annual costs for investments are 

calculated based on the annuity factor, dependent on the lifetime and the interest rate. In this study 

we assume an interest rate of 5%. Since annual costs for investments cover a major part of the 

system costs, results are sensitive toward the choice of the interest rate. In Figure 26 we investigate 

the system cost for the four key scenarios with varying interest rates. Since the Heat pumps and All-

electric scenario are more investment intensive, these scenarios are more sensitive toward the 

interest rate. However, with lower interest rates (<3.5%) the costs in the various scenarios are very 

close together. 

 

Figure 26. Sensitivity analysis on interest rate. 

Besides costs for investments in general, we also investigate the impact of lower and higher 

investments costs for heating technologies and the distribution grid in the sections below. 

  

Sensitivity analysis: Interest rate

0.00% 2.50% 5.00% 7.50% 10.00%

450

400

350

300

250

200

0

S
ys

te
m

 c
o

st
s 

(M
€

)

Interest rate (%)

All-electric

Heat pumps

Mix

Biofuel



 

UENDE16370 55 

Heating technology costs 

The sensitivity of the system costs toward the investment costs for heating technologies is visualised 

in Figure 27. Since the scenarios with heat pumps are more investment intensive, we see that the 

scenarios come closer together if we see stronger cost reductions for heating technologies.  

 

Figure 27. Sensitivity analysis on heating technology costs. 

Distribution costs 

The sensitivity of the system costs toward the distribution costs are small (Figure 28). Since the 

distribution costs in all scenarios are close together, the difference between the scenarios remain 

similar.  

 

Figure 28. Sensitivity analysis on distribution costs. 
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Energy costs 

In the various scenarios we see a trade-off between higher investments and higher savings on energy 

costs. Even in a developed market, like the oil market, it can be noted that prices are volatile. In the 

last 20 years the prices for oil ranged between $15-200 per barrel.29 This range in prices is used as 

input for the sensitivity analysis, 

In Figure 29 we see the sensitivity of the system costs towards the energy costs level. It can be seen 

that the scenarios with higher energy demand (Biofuels and Mix) are more sensitive towards the cost 

level of energy. With increasing energy prices, we see that the Heat pumps and All-electric scenarios 

become more favourable. The Biofuel and Mix scenario are strongly dependent on bioenergy. The 

large uncertainty in future bioenergy prices increases the uncertainty in the system costs in these 

scenarios.  

  

Figure 29. Sensitivity analysis on energy costs. 

 

                                                

29 Macro Trends. Crude Oil Prices - 70 Year Historical Chart. Available at: http://www.macrotrends.net/1369/crude-oil-price-history-

chart 
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